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Abstract

The efficiency of marine cloud brightening in cooling Earth’s surface temperature is investigated by using a medium ensemble of
simulations with the Community Earth System Model version 2 (CESM2). Various cloud seeding schemes based on susceptibility
are examined to determine what area extent will be required to induce 1°C cooling under SSP2-4.5. The results indicate that
cloud seeding over 5% of the ocean area is capable of achieving this goal. Under this seeding scheme, cloud seeding is mainly
deployed over lower latitudes where strong surface temperature and precipitation responses are induced. The simulations also
reveal that the 5% cloud seeding scheme induces an overall reduction in global precipitation, with an increase over land and a

decrease over the ocean.
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Key Points:

e Susceptibility-based marine cloud brightening is simulated by a medium ensemble of
CESM2 simulations.

e Cloud seeding over 5% of the most easily brightened ocean surface is capable of
producing a net cooling of 1 °C.

e The 5% seeding strategy induces strong temperature and precipitation responses in lower
latitudes, resembling a La Nifia-like pattern.

Plain Language Summary:

Marine cloud brightening, a form of solar climate intervention, could reflect some sunlight back
to space and cool the planet. We used a state-of-the-art climate model to investigate what might
happen if we target the regions of the ocean that are most easily brightened. Deploying marine
cloud brightening over 5% of the ocean area can cool the planet by 1 °C in this model. However,
it causes temperature and precipitation changes that look like La Nifia. This may be undesirable

for some people, meaning other marine cloud brightening strategies need to be investigated.
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Abstract

The efficiency of marine cloud brightening in cooling Earth's surface temperature is
investigated by using a medium ensemble of simulations with the Community Earth System
Model version 2 (CESM2). Various cloud seeding schemes based on susceptibility are examined
to determine what area extent will be required to induce 1 °C cooling under SSP2-4.5. The results
indicate that cloud seeding over 5% of the ocean area is capable of achieving this goal. Under this
seeding scheme, cloud seeding is mainly deployed over lower latitudes where strong surface
temperature and precipitation responses are induced. The simulations also reveal that the 5%
cloud seeding scheme induces an overall reduction in global precipitation, with an increase over

land and a decrease over the ocean.

Introduction

A number of solar climate intervention strategies have been proposed to counteract
anthropogenic global warming. These strategies seek to enhance the albedo of the Earth and thus
reflect more solar radiation back to space to induce a cooling effect. One strategy more
extensively investigated is stratospheric aerosol injection (hereafter SAI) which attempts to
mimic the cooling effect of large volcanic eruptions by injecting aerosols or their precursors into
the stratosphere. Another less explored strategy seeks to brighten the marine boundary clouds by
injecting sea salt particles to induce an increase in cloud drop number concentration [Latham,
1990]. One of the reasons marine cloud brightening (hereafter MCB) is relatively less researched
than SAI is due to the challenge of accurately simulating aerosol-cloud interactions in climate
models (IPCC, 2021).

MCB aims to achieve a reduction in global surface temperature mainly by cloud indirect
effects. By enhancing drop number concentration in clouds, cloud drops become smaller and thus
clouds become more reflective of incoming solar radiation, known as the cloud albedo or
Twomey effect [Twomey, 1974;Twomey, 1977]. As the cloud drop size is reduced, precipitation
may be suppressed and the clouds become more persistent. This also leads to reflecting more
solar radiation, known as the cloud lifetime or Albrecht effect [Albrecht, 1989].

There have been two main approaches in simulating a cloud seeding strategy for MCB
intervention. The first approach assumes deployment of cloud seeding over fixed regions [Jones
et al., 2009; Baugman et al., 2012]. The second seeks to maximize the cooling effects of cloud
seeding by first searching for regions most susceptible to seeding and then constructing a seeding
scheme accordingly [Latham et al., 2008;Rasch et al.,2009]. The first approach makes it a

straightforward task to determine what causes the induced regional climate impact due to MCB
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climate intervention. The advantage of the second approach, however, is its capability of inducing
a maximum radiative effect with a minimum area extent to deploy cloud seeding.

Since MCB aims at enhancing cloud drop number concentration in boundary layer
clouds, it is important for the model employed to be capable of accurately simulating cloud-
aerosol interactions. For example, Wood [2021] demonstrated that the radiative forcing of MCB
simulated by climate models could be highly sensitive to the assumption made in the aerosol
activation parameterization. Alterskjeer et al. [2013] found that injecting sea salt particles in
certain sizes might lead to a warming effect instead of cooling; their simulations suggest that
injection of sea salt in the Aitken mode could suppress the occurrence of supersaturation which
led to reduction in activation of background aerosols, and consequently reduced the cloud drop
number concentration. One method of obtaining the climate effects from MCB without aerosol
microphysical parameterization uncertainties confounding the results is, instead of injecting sea
salt particles in the model simulation, the cloud drop number concentrations for the boundary
layer clouds within the designated seeding regions can be artificially increased. Latham et al.
[2008] and Rasch et al. [2009] followed this approach; they used the Community Climate System
Model version 3 (CCSM3) to conduct MCB simulations even though the model did not simulate
cloud-aerosol interactions. More recently, Stjern et al. [2018] and Hirasawa et al. [2023] also
conducted MCB simulations under this approach. Assuming sea salt particles of correct sizes are
injected, the cloud drop number concentration can be enhanced to ~500/cm3 as shown in
Alterskjeer et al. [2013].

In this study, we present results from MCB simulations by the Community Earth System
Model version 2 (CESM2), which has many updates from a much older generation of the model
CCSM3 utilized in Latham et al. [2008] and Rasch et al. [2009]. Even though CESM2 is capable
of simulating cloud-aerosol interactions, we will limit our investigation based on the constrained
approach to reduce the uncertainty of the work resulting from the aerosol activation
parameterization. We first identified regions most susceptible to cloud seeding following the
methodology described in Latham et al, [2008] and Rasch et al. [2009] (also described in Section
2.3 below) to construct susceptibility-based seeding schemes. Then, we investigated the area
extent required for cloud seeding to generate 1 °C cooling relative to pre-industrial conditions.
Finally, a 10-member ensemble under the seeding scheme capable of producing 1 °C cooling was
conducted, and we examined the climate impacts.

Methods
2.1.  Model description
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We use the Community Earth System Model version 2 (CESM2)
[Danabasoglu et al., 2020] for all simulations in this study. This version was
employed for the Coupled Model Intercomparison Project Phase 6 (CMIP6)
[Eyring et al., 2016] in which CESM2 ranks highly among CMIP6 models in
terms of simulating large-scale circulations and tropospheric climate over the
historical time period [Simpson et al., 2020;Duviver et al., 2020;Coburn and
Pruor, 2021].

CESM2 is a fully coupled Earth system model with prognostic
atmosphere, land, ocean, sea-ice, and land-ice components. The atmosphere
component, the Community Atmosphere Model version 6 (CAM6), uses a finite
volume dynamical core with a 1.25°x0.9° longitude-latitude mesh and 32 vertical
levels with the model top at around 40 km. CAMBG6 uses the Zhang and McFarlane
[1995] scheme for deep convection, the Cloud Layers Unified By Binormals
(CLUBB) [Golaz et al., 2002;Larson, 2017] for shallow convection, boundary
layer, and an updated version of Morrison-Gettelman microphysics scheme
(MG2) [Gettelman and Morrison, 2015] for stratiform clouds and precipitation
processes.

The ocean component remains the same as in CESM1 and is based on
the Parallel Ocean Program version 2 (POP2) [Smith et al., 2010;Danabasoglu et
al., 2012] with several advances. These include a new parameterization for
mixing effects in estuaries, increased mesoscale eddy (isopycnal) diffusivities at
depth, use of prognostic chlorophyll for shortwave absorption, use of salinity-
dependent freezing-point together with sea-ice model, and a hew Langmuir
mixing parameterization in conjunction with the new wave model component
[Danabasoglu et al., 2020]. POP2 operates on a mesh which is uniform in the
zonal direction (1.125°) and varies significantly in the meridional direction with
the finest resolution of 0.27° at the equator. In the Northern Hemisphere high
latitudes, the finest/coarsest resolution is about 0.38°/0.64° at the northwestern
Atlantic Ocean/northwestern Pacific Ocean. In the Southern Hemisphere, the
resolution monotonically changes to 0.53° at 32°S and remains constant further
south. There are 60 vertical levels with a maximum depth of 5500 m with a
uniform resolution of 10 m in the upper 160 m. CESM2 uses CICE version 5.1.2
(CICES) [Hunke et al., 2015] as its sea-ice component and uses the same
horizontal grid as POP2.
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2.2.

2.3.

CESM2 uses the Community Land Model version 5 (CLM5) [Lawrence
et al., 2019] with many updates from CLM4. CLMS5 improves the model’s
hydrological and ecological realism and enhances the representation of
anthropogenic land use activities on climate and carbon cycle [Danabasoglu et
al., 2020]. The River Transport Model (RTM) used in CESM1 has been replaced
with the Model for Scale Adaptive River transport (MOSART) [Li et al., 2013].

Reference simulations

We assume the moderate Shared Socioeconomic Pathway scenario of
SSP2-4.5 for this study. SSP2-4.5, a continuation of the Representative
Concentration Pathway 4.5 (RCP4.5) scenario, is considered “middle of the
road” and represents a medium range of future forcing pathways [O’Neill et al.,
2016]. A 5-member reference ensemble with CESM2 under SSP2-4.5 was
conducted for years 2015-2100 as part of the Coupled Model Intercomparison
Project Phase 6 (CMIP6; Eyring et al., 2018). Surface temperature evolution and
equilibrium climate sensitivity in these simulations are described in Meehl et al.
[2020]. Since then, 5 additional ensemble members were carried out. Thus, a
total of 10 ensemble members of CESM2 simulations under SSP2-4.5 are
employed in this study. However, daily maximum and minimum temperatures
were only archived for five members of the SSP2-4.5 ensemble [Richter et al.,
2022]; statistical significance testing was therefore based on a bootstrap analysis

to accommodate the reduced sample size.

Construction of seeding strategies

In this study, we follow the methodology described in Latham et al.
[2008] and Rasch et al. [2009] to employ a susceptibility-based strategy for cloud
seeding. As aforementioned, the simulations are performed under a constrained
approach, i.e. the cloud drop number concentration of low clouds within the
boundary layer clouds over the designated seeding regions is prescribed to a
predetermined value, set to 375/cm?® below 850 hPa. 375/cm? is selected in this
study because it was the more realistic number concentration assumed in Latham
et al. [2008] and Rasch et al. [2009], as the higher assumed number concentration
(1000/cm?) in these studies might not be achievable in reality (through personal

conversation with Dr. Andrew Gettelman).
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To determine susceptibility to cloud seeding for each grid cell over the
ocean, two simulations under SSP2-4.5 between 2015 and 2034 are compared:
one baseline run and the other with cloud seeding at every grid point over the
ocean within the boundary layer clouds. Susceptibility is determined by the
shortwave cloud forcing difference between the two simulations, i.e., if cloud
seeding over a grid point induces stronger (more negative) shortwave cloud
forcing (SWCF), it is considered more susceptible to seeding. Susceptibility of
all grid points over the ocean is ranked based on shortwave cloud forcing
differences. Seeding masks are built based on a designated percentage of the
ocean area. As shown in Fig. 1, seeding masks ranging between 2.5% and 20% of
the ocean surface are depicted. Since shortwave cloud forcing is the gauge for
susceptibility, one factor that influences susceptible regions for cloud seeding is
where incoming solar radiation is abundant. Another key factor in determining
regions most susceptible to cloud seeding is the distribution of low clouds. As
revealed in Fig. 1, during the boreal summer regions most susceptible to cloud
seeding are mainly over the west coast of the US where stratocumulus is
frequently present [Warren et al., 1998]. During the boreal winter, the most
susceptible regions for cloud seeding shift to the southern hemisphere, mainly off
the west coast of South America. These regions are over the eastern flank of an
ocean gyre where persistent cloud decks are present. Fig. 2 shows the annual
seeding masks. The results indicate that when cloud seeding is deployed over less
than 5% of the ocean surface, regions most susceptible to seeding are mainly off
the west coast of North and South America. When the seeding area expands,
regions most susceptible to cloud seeding extend to the west coast of Australia
and Africa. Nevertheless, it is important to note that even though the
susceptibility-based cloud seeding strategy maximizes the radiative forcing by
MCB intervention, it does not necessarily maximize the induced temperature
effect.

The radiative forcing induced under the susceptibility-based seeding
strategy simulated by CESMZ2 is depicted in Fig. 3a. Under the same
methodology, Latham et al. [2008] showed a net negative shortwave cloud
forcing of ~2.5 W/m? for seeding over 20% of the ocean area. Nevertheless, by
CESM2 under SSP2-4.5, the net negative shortwave cloud forcing for the same

amount of seeding is ~7.5 W/m?. The three fold difference can be explained by
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Results

3.1.

the low cloud biases in the earlier model versions. As shown in Kay et al. [2012]
there were strong negative low cloud biases in the Community Atmosphere
Model version 4 (CAM4), most pronounced over the stratocumulus regions
which are the ideal locations to deploy MCB. Since CAM4 is a model similar to
what was used in Latham et al. [2008] and Rasch et al. [2009], it explains the
much lower induced radiative forcing by MCB. With various updates in the
physics of the model, CAM5 was found to significantly improve the
representation of low clouds [Kay. et al., 2012]. Through personal conversation
with Dr. Jen Kay, CAMS6, the atmosphere component of CESM2, maintains the
improvements in the representation of low clouds as found in CAM5.
Consequently, MCB simulations carried out by CESM2 are much more credible
due to its superior representation of low clouds compared with CCSM3
employed in Latham et al. [2008] and Rasch et al. [2009]. However, even with
the significant improvement on the representation of low clouds in CAM5 over
CAM4, CAMS still maintains negative low cloud biases over the stratocumulus
regions and thus the radiative forcing induced by MCB is likely to be
underestimated within the current model framework.

It is worth noting that the radiative forcing at the tail portion of the ocean
area is positive (Fig. 3a). Fig. 3b reveals that the incremental radiative forcing
induced by seeding the top 15% of the ocean surface is very high. It becomes
much lower until about 80%, and reveres signs beyond that. This is because this
methodology is susceptibility-based and the grid points with positive SWCF
differences induced by cloud seeding (a warming effect) will have the lowest
rankings. Fig. 3b shows differential radiative forcing against percentage of the

ocean area with cloud seeding.

Seeding strategy in meeting temperature targets

In this study, we follow a similar experimental design to that outlined in
Richter et al. [2022] for a 10-member ensemble of CESM2 simulations utilizing
SAl in setting the climate target for the MCB ensemble simulations. Hence, we
choose the main target to restore the global mean surface temperature (TO)
between 2050 and 2069 to the 2020-2039 level under SSP2-4.5. The deployment
of MCB is assumed to start in 2035. In addition to global average surface

temperature (TO), Kravitz et al. [2017] proposed two extra temperature targets
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3.2.

which may be set for the purpose of climate intervention: 1) inter-hemispheric
temperature gradient (T1), and 2) equator-to-pole temperature gradient (T2). T1
and T2 will also be assessed in the MCB ensemble, as in Richter et al. [2022].

To assess the area extent of cloud seeding required to meet the
temperature target, we first conduct simulations under four seeding schemes:
2.5%, 5%, 7.5% and 12.5% of the ocean surface. The global mean surface
temperature for these four simulations is illustrated in Fig. 4 which suggests that
seeding over 5% of the ocean surface most closely reaches the TO goal in the
2050 - 2069 average.

Ensemble MCB simulations

The first set of experiments suggest that seeding over 5% of the ocean
surface is sufficient to meet the temperature target set in this study. We then
proceed to conduct a 10-member ensemble simulations with the same seeding
scheme. The ensemble simulations confirm that indeed cloud seeding over 5% of
the ocean surface is what is needed to meet the temperature target set in this
study (see Fig. 5a). Since here we only apply a constant seeding (and hence
roughly constant forcing), the global mean surface temperature of the MCB
ensemble is in a clear upward trend and exceeds the temperature target during the
last 10 years of the simulations. In contrast, in the SAI simulations in Richter et
al (2022) a feedback algorithm was used to adjust the injection rates annually to
maintain a roughly constant global mean temperature.

Next, we examine the regional temperature response by the 5% MCB
intervention. The impact on mean surface temperature by the 5% seeding scheme
is illustrated by the difference between the 2050-2069 average under the MCB
ensemble and the 2020-2039 average under the control ensemble (Figs. 6 a,d,g).
The application of MCB results in intense regional surface temperature responses
with magnitudes much stronger than the effect of climate change (compare Figs
6a,d,g with Figs. 6 c,f,i). The most pronounced cooling is found over the
stratocumulus regions off the west coast of North and South America where
cloud seeding is deployed regularly (see Fig. 2b), and cooling extends to the
tropical West Pacific. Furthermore, it is found that the annual averaged surface
temperature is lower over Alaska (Fig. 6a) which is mainly attributed to the
stronger cooling during the boreal winter (Fig. 6¢). The MCB ensemble

simulations also reveal that over the Northwest Pacific, the Eastern US, the
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Southern Ocean, and the Antarctic, the surface temperature is significantly
warmer (Figs. 6 a,d,g) than the 2020-2039 average, indicating the MCB scheme
employed is not able to restore the surface temperature in these regions back to
the 2020-2039 level.

When using the 2050-2069 level from the control ensemble mean as the
basis for comparison, the induced surface temperature response by MCB shows a
different picture (Figs. 6 b,d,f). In such a comparison, lower surface temperature
is found in a much broader area. Pronounced cooling over the main seeding
regions, i.e. off the west coast of North and South America, is found in the
annual mean (Fig. 6b) as well as during the boreal winter (Fig. 6d) and boreal
summer (Fig. 6f). It is interesting to note that during the boreal winter even
though seeding is mainly deployed in the Southern Hemisphere, strong cooling is
present over the Arctic (Fig. 6d). Warmer surface temperature, however, is also
present in the MCB ensemble mean, mainly over the Northwest Pacific and the
South Pacific Convergence Zone (SPCZ). This reveals that under the MCB
intervention, surface temperature becomes even warmer in these regions which
will further intensify the warming effect by climate change. Thus, this is a highly
undesirable outcome for such MCB intervention.

The pronounced cooler and warmer regions arising from the 5% seeding
are further emphasized in the surface temperature extremes (annual hottest and
coldest days and nights) illustrated in Fig.7a,d,g,j. In contrast with SAI
simulations [e.g. Richter et al., 2022;Tye et al., 2022], the greatest response is
observed in the annual minimum daily minimum temperature (“Coldest Night”;
Fig. 7j) while the least impact is apparent for the annual maximum daily
maximum temperature (‘“Hottest Day”’; Fig.7b). Regions of particularly elevated
temperature are primarily over land in the highest latitudes for the daily
maximum temperatures (Figs. 7a,d), with increases up to 2K higher than those
shown for surface mean temperature. Cooling of a similar magnitude is not as
extensive, and only appears in the daily minimum temperatures (Figs. 7g,j).

Comparing the 2050-2069 level from the control ensemble mean to the
annual temperature extremes under the MCB ensemble (Figs. 7b,e,h,k) also
shows a different response than that of the surface mean temperature in Fig. 6.
While the mean surface temperatures show decreases in temperature over most of

the globe with comparison to climate change, only the hottest night (Fig. 7h) and
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coldest night (Fig. 7k) show a similar universal cooling. In contrast, the coldest
day (Fig. 7a) and hottest day (Fig. 7e) are cooler relative to climate change only
over the areas of seeding; over land the temperatures are increased relative to
climate change). As noted above, the differences in extreme temperature induced
by climate change alone (the average between 2050 and 2069 against the average
between 2020 and 2039, Figs. 7 c,f,i,l) is generally less than the differences with
MCB. Increases are also greater in the higher latitudes (Kim et al. 2020), and by
reason of their rarity only show statistical significance in regions where the
changes, and also interannual variability, are small [e.g. Katz, 2010].

Next, we assess T1 and T2 under the MCB ensemble. The simulations
indicate that the MCB ensemble cannot restore T1 and T2 between 2050 and
2069 to the 2020-2039 level. The MCB ensemble mean of T1 between 2050 and
2069 is lower than the average between 2020 and 2039 by the control ensemble,
and higher for T2 (Figs. 5b,c). Different seeding strategies would be required to
restore T1 and T2, assuming these are within the space of achievable objectives
(Lee et al. 2020).

The annual precipitation response induced by MCB shows similar
patterns by using either the 2020-2039 average or the 2050-2069 average of the
control ensemble (Figs. 8 a,b) as the basis for comparison. The precipitation
response is highly concentrated in the lower latitudes. Precipitation with MCB is
seen to reduce over the Intertropical Convergence Zone (ITCZ) where colder
surface temperature is induced by MCB, and the ITCZ slightly shifts northward
as a strip of increased precipitation is present. Precipitation is also found to
increase under MCB over the SPCZ, the maritime continent, Australia, and the
Amazon. When broken down by convective and stratiform precipitation, it is
found that both exhibit very similar patterns but the change in convective
precipitation plays a more important role (Figs. 8c,d,e,f), which responds
strongly to the surface temperature.

In comparison, the change in precipitation due to climate change is
illustrated in Figs. 8c,f,i, which is in general much weaker in magnitude. The
strongest difference is enhanced precipitation over the ITCZ (Fig. 8c), mainly
due to convective precipitation (compare Figs. 8f,i). However, the magnitude of

the change is still much weaker than that induced by the MCB intervention.

10
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The precipitation response during the boreal winter and boreal summer is
illustrated in Figs. 9 and 10. Similar to the annual precipitation response (Fig. 8),
the most pronounced seasonal precipitation response is mainly found in the lower
latitudes and exhibits similar features as the annual mean, e.g. decreased
precipitation over the ITCZ, and increased precipitation over the SPCZ, the
maritime continent, and Australia (see Figs. 9a,9b,10a,10b). However, such
precipitation response is stronger in the boreal winter than in the boreal summer
because the induced lower surface temperature by MCB over the tropical West
Pacific is more pronounced during the boreal winter (compare Figs. 6d,9).

Differences in seasonal precipitation induced by MCB can be detected in
several regions. Increased precipitation over the Northwest Pacific and the
Amazon and decreased precipitation over the Northeast Pacific are only found
during the boreal winter (compare Figs. 9a,9b,10a,10b). Since these features are
also present in the annual mean (Figs. 8a,b), it is conceivable that such regional
response is mainly attributed to the boreal winter. Finally, as previously observed
in the annual mean, convective precipitation response is also stronger than
stratiform precipitation in the seasonal average (compare Figs. 9c,d,e,f,10c,d,e,f).

The differing responses of convective and stratiform precipitation are
reflected in the changes in the annual maximum daily precipitation total (‘“wettest
day”, Fig. 11a). Increases in the wettest day are focused over the SPCZ and
Australia, with a narrow increase over the Pacific Ocean aligned with a
northward shift in the ITCZ. The largest decreases in the wettest day correlate
with the colder regions over the main seeding region. The contrast between the
simulations with and without MCB is accentuated for the most extreme
precipitation, as it is for surface temperature extremes (Fig. 11b). While mean
precipitation under unabated climate change shows distinctly wetter and drier
regions, the wettest day increases everywhere (Fig. 11c).

Even though the surface temperature over the Northwest Pacific is
warmer under the MCB ensemble annual mean (Figs. 6 a,d,g), precipitation is
only increased in DJF (Fig. 9a) but not in JJA (Fig. 10a). The response in sea-
level pressure over the North Pacific in DJF under the MCB ensemble (Fig. 12a)
is in good agreement with the induced surface temperature change (Fig. 6d): the
Aleutian low is weakened as surface temperature is cooler, and the sea-level

pressure over the Northwest Pacific is lower as surface temperature is warmer. In

11
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DJF, the warmer surface temperature over the Northwest Pacific enhances
convective precipitation (Fig. 9d) and the lower sea-level pressure promotes
stratiform precipitation (Fig. 9g). However in JJA, the warmer surface
temperature over the Northwest Pacific leads to an increase in sea-level pressure
(Fig. 12b). This suggests that the subtropical high (a warm core high) over the
North Pacific extends over the west Pacific. The MCB ensemble average
indicates that convective precipitation is increased (Fig. 10d), likely due to
warmer surface temperature, but stratiform precipitation is decreased, likely due
to subsidence induced by the subtropical high. Increases in convective
precipitation are most likely to result in increases in the most extreme
precipitation (Fig. 11a). These features imply that the MCB intervention is likely
to influence the large-scale circulation over the North Pacific.

The MCB ensemble reveals that precipitation is increased over Amazon
in DJF but not in JJA. This is likely due to the induced difference in total
precipitable water. The MCB ensemble shows an increase in total precipitable
water over the Northern Amazon in DJF (Fig. 12c), but the total precipitable
water is decreased in JJA (Fig. 12d). The precipitation response over Amazon in
DJF (Figs. 9a,d,g) shows a dipole structure, i.e., precipitation is increased in the
north but is decreased in the south. Thus, the impact of the MCB intervention is
to shift the precipitation over Amazon northward in DJF which is in good
agreement with the change in total precipitable water.

Next, we examine the impact of the 5% ocean area seeding scheme on
the globally averaged precipitation. As aforementioned, this seeding scheme is
sufficient to restore TO between 2050 and 2069 to the 2020-2039 level (Fig. 5a).
Under this seeding scheme, the ensemble mean in global precipitation between
2050 and 2069 is lower than the 2020-2039 level (Fig. 13a). This result is
consistent as Rasch et al. [2009] in which it was found that restoring precipitation
required less area extent for cloud seeding than to restore TO; similar conclusions
have been found for solar reduction (e.g., Bala et al 2008) and for SAI. The
simulations also show that this seeding scheme induces lower precipitation over
the ocean between 2050 and 2069 than the 2020-2039 level (Fig. 13b), but the
precipitation over land between 2050 and 2069 is higher than the 2020-2039
level (Fig. 13c). As revealed in Fig. 8a, the increased precipitation over land is

mainly found over Australia, India, and the maritime continent.
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Next, we examine differences in radiative fluxes induced by the 5%
MCB scheme. Longwave flux at the model top is in general reduced in the lower
latitudes except in the equatorial region where longwave flux is increased (Fig.
14a). Lower longwave flux at the model top in the lower latitudes is consistent
with lower surface temperature (Fig. 14g) which is a key factor in determining
the upward longwave flux at the surface (Fig. 14h) based on the Stefan-
Boltzmann law. The increase in longwave flux at the model top in the equatorial
region is mainly attributed to cloud forcing (Fig. 14c). As shown in Fig. 8b,
convective precipitation over the tropical Pacific is significantly reduced by the
MCB intervention, which also results in reduction in mid and high clouds (Figs.
14n,0). Thus, less longwave radiation is absorbed by clouds in the equatorial
region and thus higher longwave flux can reach the model top.

Induced response in all-sky shortwave flux at the model top by the MCB
intervention (Fig. 14d) is dominated by cloud forcing (Fig. 14f). Shortwave flux
at the model top is overall lower in the lower latitudes but is increased in the
equatorial region. The lower shortwave flux at the model top in the lower
latitudes is a direct response to the higher low cloud fraction (Fig. 14m) which
reflects more shortwave radiation. Nevertheless, mid and high clouds in the
equatorial region are reduced (Figs. 14n,0), likely due to suppression of
convection by MCB intervention, and the total cloud fraction is lower (Fig. 14p),
indicating the contribution from mid and high clouds more than offset the
increase in low clouds. Thus less shortwave radiation is reflected which in turn
increases shortwave flux at the model top (Fig. 14d) in the equatorial region.

It is interesting to note that both all-sky and clear-sky shortwave fluxes at
the model top are increased over high latitudes in the southern hemisphere (Figs.
14d,e), which implies that less shortwave radiation is reflected. Since the
difference in shortwave cloud forcing in this region is negative, i.e. more
shortwave radiation is reflected by clouds, much less shortwave radiation is
reflected by the surface. Due to negative shortwave cloud forcing differences in
high latitudes over the southern hemisphere (Fig. 14f), less shortwave radiation is
capable of reaching the surface (Fig. 141). However, even less shortwave
radiation is reflected by the surface in this region (Fig. 14k) which is due to loss

of sea ice (Fig. 14r).

13



440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

It is worth noting that the ensemble spread for sea ice in the northern
hemisphere (Fig. 14r) is quite large even though the ensemble mean difference is
near zero. This is potentially a reflection of a large ensemble spread in surface
temperature difference (Fig. 14q). This indicates that the uncertainty for the
prediction over the Arctic is quite high. In the southern hemisphere, however, the
ensemble spread in sea ice is relatively smaller as well as the surface
temperature. The ensemble simulations also suggest that the MCB intervention is
incapable of restoring sea ice in the southern hemisphere between 2050 and 2069
to the 2020-2039 level (Fig. 14r).

Even though we have demonstrated through a 10-member ensemble
simulations that cloud seeding over 5% of the ocean surface is capable of
meeting the global average surface temperature goal, applying a steady forcing
will not, of course, maintain a steady global average surface temperature, as
shown in Fig. 5a. Maintaining a steady global average surface temperature
would require that the seeding area be gradually increased.

The 5% MCB scheme induces cooling mostly confined in the lower
latitudes. Furthermore, surface temperature becomes warmer under MCB
intervention than the baseline ensemble average, mainly over the Northwest
Pacific and the SPCZ (Figs. 6b,e,h), which is on top of warming due to climate
change (Figs. 6¢,f,i), and with greatest effect on the hottest days and nights
(Figs.7a,d,g). In order to eliminate such undesirable responses, it will require

different MCB strategies than that examined in this study.

Conclusions

In this study, we examine the efficiency of MCB climate intervention by CESM2
ensemble simulations. Compared with the previous study using CCSM3 [Latham et al., 2008,
Rasch et al., 2009], it is found that MCB may induce a much greater impact with the same area
extent of cloud seeding under CESM2. This is mainly due to the much more realistic
representation of low clouds, especially stratocumulus, in CESM2 than CCSM3. Since cloud
seeding aims to enhance the albedo of low clouds, it is thus essential to have good representation
of low clouds in the model employed for MCB simulations.

We follow the methodology described in Latham et al. [2008] and Rasch et al. [2009] to
build a seeding strategy based on susceptibility of cloud seeding over all oceanic model grid

points. The advantage of this strategy is its capability to generate a maximum (negative) radiative
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effect with minimum cloud seeding efforts. However, the disadvantage of this approach is the
difficulty in interpreting the cause of certain regional climate impacts. If cloud seeding is
assumed to occur over fixed regions, it will thus make it straightforward to interpret the cause of
regional climate impact of MCB intervention. The downside of this approach, of course, is its
lower efficiency to induce a cooling effect.

Under the protocol design in this study, it is found that cloud seeding over 5% of ocean
surface is capable of restoring the global average surface temperature between 2050 and 2069 to
the 2020-2039 level, under the SSP2.4-5 scenario. The 10-member ensemble of CESM2
simulations shows that MCB yields cooling mostly confined within lower latitudes. The most
pronounced cooling in surface temperature occurs over where cloud seeding is regularly
deployed, mainly off the west coast of North and South America, and cooling extends to the
tropical west Pacific. As a result, MCB induces a La Nina-like response and shifts the ITCZ
slightly northward. Furthermore, surface temperature over the Northwest Pacific and SPCZ under
MCB intervention becomes warmer than the baseline ensemble mean (Fig. 6b) which indicates
that the MCB intervention further intensifies warming due to climate change (Fig. 6¢) over these
regions. These features are highly undesirable outcomes delivered by the MCB intervention.

The MCB climate intervention is also found to induce a significant impact on
precipitation. The most pronounced decrease in precipitation is not found over the places where
MCB is deployed even though the direct impact of cloud seeding would lead to a decrease in
precipitation due to the Albrecht effect. Instead, the strongest precipitation reduction is found
over the ITCZ where lower sea surface temperature is induced by MCB. The simulations also
reveal that reduction of convective precipitation plays a more important role in the total
precipitation decrease. Even though the global average precipitation is reduced by MCB, it is
found that precipitation is increased over land, mainly over Australia, the maritime continent, and
the Amazon, with these regions also receiving considerable increases in the most extreme
precipitation.

In the current study, we prescribe cloud drop number concentration in the designated
cloud seeding regions instead of injecting sea salt particles. This bypasses the representation of
aerosol activation processes which remain highly uncertain in climate models. While this
constrained approach eliminates the uncertainty resulting from the model representation of
aerosol activation, it also lacks the direct aerosol effect due to sea salt particle injections. In our
future study we will investigate how deployment of MCB by injecting sea salt particles may
impact the climate. Additionally, different seeding strategies will be explored which may

simultaneously meet the temperature targets of TO, T1 and T2.
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Figure 1: Monthly seeding masks based on the optimal seeding approach by using CESM2
simulations between 2015 and 2034 under SSP2-4.5 at 2.5% to 20% of the ocean area.
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Figure 2: As in Fig. 1, but for the annually accumulated seeding masks. 1 means cloud seeding

takes place in one month, and 12 means cloud seeding takes place all 12 months.
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Figure 3: (a) Shortwave cloud forcing computed based on cloud seeding over all grid points over

the ocean by using simulations between 2015 and 2034 under SSP2-4.5 as a function of areal

extent for cloud seeding with a prescribed drop number concentration of 375/cm?, (b) differential

shortwave cloud forcing based on the percentage of the ocean surface with cloud seeding. Annual
(ANN) and seasonal (DJF, JJA, MAM, SON) averages are plotted.
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Figure 4: Time series of global average temperature. Black solid line represents the 10-member
ensemble mean of the CESM2 simulations under SSP2-4.5, and the ensemble spread is two
standard deviations of the ensemble. The black dashed line is the average between 2020 and
2039. The four colored solid lines represent MCB simulations over: 1) 2.5% (green), 2) 5% (red),
3) 7.5% (blue), and 4) 12.5% (magenta) of the ocean surface, and the dashed colored lines are
averages between 2050 and 20609.

24



740
741
742
743
744

745
746

747
748
749
750
751
752
753

(a) Global Mean Temperature
I T T I T I
CESM SSP2.4-5

MCB 5%

] 2 =
N N

® 5 O 5 O
i ©® i o

Temperature (K)

11 | |
23%20 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

(b) Inter-hemispheric Temperature Gradient

12 ; |
CESM SSP2.4-5
N MCB 5%
2 1§ -
5 :
3
©0.8 _
v
o
clE)06
20.

0 | | | 1 | | ! |

2%)20 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070
(¢) Equator-to-pole Temperature Gradient
T

5.5 T T T T T T T
CESM SSP2.4-5

g 56 MCB 5% —
o
5-5.7 -
-
g
U 5 g .
g >
o
~-5.9 —

» ‘ 1 ! 1 1 ! 1 ! 1 I

2%20 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Time (years)

Figure 5: Time series of a) global mean temperature (T0), b) inter-hemispheric temperature
gradient (T1), and c) equator-to-pole temperature gradient (T2). Black and red solid lines
represent the 10-member ensemble mean of the control and MCB (over 5% ocean surface)
simulations with an ensemble spread of two standard deviations. The black dashed line is the
average between 2020 and 2039, and the red dashed line is the average between 2050 and 20609.
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Figure 6: Difference in surface temperature (TS) in K between: 1) the ensemble mean of MCB
over 5% ocean surface between 2050 and 2069 against the control ensemble mean between 2020
and 2039 (a,d,g), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b,e,h), and 3) the ensemble mean of
the baseline model between 2050 and 2069 against the ensemble mean of the baseline model
between 2020 and 2039 (c,f,i). Top panels are for annual average (ANN), middle panels are for
the boreal winter average (DJF), and the bottom panels are for the boreal summer average (JJA).
Differences under the 95% significance level are marked in gray dots.
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Figure 7: Difference in surface temperature between 1) the ensemble mean of MCB over 5%
ocean surface between 2050 and 2069 against the control ensemble mean between 2020 and 2039
(a,d,g.j), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069 against
the control ensemble mean between 2050 and 2069 (b,e,h,k), and 3) the ensemble mean of the
baseline model between 2050 and 2069 against the ensemble mean of the baseline model between
2020 and 2039 (c,f,i,]). Row 1 is for annual minimum daily maximum (“Coldest Day”), row 2 is
for annual maximum daily maximum (“Hottest Day”), row 3 is for annual minimum daily
minimum (“Coldest Night”), row 4 is for annual maximum daily minimum (“Hottest Night”).

Differences under the 95% significance level are marked in gray dots.

27



776
77

778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794

(a) APRECT ANN, MCB(2050-2069) - base(2020-2039) (b) APRECT ANN, MCB(2050-2069) - base(2050-2069) (c)APRECT ANN, base(2050-2069) - base(2020-2039)
e el AN :
) g Bl = '*a‘-ﬁg“‘

| et o
B~

A 5

(g) APRECL ANN, MCB(2050-2069) - base(2020-2039)

-

Figure 8: Difference in annual precipitation in mm/day between: 1) the ensemble mean of MCB
over 5% ocean surface between 2050 and 2069 against the control ensemble mean between 2020
and 2039 (a,d,g), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b,e,h), and 3) the ensemble mean of
the baseline model between 2050 and 2069 against the ensemble mean of the baseline model

between 2020 and 2039 (c,f,i). Top panels are for total precipitation (PRECT), middle panels are
for convective precipitation (PRECC), and the bottom panels are for stratiform precipitation

(PRECL). Differences under the 95% significance level are marked in gray dots.
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Figure 9: Similar as Fig. 8 but for precipitation difference in boreal winter (DJF).
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Figure 10: Similar as Fig. 8 but for precipitation difference in boreal summer (JJA).
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Figure 11: Difference in annual maximum daily precipitation between: 1) the ensemble mean of
MCB over 5% ocean surface between 2050 and 2069 against the control ensemble mean between
2020 and 2039 (a), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b), and 3) the ensemble mean of the
baseline model between 2050 and 2069 against the ensemble mean of the baseline model between

2020 and 2039 (c). Differences under the 95% significance level are marked in gray dots.
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Fig. 12: Differences between the MCB ensemble mean between 2050 and 2069 and the control
ensemble between 2020 and 2039: (a) sea-level pressure in DJF, (b) sea-level pressure in JJA, (c)
total precipitable water in DJF, and (d) total precipitable water in JJA.
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Figure 13: Time series of ensemble mean (thick lines) and spread (two standard deviations) of
precipitation: (a) globally, (b) over ocean, and (c) over land. Control ensemble simulations are in
black and ensemble simulation with MCB over 5% ocean surface are in red. Average between
2020 and 2039 from the control ensemble mean is in a thin black line, and average between 2050
and 2069 from the MCB ensemble mean is in a thin red line.
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Figure 14: Ensemble mean difference and ensemble spread (two standard deviations) of zonal
mean between the MCB (2050-2069) and control (2020-2039) ensemble simulations: (a) all-sky
longwave flux at model top, (b) clear-sky longwave flux at model top, (c) longwave cloud
forcing, (d) all-sky shortwave flux at model top, (e) clear-sky shortwave flux at model top, (f)
shortwave cloud forcing, (g) total longwave flux at surface, (h) upward longwave flux at surface,
(i) downward longwave flux at surface, (j) total shortwave flux at surface, (K) upward shortwave
flux at surface, (1) downward shortwave flux, (m) low cloud fraction, (n) mid cloud fraction, (0)

low cloud fraction, (p) total cloud fraction, (g) surface temperature, and (r) sea-ice fraction.
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Climate impact of marine cloud brightening solar climate intervention under a
susceptibility based strategy simulated by CESM2
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Key Points:

e Susceptibility-based marine cloud brightening is simulated by a medium ensemble of
CESM2 simulations.

e Cloud seeding over 5% of the most easily brightened ocean surface is capable of
producing a net cooling of 1 °C.

e The 5% seeding strategy induces strong temperature and precipitation responses in lower
latitudes, resembling a La Nifia-like pattern.

Plain Language Summary:

Marine cloud brightening, a form of solar climate intervention, could reflect some sunlight back
to space and cool the planet. We used a state-of-the-art climate model to investigate what might
happen if we target the regions of the ocean that are most easily brightened. Deploying marine
cloud brightening over 5% of the ocean area can cool the planet by 1 °C in this model. However,
it causes temperature and precipitation changes that look like La Nifia. This may be undesirable

for some people, meaning other marine cloud brightening strategies need to be investigated.

Corresponding author: C.-C.Chen, cchen@ucar.edu
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Abstract

The efficiency of marine cloud brightening in cooling Earth's surface temperature is
investigated by using a medium ensemble of simulations with the Community Earth System
Model version 2 (CESM2). Various cloud seeding schemes based on susceptibility are examined
to determine what area extent will be required to induce 1 °C cooling under SSP2-4.5. The results
indicate that cloud seeding over 5% of the ocean area is capable of achieving this goal. Under this
seeding scheme, cloud seeding is mainly deployed over lower latitudes where strong surface
temperature and precipitation responses are induced. The simulations also reveal that the 5%
cloud seeding scheme induces an overall reduction in global precipitation, with an increase over

land and a decrease over the ocean.

Introduction

A number of solar climate intervention strategies have been proposed to counteract
anthropogenic global warming. These strategies seek to enhance the albedo of the Earth and thus
reflect more solar radiation back to space to induce a cooling effect. One strategy more
extensively investigated is stratospheric aerosol injection (hereafter SAI) which attempts to
mimic the cooling effect of large volcanic eruptions by injecting aerosols or their precursors into
the stratosphere. Another less explored strategy seeks to brighten the marine boundary clouds by
injecting sea salt particles to induce an increase in cloud drop number concentration [Latham,
1990]. One of the reasons marine cloud brightening (hereafter MCB) is relatively less researched
than SAI is due to the challenge of accurately simulating aerosol-cloud interactions in climate
models (IPCC, 2021).

MCB aims to achieve a reduction in global surface temperature mainly by cloud indirect
effects. By enhancing drop number concentration in clouds, cloud drops become smaller and thus
clouds become more reflective of incoming solar radiation, known as the cloud albedo or
Twomey effect [Twomey, 1974;Twomey, 1977]. As the cloud drop size is reduced, precipitation
may be suppressed and the clouds become more persistent. This also leads to reflecting more
solar radiation, known as the cloud lifetime or Albrecht effect [Albrecht, 1989].

There have been two main approaches in simulating a cloud seeding strategy for MCB
intervention. The first approach assumes deployment of cloud seeding over fixed regions [Jones
et al., 2009; Baugman et al., 2012]. The second seeks to maximize the cooling effects of cloud
seeding by first searching for regions most susceptible to seeding and then constructing a seeding
scheme accordingly [Latham et al., 2008;Rasch et al.,2009]. The first approach makes it a

straightforward task to determine what causes the induced regional climate impact due to MCB



69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
08
99

200

101

climate intervention. The advantage of the second approach, however, is its capability of inducing
a maximum radiative effect with a minimum area extent to deploy cloud seeding.

Since MCB aims at enhancing cloud drop number concentration in boundary layer
clouds, it is important for the model employed to be capable of accurately simulating cloud-
aerosol interactions. For example, Wood [2021] demonstrated that the radiative forcing of MCB
simulated by climate models could be highly sensitive to the assumption made in the aerosol
activation parameterization. Alterskjeer et al. [2013] found that injecting sea salt particles in
certain sizes might lead to a warming effect instead of cooling; their simulations suggest that
injection of sea salt in the Aitken mode could suppress the occurrence of supersaturation which
led to reduction in activation of background aerosols, and consequently reduced the cloud drop
number concentration. One method of obtaining the climate effects from MCB without aerosol
microphysical parameterization uncertainties confounding the results is, instead of injecting sea
salt particles in the model simulation, the cloud drop number concentrations for the boundary
layer clouds within the designated seeding regions can be artificially increased. Latham et al.
[2008] and Rasch et al. [2009] followed this approach; they used the Community Climate System
Model version 3 (CCSM3) to conduct MCB simulations even though the model did not simulate
cloud-aerosol interactions. More recently, Stjern et al. [2018] and Hirasawa et al. [2023] also
conducted MCB simulations under this approach. Assuming sea salt particles of correct sizes are
injected, the cloud drop number concentration can be enhanced to ~500/cm3 as shown in
Alterskjeer et al. [2013].

In this study, we present results from MCB simulations by the Community Earth System
Model version 2 (CESM2), which has many updates from a much older generation of the model
CCSM3 utilized in Latham et al. [2008] and Rasch et al. [2009]. Even though CESM2 is capable
of simulating cloud-aerosol interactions, we will limit our investigation based on the constrained
approach to reduce the uncertainty of the work resulting from the aerosol activation
parameterization. We first identified regions most susceptible to cloud seeding following the
methodology described in Latham et al, [2008] and Rasch et al. [2009] (also described in Section
2.3 below) to construct susceptibility-based seeding schemes. Then, we investigated the area
extent required for cloud seeding to generate 1 °C cooling relative to pre-industrial conditions.
Finally, a 10-member ensemble under the seeding scheme capable of producing 1 °C cooling was
conducted, and we examined the climate impacts.

Methods
2.1.  Model description
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We use the Community Earth System Model version 2 (CESM2)
[Danabasoglu et al., 2020] for all simulations in this study. This version was
employed for the Coupled Model Intercomparison Project Phase 6 (CMIP6)
[Eyring et al., 2016] in which CESM2 ranks highly among CMIP6 models in
terms of simulating large-scale circulations and tropospheric climate over the
historical time period [Simpson et al., 2020;Duviver et al., 2020;Coburn and
Pruor, 2021].

CESM2 is a fully coupled Earth system model with prognostic
atmosphere, land, ocean, sea-ice, and land-ice components. The atmosphere
component, the Community Atmosphere Model version 6 (CAM6), uses a finite
volume dynamical core with a 1.25°x0.9° longitude-latitude mesh and 32 vertical
levels with the model top at around 40 km. CAMBG6 uses the Zhang and McFarlane
[1995] scheme for deep convection, the Cloud Layers Unified By Binormals
(CLUBB) [Golaz et al., 2002;Larson, 2017] for shallow convection, boundary
layer, and an updated version of Morrison-Gettelman microphysics scheme
(MG2) [Gettelman and Morrison, 2015] for stratiform clouds and precipitation
processes.

The ocean component remains the same as in CESM1 and is based on
the Parallel Ocean Program version 2 (POP2) [Smith et al., 2010;Danabasoglu et
al., 2012] with several advances. These include a new parameterization for
mixing effects in estuaries, increased mesoscale eddy (isopycnal) diffusivities at
depth, use of prognostic chlorophyll for shortwave absorption, use of salinity-
dependent freezing-point together with sea-ice model, and a hew Langmuir
mixing parameterization in conjunction with the new wave model component
[Danabasoglu et al., 2020]. POP2 operates on a mesh which is uniform in the
zonal direction (1.125°) and varies significantly in the meridional direction with
the finest resolution of 0.27° at the equator. In the Northern Hemisphere high
latitudes, the finest/coarsest resolution is about 0.38°/0.64° at the northwestern
Atlantic Ocean/northwestern Pacific Ocean. In the Southern Hemisphere, the
resolution monotonically changes to 0.53° at 32°S and remains constant further
south. There are 60 vertical levels with a maximum depth of 5500 m with a
uniform resolution of 10 m in the upper 160 m. CESM2 uses CICE version 5.1.2
(CICES) [Hunke et al., 2015] as its sea-ice component and uses the same
horizontal grid as POP2.
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2.2.

2.3.

CESM2 uses the Community Land Model version 5 (CLM5) [Lawrence
et al., 2019] with many updates from CLM4. CLMS5 improves the model’s
hydrological and ecological realism and enhances the representation of
anthropogenic land use activities on climate and carbon cycle [Danabasoglu et
al., 2020]. The River Transport Model (RTM) used in CESM1 has been replaced
with the Model for Scale Adaptive River transport (MOSART) [Li et al., 2013].

Reference simulations

We assume the moderate Shared Socioeconomic Pathway scenario of
SSP2-4.5 for this study. SSP2-4.5, a continuation of the Representative
Concentration Pathway 4.5 (RCP4.5) scenario, is considered “middle of the
road” and represents a medium range of future forcing pathways [O’Neill et al.,
2016]. A 5-member reference ensemble with CESM2 under SSP2-4.5 was
conducted for years 2015-2100 as part of the Coupled Model Intercomparison
Project Phase 6 (CMIP6; Eyring et al., 2018). Surface temperature evolution and
equilibrium climate sensitivity in these simulations are described in Meehl et al.
[2020]. Since then, 5 additional ensemble members were carried out. Thus, a
total of 10 ensemble members of CESM2 simulations under SSP2-4.5 are
employed in this study. However, daily maximum and minimum temperatures
were only archived for five members of the SSP2-4.5 ensemble [Richter et al.,
2022]; statistical significance testing was therefore based on a bootstrap analysis

to accommodate the reduced sample size.

Construction of seeding strategies

In this study, we follow the methodology described in Latham et al.
[2008] and Rasch et al. [2009] to employ a susceptibility-based strategy for cloud
seeding. As aforementioned, the simulations are performed under a constrained
approach, i.e. the cloud drop number concentration of low clouds within the
boundary layer clouds over the designated seeding regions is prescribed to a
predetermined value, set to 375/cm?® below 850 hPa. 375/cm? is selected in this
study because it was the more realistic number concentration assumed in Latham
et al. [2008] and Rasch et al. [2009], as the higher assumed number concentration
(1000/cm?) in these studies might not be achievable in reality (through personal

conversation with Dr. Andrew Gettelman).
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To determine susceptibility to cloud seeding for each grid cell over the
ocean, two simulations under SSP2-4.5 between 2015 and 2034 are compared:
one baseline run and the other with cloud seeding at every grid point over the
ocean within the boundary layer clouds. Susceptibility is determined by the
shortwave cloud forcing difference between the two simulations, i.e., if cloud
seeding over a grid point induces stronger (more negative) shortwave cloud
forcing (SWCF), it is considered more susceptible to seeding. Susceptibility of
all grid points over the ocean is ranked based on shortwave cloud forcing
differences. Seeding masks are built based on a designated percentage of the
ocean area. As shown in Fig. 1, seeding masks ranging between 2.5% and 20% of
the ocean surface are depicted. Since shortwave cloud forcing is the gauge for
susceptibility, one factor that influences susceptible regions for cloud seeding is
where incoming solar radiation is abundant. Another key factor in determining
regions most susceptible to cloud seeding is the distribution of low clouds. As
revealed in Fig. 1, during the boreal summer regions most susceptible to cloud
seeding are mainly over the west coast of the US where stratocumulus is
frequently present [Warren et al., 1998]. During the boreal winter, the most
susceptible regions for cloud seeding shift to the southern hemisphere, mainly off
the west coast of South America. These regions are over the eastern flank of an
ocean gyre where persistent cloud decks are present. Fig. 2 shows the annual
seeding masks. The results indicate that when cloud seeding is deployed over less
than 5% of the ocean surface, regions most susceptible to seeding are mainly off
the west coast of North and South America. When the seeding area expands,
regions most susceptible to cloud seeding extend to the west coast of Australia
and Africa. Nevertheless, it is important to note that even though the
susceptibility-based cloud seeding strategy maximizes the radiative forcing by
MCB intervention, it does not necessarily maximize the induced temperature
effect.

The radiative forcing induced under the susceptibility-based seeding
strategy simulated by CESMZ2 is depicted in Fig. 3a. Under the same
methodology, Latham et al. [2008] showed a net negative shortwave cloud
forcing of ~2.5 W/m? for seeding over 20% of the ocean area. Nevertheless, by
CESM2 under SSP2-4.5, the net negative shortwave cloud forcing for the same

amount of seeding is ~7.5 W/m?. The three fold difference can be explained by
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Results

3.1.

the low cloud biases in the earlier model versions. As shown in Kay et al. [2012]
there were strong negative low cloud biases in the Community Atmosphere
Model version 4 (CAM4), most pronounced over the stratocumulus regions
which are the ideal locations to deploy MCB. Since CAM4 is a model similar to
what was used in Latham et al. [2008] and Rasch et al. [2009], it explains the
much lower induced radiative forcing by MCB. With various updates in the
physics of the model, CAM5 was found to significantly improve the
representation of low clouds [Kay. et al., 2012]. Through personal conversation
with Dr. Jen Kay, CAMS6, the atmosphere component of CESM2, maintains the
improvements in the representation of low clouds as found in CAM5.
Consequently, MCB simulations carried out by CESM2 are much more credible
due to its superior representation of low clouds compared with CCSM3
employed in Latham et al. [2008] and Rasch et al. [2009]. However, even with
the significant improvement on the representation of low clouds in CAM5 over
CAM4, CAMS still maintains negative low cloud biases over the stratocumulus
regions and thus the radiative forcing induced by MCB is likely to be
underestimated within the current model framework.

It is worth noting that the radiative forcing at the tail portion of the ocean
area is positive (Fig. 3a). Fig. 3b reveals that the incremental radiative forcing
induced by seeding the top 15% of the ocean surface is very high. It becomes
much lower until about 80%, and reveres signs beyond that. This is because this
methodology is susceptibility-based and the grid points with positive SWCF
differences induced by cloud seeding (a warming effect) will have the lowest
rankings. Fig. 3b shows differential radiative forcing against percentage of the

ocean area with cloud seeding.

Seeding strategy in meeting temperature targets

In this study, we follow a similar experimental design to that outlined in
Richter et al. [2022] for a 10-member ensemble of CESM2 simulations utilizing
SAl in setting the climate target for the MCB ensemble simulations. Hence, we
choose the main target to restore the global mean surface temperature (TO)
between 2050 and 2069 to the 2020-2039 level under SSP2-4.5. The deployment
of MCB is assumed to start in 2035. In addition to global average surface

temperature (TO), Kravitz et al. [2017] proposed two extra temperature targets
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3.2.

which may be set for the purpose of climate intervention: 1) inter-hemispheric
temperature gradient (T1), and 2) equator-to-pole temperature gradient (T2). T1
and T2 will also be assessed in the MCB ensemble, as in Richter et al. [2022].

To assess the area extent of cloud seeding required to meet the
temperature target, we first conduct simulations under four seeding schemes:
2.5%, 5%, 7.5% and 12.5% of the ocean surface. The global mean surface
temperature for these four simulations is illustrated in Fig. 4 which suggests that
seeding over 5% of the ocean surface most closely reaches the TO goal in the
2050 - 2069 average.

Ensemble MCB simulations

The first set of experiments suggest that seeding over 5% of the ocean
surface is sufficient to meet the temperature target set in this study. We then
proceed to conduct a 10-member ensemble simulations with the same seeding
scheme. The ensemble simulations confirm that indeed cloud seeding over 5% of
the ocean surface is what is needed to meet the temperature target set in this
study (see Fig. 5a). Since here we only apply a constant seeding (and hence
roughly constant forcing), the global mean surface temperature of the MCB
ensemble is in a clear upward trend and exceeds the temperature target during the
last 10 years of the simulations. In contrast, in the SAI simulations in Richter et
al (2022) a feedback algorithm was used to adjust the injection rates annually to
maintain a roughly constant global mean temperature.

Next, we examine the regional temperature response by the 5% MCB
intervention. The impact on mean surface temperature by the 5% seeding scheme
is illustrated by the difference between the 2050-2069 average under the MCB
ensemble and the 2020-2039 average under the control ensemble (Figs. 6 a,d,g).
The application of MCB results in intense regional surface temperature responses
with magnitudes much stronger than the effect of climate change (compare Figs
6a,d,g with Figs. 6 c,f,i). The most pronounced cooling is found over the
stratocumulus regions off the west coast of North and South America where
cloud seeding is deployed regularly (see Fig. 2b), and cooling extends to the
tropical West Pacific. Furthermore, it is found that the annual averaged surface
temperature is lower over Alaska (Fig. 6a) which is mainly attributed to the
stronger cooling during the boreal winter (Fig. 6¢). The MCB ensemble

simulations also reveal that over the Northwest Pacific, the Eastern US, the
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Southern Ocean, and the Antarctic, the surface temperature is significantly
warmer (Figs. 6 a,d,g) than the 2020-2039 average, indicating the MCB scheme
employed is not able to restore the surface temperature in these regions back to
the 2020-2039 level.

When using the 2050-2069 level from the control ensemble mean as the
basis for comparison, the induced surface temperature response by MCB shows a
different picture (Figs. 6 b,d,f). In such a comparison, lower surface temperature
is found in a much broader area. Pronounced cooling over the main seeding
regions, i.e. off the west coast of North and South America, is found in the
annual mean (Fig. 6b) as well as during the boreal winter (Fig. 6d) and boreal
summer (Fig. 6f). It is interesting to note that during the boreal winter even
though seeding is mainly deployed in the Southern Hemisphere, strong cooling is
present over the Arctic (Fig. 6d). Warmer surface temperature, however, is also
present in the MCB ensemble mean, mainly over the Northwest Pacific and the
South Pacific Convergence Zone (SPCZ). This reveals that under the MCB
intervention, surface temperature becomes even warmer in these regions which
will further intensify the warming effect by climate change. Thus, this is a highly
undesirable outcome for such MCB intervention.

The pronounced cooler and warmer regions arising from the 5% seeding
are further emphasized in the surface temperature extremes (annual hottest and
coldest days and nights) illustrated in Fig.7a,d,g,j. In contrast with SAI
simulations [e.g. Richter et al., 2022;Tye et al., 2022], the greatest response is
observed in the annual minimum daily minimum temperature (“Coldest Night”;
Fig. 7j) while the least impact is apparent for the annual maximum daily
maximum temperature (‘“Hottest Day”’; Fig.7b). Regions of particularly elevated
temperature are primarily over land in the highest latitudes for the daily
maximum temperatures (Figs. 7a,d), with increases up to 2K higher than those
shown for surface mean temperature. Cooling of a similar magnitude is not as
extensive, and only appears in the daily minimum temperatures (Figs. 7g,j).

Comparing the 2050-2069 level from the control ensemble mean to the
annual temperature extremes under the MCB ensemble (Figs. 7b,e,h,k) also
shows a different response than that of the surface mean temperature in Fig. 6.
While the mean surface temperatures show decreases in temperature over most of

the globe with comparison to climate change, only the hottest night (Fig. 7h) and
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coldest night (Fig. 7k) show a similar universal cooling. In contrast, the coldest
day (Fig. 7a) and hottest day (Fig. 7e) are cooler relative to climate change only
over the areas of seeding; over land the temperatures are increased relative to
climate change). As noted above, the differences in extreme temperature induced
by climate change alone (the average between 2050 and 2069 against the average
between 2020 and 2039, Figs. 7 c,f,i,l) is generally less than the differences with
MCB. Increases are also greater in the higher latitudes (Kim et al. 2020), and by
reason of their rarity only show statistical significance in regions where the
changes, and also interannual variability, are small [e.g. Katz, 2010].

Next, we assess T1 and T2 under the MCB ensemble. The simulations
indicate that the MCB ensemble cannot restore T1 and T2 between 2050 and
2069 to the 2020-2039 level. The MCB ensemble mean of T1 between 2050 and
2069 is lower than the average between 2020 and 2039 by the control ensemble,
and higher for T2 (Figs. 5b,c). Different seeding strategies would be required to
restore T1 and T2, assuming these are within the space of achievable objectives
(Lee et al. 2020).

The annual precipitation response induced by MCB shows similar
patterns by using either the 2020-2039 average or the 2050-2069 average of the
control ensemble (Figs. 8 a,b) as the basis for comparison. The precipitation
response is highly concentrated in the lower latitudes. Precipitation with MCB is
seen to reduce over the Intertropical Convergence Zone (ITCZ) where colder
surface temperature is induced by MCB, and the ITCZ slightly shifts northward
as a strip of increased precipitation is present. Precipitation is also found to
increase under MCB over the SPCZ, the maritime continent, Australia, and the
Amazon. When broken down by convective and stratiform precipitation, it is
found that both exhibit very similar patterns but the change in convective
precipitation plays a more important role (Figs. 8c,d,e,f), which responds
strongly to the surface temperature.

In comparison, the change in precipitation due to climate change is
illustrated in Figs. 8c,f,i, which is in general much weaker in magnitude. The
strongest difference is enhanced precipitation over the ITCZ (Fig. 8c), mainly
due to convective precipitation (compare Figs. 8f,i). However, the magnitude of

the change is still much weaker than that induced by the MCB intervention.
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The precipitation response during the boreal winter and boreal summer is
illustrated in Figs. 9 and 10. Similar to the annual precipitation response (Fig. 8),
the most pronounced seasonal precipitation response is mainly found in the lower
latitudes and exhibits similar features as the annual mean, e.g. decreased
precipitation over the ITCZ, and increased precipitation over the SPCZ, the
maritime continent, and Australia (see Figs. 9a,9b,10a,10b). However, such
precipitation response is stronger in the boreal winter than in the boreal summer
because the induced lower surface temperature by MCB over the tropical West
Pacific is more pronounced during the boreal winter (compare Figs. 6d,9).

Differences in seasonal precipitation induced by MCB can be detected in
several regions. Increased precipitation over the Northwest Pacific and the
Amazon and decreased precipitation over the Northeast Pacific are only found
during the boreal winter (compare Figs. 9a,9b,10a,10b). Since these features are
also present in the annual mean (Figs. 8a,b), it is conceivable that such regional
response is mainly attributed to the boreal winter. Finally, as previously observed
in the annual mean, convective precipitation response is also stronger than
stratiform precipitation in the seasonal average (compare Figs. 9c,d,e,f,10c,d,e,f).

The differing responses of convective and stratiform precipitation are
reflected in the changes in the annual maximum daily precipitation total (‘“wettest
day”, Fig. 11a). Increases in the wettest day are focused over the SPCZ and
Australia, with a narrow increase over the Pacific Ocean aligned with a
northward shift in the ITCZ. The largest decreases in the wettest day correlate
with the colder regions over the main seeding region. The contrast between the
simulations with and without MCB is accentuated for the most extreme
precipitation, as it is for surface temperature extremes (Fig. 11b). While mean
precipitation under unabated climate change shows distinctly wetter and drier
regions, the wettest day increases everywhere (Fig. 11c).

Even though the surface temperature over the Northwest Pacific is
warmer under the MCB ensemble annual mean (Figs. 6 a,d,g), precipitation is
only increased in DJF (Fig. 9a) but not in JJA (Fig. 10a). The response in sea-
level pressure over the North Pacific in DJF under the MCB ensemble (Fig. 12a)
is in good agreement with the induced surface temperature change (Fig. 6d): the
Aleutian low is weakened as surface temperature is cooler, and the sea-level

pressure over the Northwest Pacific is lower as surface temperature is warmer. In
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DJF, the warmer surface temperature over the Northwest Pacific enhances
convective precipitation (Fig. 9d) and the lower sea-level pressure promotes
stratiform precipitation (Fig. 9g). However in JJA, the warmer surface
temperature over the Northwest Pacific leads to an increase in sea-level pressure
(Fig. 12b). This suggests that the subtropical high (a warm core high) over the
North Pacific extends over the west Pacific. The MCB ensemble average
indicates that convective precipitation is increased (Fig. 10d), likely due to
warmer surface temperature, but stratiform precipitation is decreased, likely due
to subsidence induced by the subtropical high. Increases in convective
precipitation are most likely to result in increases in the most extreme
precipitation (Fig. 11a). These features imply that the MCB intervention is likely
to influence the large-scale circulation over the North Pacific.

The MCB ensemble reveals that precipitation is increased over Amazon
in DJF but not in JJA. This is likely due to the induced difference in total
precipitable water. The MCB ensemble shows an increase in total precipitable
water over the Northern Amazon in DJF (Fig. 12c), but the total precipitable
water is decreased in JJA (Fig. 12d). The precipitation response over Amazon in
DJF (Figs. 9a,d,g) shows a dipole structure, i.e., precipitation is increased in the
north but is decreased in the south. Thus, the impact of the MCB intervention is
to shift the precipitation over Amazon northward in DJF which is in good
agreement with the change in total precipitable water.

Next, we examine the impact of the 5% ocean area seeding scheme on
the globally averaged precipitation. As aforementioned, this seeding scheme is
sufficient to restore TO between 2050 and 2069 to the 2020-2039 level (Fig. 5a).
Under this seeding scheme, the ensemble mean in global precipitation between
2050 and 2069 is lower than the 2020-2039 level (Fig. 13a). This result is
consistent as Rasch et al. [2009] in which it was found that restoring precipitation
required less area extent for cloud seeding than to restore TO; similar conclusions
have been found for solar reduction (e.g., Bala et al 2008) and for SAI. The
simulations also show that this seeding scheme induces lower precipitation over
the ocean between 2050 and 2069 than the 2020-2039 level (Fig. 13b), but the
precipitation over land between 2050 and 2069 is higher than the 2020-2039
level (Fig. 13c). As revealed in Fig. 8a, the increased precipitation over land is

mainly found over Australia, India, and the maritime continent.
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Next, we examine differences in radiative fluxes induced by the 5%
MCB scheme. Longwave flux at the model top is in general reduced in the lower
latitudes except in the equatorial region where longwave flux is increased (Fig.
14a). Lower longwave flux at the model top in the lower latitudes is consistent
with lower surface temperature (Fig. 14g) which is a key factor in determining
the upward longwave flux at the surface (Fig. 14h) based on the Stefan-
Boltzmann law. The increase in longwave flux at the model top in the equatorial
region is mainly attributed to cloud forcing (Fig. 14c). As shown in Fig. 8b,
convective precipitation over the tropical Pacific is significantly reduced by the
MCB intervention, which also results in reduction in mid and high clouds (Figs.
14n,0). Thus, less longwave radiation is absorbed by clouds in the equatorial
region and thus higher longwave flux can reach the model top.

Induced response in all-sky shortwave flux at the model top by the MCB
intervention (Fig. 14d) is dominated by cloud forcing (Fig. 14f). Shortwave flux
at the model top is overall lower in the lower latitudes but is increased in the
equatorial region. The lower shortwave flux at the model top in the lower
latitudes is a direct response to the higher low cloud fraction (Fig. 14m) which
reflects more shortwave radiation. Nevertheless, mid and high clouds in the
equatorial region are reduced (Figs. 14n,0), likely due to suppression of
convection by MCB intervention, and the total cloud fraction is lower (Fig. 14p),
indicating the contribution from mid and high clouds more than offset the
increase in low clouds. Thus less shortwave radiation is reflected which in turn
increases shortwave flux at the model top (Fig. 14d) in the equatorial region.

It is interesting to note that both all-sky and clear-sky shortwave fluxes at
the model top are increased over high latitudes in the southern hemisphere (Figs.
14d,e), which implies that less shortwave radiation is reflected. Since the
difference in shortwave cloud forcing in this region is negative, i.e. more
shortwave radiation is reflected by clouds, much less shortwave radiation is
reflected by the surface. Due to negative shortwave cloud forcing differences in
high latitudes over the southern hemisphere (Fig. 14f), less shortwave radiation is
capable of reaching the surface (Fig. 141). However, even less shortwave
radiation is reflected by the surface in this region (Fig. 14k) which is due to loss

of sea ice (Fig. 14r).
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It is worth noting that the ensemble spread for sea ice in the northern
hemisphere (Fig. 14r) is quite large even though the ensemble mean difference is
near zero. This is potentially a reflection of a large ensemble spread in surface
temperature difference (Fig. 14q). This indicates that the uncertainty for the
prediction over the Arctic is quite high. In the southern hemisphere, however, the
ensemble spread in sea ice is relatively smaller as well as the surface
temperature. The ensemble simulations also suggest that the MCB intervention is
incapable of restoring sea ice in the southern hemisphere between 2050 and 2069
to the 2020-2039 level (Fig. 14r).

Even though we have demonstrated through a 10-member ensemble
simulations that cloud seeding over 5% of the ocean surface is capable of
meeting the global average surface temperature goal, applying a steady forcing
will not, of course, maintain a steady global average surface temperature, as
shown in Fig. 5a. Maintaining a steady global average surface temperature
would require that the seeding area be gradually increased.

The 5% MCB scheme induces cooling mostly confined in the lower
latitudes. Furthermore, surface temperature becomes warmer under MCB
intervention than the baseline ensemble average, mainly over the Northwest
Pacific and the SPCZ (Figs. 6b,e,h), which is on top of warming due to climate
change (Figs. 6¢,f,i), and with greatest effect on the hottest days and nights
(Figs.7a,d,g). In order to eliminate such undesirable responses, it will require

different MCB strategies than that examined in this study.

Conclusions

In this study, we examine the efficiency of MCB climate intervention by CESM2
ensemble simulations. Compared with the previous study using CCSM3 [Latham et al., 2008,
Rasch et al., 2009], it is found that MCB may induce a much greater impact with the same area
extent of cloud seeding under CESM2. This is mainly due to the much more realistic
representation of low clouds, especially stratocumulus, in CESM2 than CCSM3. Since cloud
seeding aims to enhance the albedo of low clouds, it is thus essential to have good representation
of low clouds in the model employed for MCB simulations.

We follow the methodology described in Latham et al. [2008] and Rasch et al. [2009] to
build a seeding strategy based on susceptibility of cloud seeding over all oceanic model grid

points. The advantage of this strategy is its capability to generate a maximum (negative) radiative
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effect with minimum cloud seeding efforts. However, the disadvantage of this approach is the
difficulty in interpreting the cause of certain regional climate impacts. If cloud seeding is
assumed to occur over fixed regions, it will thus make it straightforward to interpret the cause of
regional climate impact of MCB intervention. The downside of this approach, of course, is its
lower efficiency to induce a cooling effect.

Under the protocol design in this study, it is found that cloud seeding over 5% of ocean
surface is capable of restoring the global average surface temperature between 2050 and 2069 to
the 2020-2039 level, under the SSP2.4-5 scenario. The 10-member ensemble of CESM2
simulations shows that MCB yields cooling mostly confined within lower latitudes. The most
pronounced cooling in surface temperature occurs over where cloud seeding is regularly
deployed, mainly off the west coast of North and South America, and cooling extends to the
tropical west Pacific. As a result, MCB induces a La Nina-like response and shifts the ITCZ
slightly northward. Furthermore, surface temperature over the Northwest Pacific and SPCZ under
MCB intervention becomes warmer than the baseline ensemble mean (Fig. 6b) which indicates
that the MCB intervention further intensifies warming due to climate change (Fig. 6¢) over these
regions. These features are highly undesirable outcomes delivered by the MCB intervention.

The MCB climate intervention is also found to induce a significant impact on
precipitation. The most pronounced decrease in precipitation is not found over the places where
MCB is deployed even though the direct impact of cloud seeding would lead to a decrease in
precipitation due to the Albrecht effect. Instead, the strongest precipitation reduction is found
over the ITCZ where lower sea surface temperature is induced by MCB. The simulations also
reveal that reduction of convective precipitation plays a more important role in the total
precipitation decrease. Even though the global average precipitation is reduced by MCB, it is
found that precipitation is increased over land, mainly over Australia, the maritime continent, and
the Amazon, with these regions also receiving considerable increases in the most extreme
precipitation.

In the current study, we prescribe cloud drop number concentration in the designated
cloud seeding regions instead of injecting sea salt particles. This bypasses the representation of
aerosol activation processes which remain highly uncertain in climate models. While this
constrained approach eliminates the uncertainty resulting from the model representation of
aerosol activation, it also lacks the direct aerosol effect due to sea salt particle injections. In our
future study we will investigate how deployment of MCB by injecting sea salt particles may
impact the climate. Additionally, different seeding strategies will be explored which may

simultaneously meet the temperature targets of TO, T1 and T2.
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Figure 1: Monthly seeding masks based on the optimal seeding approach by using CESM2
simulations between 2015 and 2034 under SSP2-4.5 at 2.5% to 20% of the ocean area.
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Figure 2: As in Fig. 1, but for the annually accumulated seeding masks. 1 means cloud seeding

takes place in one month, and 12 means cloud seeding takes place all 12 months.
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Figure 3: (a) Shortwave cloud forcing computed based on cloud seeding over all grid points over

the ocean by using simulations between 2015 and 2034 under SSP2-4.5 as a function of areal

extent for cloud seeding with a prescribed drop number concentration of 375/cm?, (b) differential

shortwave cloud forcing based on the percentage of the ocean surface with cloud seeding. Annual
(ANN) and seasonal (DJF, JJA, MAM, SON) averages are plotted.
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Figure 4: Time series of global average temperature. Black solid line represents the 10-member
ensemble mean of the CESM2 simulations under SSP2-4.5, and the ensemble spread is two
standard deviations of the ensemble. The black dashed line is the average between 2020 and
2039. The four colored solid lines represent MCB simulations over: 1) 2.5% (green), 2) 5% (red),
3) 7.5% (blue), and 4) 12.5% (magenta) of the ocean surface, and the dashed colored lines are
averages between 2050 and 20609.
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Figure 5: Time series of a) global mean temperature (T0), b) inter-hemispheric temperature
gradient (T1), and c) equator-to-pole temperature gradient (T2). Black and red solid lines
represent the 10-member ensemble mean of the control and MCB (over 5% ocean surface)
simulations with an ensemble spread of two standard deviations. The black dashed line is the
average between 2020 and 2039, and the red dashed line is the average between 2050 and 20609.

25



754
755

756
757
758
759
760
761
762
763

(a)ATS ANN, MCB(2050-2069) - base(2020-2039) (b) ATS ANN, MCB(2050-2069) - base(2050-2069) (c)ATS ANN, base(2050-2069) - base(2020-2039)

—— T

——
A S Db T

Figure 6: Difference in surface temperature (TS) in K between: 1) the ensemble mean of MCB
over 5% ocean surface between 2050 and 2069 against the control ensemble mean between 2020
and 2039 (a,d,g), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b,e,h), and 3) the ensemble mean of
the baseline model between 2050 and 2069 against the ensemble mean of the baseline model
between 2020 and 2039 (c,f,i). Top panels are for annual average (ANN), middle panels are for
the boreal winter average (DJF), and the bottom panels are for the boreal summer average (JJA).
Differences under the 95% significance level are marked in gray dots.
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Figure 7: Difference in surface temperature between 1) the ensemble mean of MCB over 5%
ocean surface between 2050 and 2069 against the control ensemble mean between 2020 and 2039
(a,d,g.j), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069 against
the control ensemble mean between 2050 and 2069 (b,e,h,k), and 3) the ensemble mean of the
baseline model between 2050 and 2069 against the ensemble mean of the baseline model between
2020 and 2039 (c,f,i,]). Row 1 is for annual minimum daily maximum (“Coldest Day”), row 2 is
for annual maximum daily maximum (“Hottest Day”), row 3 is for annual minimum daily
minimum (“Coldest Night”), row 4 is for annual maximum daily minimum (“Hottest Night”).

Differences under the 95% significance level are marked in gray dots.
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Figure 8: Difference in annual precipitation in mm/day between: 1) the ensemble mean of MCB
over 5% ocean surface between 2050 and 2069 against the control ensemble mean between 2020
and 2039 (a,d,g), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b,e,h), and 3) the ensemble mean of
the baseline model between 2050 and 2069 against the ensemble mean of the baseline model

between 2020 and 2039 (c,f,i). Top panels are for total precipitation (PRECT), middle panels are
for convective precipitation (PRECC), and the bottom panels are for stratiform precipitation

(PRECL). Differences under the 95% significance level are marked in gray dots.
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Figure 9: Similar as Fig. 8 but for precipitation difference in boreal winter (DJF).
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Figure 10: Similar as Fig. 8 but for precipitation difference in boreal summer (JJA).
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Figure 11: Difference in annual maximum daily precipitation between: 1) the ensemble mean of
MCB over 5% ocean surface between 2050 and 2069 against the control ensemble mean between
2020 and 2039 (a), 2) the ensemble mean of MCB over 5% ocean surface between 2050 and 2069
against the control ensemble mean between 2050 and 2069 (b), and 3) the ensemble mean of the
baseline model between 2050 and 2069 against the ensemble mean of the baseline model between

2020 and 2039 (c). Differences under the 95% significance level are marked in gray dots.
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Fig. 12: Differences between the MCB ensemble mean between 2050 and 2069 and the control
ensemble between 2020 and 2039: (a) sea-level pressure in DJF, (b) sea-level pressure in JJA, (c)
total precipitable water in DJF, and (d) total precipitable water in JJA.
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Figure 13: Time series of ensemble mean (thick lines) and spread (two standard deviations) of
precipitation: (a) globally, (b) over ocean, and (c) over land. Control ensemble simulations are in
black and ensemble simulation with MCB over 5% ocean surface are in red. Average between
2020 and 2039 from the control ensemble mean is in a thin black line, and average between 2050
and 2069 from the MCB ensemble mean is in a thin red line.

33



872
873

874
875
876
877
878
879
880
881
882

(a) AAlisky longwave flux at model top  (b) AClearsky longwave flux at model top © forcing (d) AAlisky shortwave flux at model top (e) AClearsky shortwave flux at model top () AShortwave cloud forcing
p: T

’ 1v1;/ PO e er ??\ e . o ; : v ‘E?()

s & 8
.. (9) ATotal Longwave fiux atsurface  (h) AUpward Longwave flux at surface (i) ADownward Longwave flux atsurface  (j) ATotal shortwave flux at surface (k) AUpward shortwave flux at surface (1) AD

radiative forcing (W/m?2!

|
| | 1
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | 1

! \j |

| |
o 10 10 T s ) 5 1 0 s 6 4 2 0 2 4 & s
radiative forcing (Wim2) radiative forcing (Wim2) forcin rdatv radiat

- (m) ALow cloud fraction (n) AMid cloud fraction (o) AHigh cloud fraction (p) ATotal cloud fraction (q) ASurface temperature (r) ASea-ice fraction
- T T
|
[ 1 I
i | | | |
| | 1 1 I
| |
] | | |
] I | | I
& | 1 |

I | |
| | |
[ ( [ |
I | ! [ |
& | | |
| |
|
i | L |
806 o1 020 007 004 006 006 O0¢ 002 0 007 094 006 0.0 : o
cloud fraction{%) action(%) on(%

cloud foud fraction( temperature (K)

Figure 14: Ensemble mean difference and ensemble spread (two standard deviations) of zonal
mean between the MCB (2050-2069) and control (2020-2039) ensemble simulations: (a) all-sky
longwave flux at model top, (b) clear-sky longwave flux at model top, (c) longwave cloud
forcing, (d) all-sky shortwave flux at model top, (e) clear-sky shortwave flux at model top, (f)
shortwave cloud forcing, (g) total longwave flux at surface, (h) upward longwave flux at surface,
(i) downward longwave flux at surface, (j) total shortwave flux at surface, (K) upward shortwave
flux at surface, (1) downward shortwave flux, (m) low cloud fraction, (n) mid cloud fraction, (0)

low cloud fraction, (p) total cloud fraction, (g) surface temperature, and (r) sea-ice fraction.
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