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Abstract: Cirrus thinning, as one kind of geoengineering approach, not only cools our planet but also
enhances the amount of sunlight reaching the Earth’s surface (brightening effect). This study delves
into the brightening effect induced by cirrus thinning with a flexible seeding method. The thinning of
cirrus clouds alone leads to a considerable globally averaged cooling effect (—2.46 W m~2), along
with a notable globally averaged brightening effect (2.19 W m~2). Cirrus thinning also results in
substantial reductions in the cloud radiative effects of the lower mixed-phase and liquid clouds.
While these reductions counteract the cooling effect from cirrus clouds, they enhance the brightening
effect from cirrus clouds. Consequently, the brightening effect caused by cirrus seeding (4.69 W m~2)
is considerably stronger than its cooling effect (—1.21 W m~2). Furthermore, due to the more
pronounced changes from the mixed-phase and liquid clouds at low and mid-latitudes, the cooling
effect is primarily concentrated at high latitudes. In contrast, the brightening effect is stronger over
most low- and mid-latitude regions. Overall, cirrus thinning could lead to a notable brightening
effect, which can be leveraged to offset the dimming effect (the opposite of the brightening effect) of
other geoengineering approaches.
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1. Introduction

Geoengineering, considered as a supplementary strategy to counteract global warm-
ing, has been garnering more and more attention in recent years [1-8]. Geoengineering
approaches can be briefly divided into two categories: carbon dioxide removal and so-
lar radiation modification [9-14]. Carbon dioxide removal techniques aim to remove
CO; directly from the atmosphere by either increasing natural sinks for carbon or using
physical/chemical engineering to remove the CO; [15-18]. Solar radiation modification
techniques aim to modify the Earth’s radiation budget through artificial intervention,
such as stratospheric aerosol injection, marine cloud brightening, and cirrus cloud thin-
ning [19-24]. Compared to carbon dioxide removal techniques, more attention is paid to
solar radiation modification techniques due to their relatively low cost and faster cooling
effects [25-29].

Solar radiation modification techniques are often referred to as “Plan B”, “last-ditch re-
sponse”, or “emergency shield” due to their uncertain potential side effects and risks [30-34].
Previous studies have pointed out that solar radiation modification techniques could affect
extreme precipitation events and ecological systems [35-40]. For instance, stratospheric
aerosol injection could impact the frequency of tropical cyclones [41]. Moreover, cirrus
thinning might lead to more vigorous convective activities [42,43]. Among all potential eco-
logical influences, the most important might be on food production. Climate intervention
could impact food crop production in several ways, including the insolation effect, hydro-
logical effect, and heat stress. The impacts and risks would vary depending on the specific
solar radiation modification technique used and the types of crops involved. Therefore,
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results vary greatly between different studies [44-50]. Overall, our understanding of the
solar radiation modification side effects is still in its early stages. In order to gain confidence
about geoengineering deployments, it is crucial that we conduct in-depth evaluations of the
benefits and harms associated with using solar radiation modification techniques [51-54].

Cirrus clouds typically reflect a smaller amount of incoming solar radiation, yet they
trap a larger proportion of Earth’s outgoing longwave radiation, thereby contributing to
the warming of our planet [55-57]. Cirrus thinning techniques cool the Earth by allowing
more longwave radiation to escape into space, while most solar radiation modification
techniques (e.g., stratospheric aerosol injection and marine cloud brightening) cool the Earth
by returning more solar radiation back into space [58-60]. Unlike solar dimming techniques,
cirrus thinning could increase the amount of sunlight reaching Earth’s surface [61,62]. This
is referred to as a “brightening effect” in this study. The sunlight at the Earth’s surface
plays an important role in photosynthesis, which is vital for plant growth and ecological
systems [63-67]. However, there are few studies focused on the brightening effect of cirrus
thinning and its corresponding mechanisms.

The present study aims to better estimate the brightening effect caused by cirrus
thinning via a flexible method using the seeding of ice nuclei particles. Compared to the
cirrus thinning method (i.e., artificially increasing the sedimentation velocity of ice crystals)
proposed in Phase 6 of the Geoengineering Model Intercomparison Project (GeoMIP6; [26]),
the cirrus thinning method used in this study (i.e., flexible seeding ice nuclei particles) is
relatively more physically feasible, and its corresponding simulation results offer supe-
rior reference values. The structure of this study is as follows: the seeding method and
experimental design are described in Section 2; the simulation results are presented and
analyzed in Section 3; finally, the discussion is presented in Section 4, and the conclusions
are provided in Section 5.

2. Experiments and Methods
2.1. Two Kinds of Models Used in This Study

To better understand how to make cirrus clouds thinner via a physically feasible
approach, a cloud parcel model is employed to demonstrate the process of thinning cirrus
clouds. The parcel model showcases the process of ice crystal formation within an adiabat-
ically rising air parcel, which maintains a constant updraft vertical velocity (W). The ice
crystal formation process considers the competition between homogeneous nucleation on
soluble aerosol particles and heterogeneous nucleation on ice nuclei particles (insoluble
aerosol particles). Equations that outline the evolution of temperature (T), pressure (P),
ice-phase supersaturation (5;), and ice crystal size (R;) are well-documented in academic
textbooks (e.g., [68]). There are two kinds of aerosol particles in the air parcel model, soluble
sulfate aerosol particles and insoluble ice nuclei particles. Their number concentrations
(Ngy and Nynp) are prescribed. When S; reaches 10%, heterogeneous nucleation occurs.
The number concentration of newly formed ice crystals is Nynp. The threshold S; for ho-
mogeneous nucleation (Siyom, usually > 50%) is relatively higher. When S; reaches Siopm, a
few soluble sulfate aerosol particles freeze instantaneously (i.e., homogenous nucleation
occurs). For more detailed information about this cloud parcel model, please refer to the
work by Shi and Liu (2016) [69].

The Community Atmosphere Model version 5.3 (CAMS5; [70]) is used to carry out
climate simulations. The treatment of clouds in CAMS is divided into two categories: the
convective cloud scheme with simplified cloud microphysics and the stratiform cloud
scheme with relatively detailed cloud microphysics. The convective cloud scheme does not
consider the microphysics processes of cloud particles” formation. The stratiform cloud
microphysics is represented by a two-moment scheme [71]. In this stratiform cloud scheme,
besides the default ice nucleation parameterizations developed by Liu and Penner in 2005
(hereafter LP), the ice crystal formation process can also be represented by the ice nucleation
parameterizations developed by Barahona and Nenes in 2009 (hereafter BN) [72,73]. The
newly formed ice crystal number concentration (Njpyc) is mainly dependent on effective
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sub-grid vertical velocity (Weg), the number concentration of coarse-mode dust aerosols
(Nqust> which can 100% act as ice nuclei particles), and the number concentration of sulfate
aerosols (Ng,, soluble particles) [74]. In mixed-phase clouds (0 °C > T > —37 °C), only
heterogeneous nucleation occurs. Besides the ice nucleation process in the stratiform
cloud scheme, the detrainment from convective activity (which rarely occurs) under cirrus
formation condition (i.e., T < —37 °C) is also a source of ice crystals. Finally, it is necessary
to point out that cirrus cloud is referred to ice cloud (T < —37 °C) in the cloud microphysics
scheme [10,75].

2.2. A Physically Feasible Method Used for Cirrus Thinning

Under the closed adiabatic assumption (i.e., neither thermal exchange nor mass ex-
change with the surrounding ambiance is possible), the change in cloud parcel S; is mainly
determined by vertical velocity and ice crystal deposition/sublimation. During the rising
process of S;, heterogeneous nucleation occurs earlier with the aid of ice nuclei particles.
Usually, heterogeneous nucleation only produces a limited number of ice crystals (less than
100 L~1). This is primarily due to the relatively low concentration of ice nuclei particles
(N1np) in the upper troposphere. Homogeneous nucleation requires relatively higher S;
(Sihom usually > 50%). In other words, it is difficult to achieve homogeneous nucleation.
However, homogeneous nucleation can produce a large number of ice crystals (much
greater than 100 L) once it occurs. This is primarily due to the high concentration of
soluble aerosols present in the environment [76,77]. Therefore, decreasing in-cloud ice
crystal number concentration (NNj) can be achieved by preventing homogeneous nucleation
from occurring [58,78]. If the ice nuclei particles can reach a certain number concentration
(N1NPlim, usually less than 100 L), the ice crystals from heterogeneous freezing could
prevent S; from reaching Sihom because these newly formed ice crystals consume water
vapor via deposition growth [73,79]. In other words, cirrus thinning (i.e., decreasing N; and
cloud optical depth) can be achieved by seeding with a few ice nuclei particles (NiNpseed =
Ninplim — Nine, if Nine < NiNplim)-

Figure 1 illustrates three different ice crystal formation processes from parcel model
simulations. With the air parcel rising, the P of the surrounding ambiance decreases (P
decreases with altitude height). The P of the air parcel is also decreased correspondingly (air
parcel expands). Meanwhile, the expansion of the air parcel causes internal energy reduc-
tion, T drops, and S; increases. In the reference simulation (REF, black lines), heterogeneous
nucleation produces 10 L~ 1ice crystals (Nj = Ninp) when S; reaches 10%. Afterward, S; is
still increasing because these newly formed ice crystals are too few. Finally, homogeneous
nucleation takes place (i.e., S; reaches Sjpom) and produces 2937 L~ ice crystals (much
lower than N, only a few parts of soluble sulfate aerosol particles freeze). The simulation
in which only heterogeneous nucleation is allowed (HET, green lines) can be viewed as an
idealized method of cirrus thinning, indicating the maximum potential effect of decreasing
N; (decreases to 10 L™1). In the simulation involving seeding with 35 L~! (i.e., Ninpseed)
of ice nuclei particles (SEED, red lines), the 45 L~ (i.e., Ninpiim) ice crystals produced by
heterogeneous freezing can prevent S; from reaching Sihom. As a result, the final Nj is still
45 L~1. It is evident that the final N; from the SEED simulation is obviously decreased as
compared to the REF simulation. Both LP and BN ice nucleation parameterizations were
developed based on simulation results from similar cloud parcel models (including both ho-
mogeneous and heterogeneous nucleation, and the competition between the two pathways
for ice formation in cirrus clouds). As compared to LP parameterization, one advantage of
BN parameterization is that the minimum ice nuclei particle number concentration which
could hinder homogeneous nucleation (i.e., NiNpiim) is provided. This is the reason why
the BN parameterization is implemented in CAM5.
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Figure 1. Schematic diagram of cirrus thinning methods. Shown are the reference simulation without
seeding (REF, black), seeding ice nuclei particles simulation (SEED, red), and only heterogeneous
nucleation simulation (HET, green). The ice supersaturation (S;, units: %) and number concentration
of ice crystals (N, units: L™!) in the air parcel are represented by dashed and solid lines, respectively.
All simulations start with common initial conditions (Njnp = 10 L™1, N = 500,000 L~1, P = 330 hPa,
T=220K,and W=03ms™1).

2.3. Climate Simulation Setup

In alignment with the three parcel model simulations previously discussed, there exist
three corresponding climate simulations conducted using CAMS5. As compared to the REF
simulation, the homogeneous nucleation is artificially deactivated in the HET simulation
(i.e., pure heterogeneous nucleation). In the SEED simulation, if Ngust < Ninplim, @ specific
number (i.e., Ninpseed) Of ice nuclei particles is incorporated into the coarse-mode dust
aerosols (i.e., ice nuclei particles) used to drive ice nucleation parameterization.

It is noteworthy that the changes in cirrus clouds, directly resulting from cirrus thin-
ning, would also exert an influence on the lower mixed-phase and liquid clouds [4,32,43,80].
To enhance the analysis of how cirrus thinning affects radiative fluxes, some modifications
have been made to the radiation package. Besides the default entire cloud optical depth
(COD) and cloud radiative effect (CRE, the difference in the radiative fluxes between the
cloud and cloud-free atmosphere), the radiation package also diagnoses COD and CRE
specifically for cirrus clouds (iCOD and iCRE). Note that, iCRE is difference between the
default CRE and the CRE without cirrus clouds. Meanwhile, COD and CRE from mixed-
phase and liquid clouds (mICOD and mICRE) are calculated by subtracting iCOD from
COD and iCRE from CRE. For easy reference, it is necessary to point out the rules for the
abbreviations used in this study. The prefix “i” denotes that from cirrus clouds (i.e., ice
clouds) and the prefix “ml” denotes that from mixed-phase and liquid clouds.

All climate simulations (i.e., REF, HET, and SEED) are atmosphere-only simulations
(i-e., sea surface temperature and sea ice are given) with a horizontal resolution of 1.9°
latitude x 2.5° longitude and 30 vertical layers. All simulations are executed for 11 years,
and the last 10 years are used in analyses. Variability analysis of simulation results is
performed using standard deviations, which are calculated based on the averages from
each year.

3. Results

To facilitate communication, the symbol “A” is employed to represent the discrepancies
(“A”) in relation to the REF simulation from cirrus thinning simulations (HET or SEED).
If there is no special explanation, all comparative analyses are also based on the changes
induced by cirrus thinning simulations. To show the source of one variable, the simulation
name is added as a superscript. For example, the N; from the REF experiment is denoted
as N;REF and ACODSEED indicates the COD from the SEED simulation minus that from
the REF simulation. To enhance comprehension of the brightening effect induced by cirrus
thinning, it is better to illustrate a comparative analysis between this brightening effect
and the corresponding cooling effect. In accordance with previous studies [23,58,81], the
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cooling effect is quantified by anomalies in CRE at the top of the atmosphere (ACRET04).
Analogous to the cooling effect, the brightening effect is quantified by anomalies in CRE
at the Earth’s surface (ACREy,;). It is noteworthy that ACREtpas has longwave (Earth
radiation) net flux (including both downward and upward irradiance) and shortwave
(solar radiation) net flux (ACREtpalw and ACREToasw), Whereas ACREy,; solely takes into
account the component of downward solar radiation. For easy reference, it is necessary
to point out that the subscript (e.g., “toa”, “sw”, and “p;”) denotes the properties of the
variable. Here, we not only demonstrate the brightening effect and cooling effect, but
also place emphasis on understanding the corresponding mechanisms. These mechanisms
could yield more valuable insights for leveraging the brightening effect.

3.1. Impacts on Cloud Properties

The changes in ice crystal number concentration caused by cirrus thinning (i.e., both
HET and SEED simulations) are analyzed firstly (Figure 2). After artificially turning off
homogeneous freezing (i.e., HET simulation), the average number concentration of newly
formed ice crystals under cirrus conditions (Ninyc) drastically decreases to a very low level
(NinucET vs. NinucREF), especially in the Southern Hemisphere where ice nuclei particles
are scarce. Compared to the HET simulation (i.e., Ninuc 1), Ninue is obviously increased in
the SEED simulation (i.e., Ninuc>PEP) due to seeding ice nuclei particles. However, N inucoEED
is also much lower than Nin,REF. In cirrus clouds, the ice crystal number concentration
(i.e., Nj) is primarily influenced by the process of ice nucleation (i.e., Ninyc) [69,74]. As
expected, the zonal mean Nj from both HET and SEED simulations (i.e., N;HET and N;SEED)
is obviously decreased above the —37 °C isotherms (i.e., cirrus clouds). All these three
simulations show that the Nj in mixed-phase clouds at mid-to-high latitudes is relatively
substantial. This might be due to convective detrainment, which provides a lot of ice
crystals. Because there is no homogeneous nucleation in the mixed-phase cloud scheme,
neither NPT nor N;SEEP shows an obvious decrease in mixed-phase clouds. Because N (HET
and N;5EED are remarkably decreased in cirrus clouds, the vertically integrated N; (i.e.,
column Nj) also obviously decreases in both HET and SEED simulations. Taken overall,
these cirrus thinning simulations (i.e., HET and SEED simulations) have successfully
achieved their objective of remarkably reducing Nj.

The decrease in N; (i.e., cirrus thinning) impacts not only the cloud water in cirrus
clouds but also the cloud water in mixed-phase and liquid clouds (Figure 3). The ice
water content (IWC) from both the HET and SEED simulations shows a notable decrease
in cirrus clouds (i.e., negative ATWCHET and ATWCSEED) due to lower N;HET and N;SFEP,
Conversely, the positive ATWCHET and ATWCSFED in mixed-phase clouds suggest that
cirrus thinning leads to an increasing IWC in mixed-phase clouds. The main reason for
this might be that cirrus thinning reduces atmospheric stability through its impact on the
radiation budget, thereby instigating increased convective activity, which brings more water
to mixed-phase cloud layers. Another reason might be that the decrease in Nj (i.e., cirrus
thinning) leads to larger ice crystals in the cirrus (not shown), and more large ice crystals
(including snows) fall into mixed-phase clouds (more potent accretion of droplets by large
ice crystals). The ice water path (IWP) is decreased (i.e., negative AIWPHET and ATWPSEED)
in most regions because the decrease in IWC (i.e., negative AIWCHET and ATWCSEED) in
cirrus clouds is stronger than the increase in IWC (i.e., positive ATWCHET and ATWCSEED)
in mixed-phase clouds. It is worth noting that, in certain regions (e.g., middle Africa and
northern Brazil), the IWP is increased (i.e., positive ATWPHET and AIWPSEED) because
the decreases in IWC within cirrus clouds are slight (which is consistent with the slight
decrease in Nj, Figure 2) and these decreases are even less strong than the increases in
IWC within mixed-phase clouds there. The liquid water content (LWC) and liquid water
path (LWP) are also impacted by the thinning of cirrus clouds, as shown in both HET and
SEED simulations. However, these changes in LWC and LWP (i.e., ALWC and ALWP) are
not as noticeable as the AIWC and AIWP. Despite the overall less noticeable changes in
LWC and LWP, it is important to highlight that, in some low- and mid-latitude regions,
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there are obvious decreases in both LWC and LWP (i.e., negative ALWC and ALWP).
Furthermore, in terms of global mean values, both LWC and LWP are also decreased (i.e.,
negative globally averaged ALWC and ALWP). One possible reason for this is that the
larger cirrus cloud ice crystals (associated with cirrus thinning, not shown) fall into the
lower mixed-phase and liquid cloud layers and enhance the efficiency of converting cloud
droplets into precipitation [59,78]. Another possible reason is that cirrus thinning results in
more convective activities and convective precipitation which would consume more cloud
water [42,58,59,82]. The above analyses suggest that cirrus thinning also has considerable
impacts on the lower mixed-phase and liquid clouds.
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Figure 2. Annual zonal mean of newly formed ice crystal number concentration in cirrus clouds
(Ninuc, first row) and in-cloud ice crystal number concentration (Nj, second row), and spatial distri-
butions of vertically integrated N; (column Nj, third row). Simulation names and globally averaged
values are displayed at the top. The zonal mean results are derived from model grids where the
occurrence frequency of corresponding events is greater than 0.1%. The two black lines denote
specific temperatures (0 and —37 °C).

The changes in CRE mainly depend on the changes in cloud optical depth (COD).
Figure 4 shows the changes in COD. Here, the COD in both longwave and shortwave
bands (CODy, and CODy,,) are shown. The COD from cirrus clouds (iCOD) is obviously
decreased in both longwave and shortwave bands (iCODy,, and iCODs,,) over most regions
(i.e., negative AiCODy,, and AiCODy,,). This is consistent with the decreased IWC (i.e.,
negative AIWC) in cirrus clouds (Figure 3). Furthermore, cirrus thinning (lower Nj) results
in larger ice crystals (not shown), which also contribute to the decreased iCOD (i.e., opposite
Twomey effect). The global mean values of iCODy,, and iCODs,, are decreased by more
than half (i.e., AiCOD vs. iCOD), especially for the HET simulation. The AiCODy,, and
AiCODs,, pass the significance test over most regions except for middle Africa and northern
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Pressure(hPa)

Pressure(hPa)

REF

Brazil. Compared to AiCOD, the changes in COD from mixed-phase and liquid clouds
(AmICOD) become complicated. This is in agreement with the complex changes in cloud
water within mixed-phase and liquid clouds (Figure 3). Both AmICODy,, and AmICODy,,
show considerable decreases (i.e., negative values) over some low- and mid-latitude regions.
In terms of global mean values, AmICOD,, is stronger than AiCODy,,, and AmICOD;,
is stronger than AiCODsy,,. In short, cirrus thinning leads to a noticeable and consistent
decrease in iCOD across most regions. Additionally, it also results in a substantial decrease
in mlCOD over some low- and mid-latitude regions.

100

150

200

250
300

400
500

700

1330

90°S

IWP (g m?)
B ] | e ]

1.65 HET-REF -0.31(0.02) SEED-REF -0.22(0.02) ,

: .
T
N

M
Height (km)

e ) r. X.
U V‘I‘ T L} ’l l’éc{‘ \K’? - L) T ”x'l. T
60°S  30°S 0° ?g"N 60°N  90°N 90°S  60°S  30°S 0° 30°N  60°N  90°N 90“33 60°S  30°S 0° 30°N  60°N  90°N
IWC (g m™) AIWC (g m™)
- W | |
01 03 1 3 10 -2 -1 -0.3 -0.01 0.01 0.3 1 2
20.70 HET-REF -5.16( 60(0.15)

0.11) SEED-REF -3
N FE o
; NGO &

1 3 10 30 50 -10 -5 2 -05 05 2 5 10
100 -REF 9.56 HET-REF -0.47(0.10)  SEED-REF -0.34(0.10)
150 —
200 €
250 =
300 =
400 K=
500 [O)

I
700
1880
90°S  60°S  30°S 0° 3‘%"N 60°N  90°N 90°S  60°S  30°S 0° 30°N  B0°N  90°N 90°S 60°S 30°S 0° 30°N  60°N  90°N
LWC (g m?®) AL WG (g m?)
B ] | I
0103 1 3 10 -2 -1 -03 -0.01 0.01 0.3 1 2

45.32 HET-REF -1.74(0.35) SEED-REF -1.55(0.28)
ST S RRREE XET NN

o,
S ST
(X XK
PN »
S p

&g’*3%9 .
0, Go 00RO 05
SRR
SR
QUKL X2
3% 0% %

"
L
LR LS
& .gpﬁ‘- SRR ]
NSRRI E a3t 4’@~§Q§
KILRRIRKS 5

LRI K AR XS
R REERAKAREAES

Qgﬁugﬁﬁgﬁg;
ALWP (g m?)
[ I
-10 -5 2 05 05 2 5 10

Figure 3. Annual zonal mean ice water content (IWC, first row) and spatial distribution of ice water
path IWP, second row). The third and fourth rows respectively denote the liquid water content
(LWC) and the ice water path (IWP). The first column displays the REF simulation, while the second
and third columns represent the discrepancies (“A”) in relation to the REF simulation from both HET
and SEED simulations. Global mean values and corresponding standard deviations (in brackets) are
shown in the upper right corner. Hatching represents the nonsignificant area at the 90% confidence
level of t-test.
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Figure 4. Annual mean maps of cirrus cloud optical depth in longwave band (iCODy,,, first row)
and shortwave band (iCODgy, third row), and optical depth from mixed-phase and liquid clouds
in long-wave band (mlCODy,,, second row) and short-wave band (mlCODsy,, fourth row). Global
mean values and corresponding standard deviations (in brackets) are shown in the upper right corner.
Hatching represents the nonsignificant area at the 90% confidence level of ¢-test.

3.2. Brightening Effect and Cooling Effect

In this section, we quantify the brightening effect and cooling effect of cirrus thin-
ning using CREy,; variables (e.g., ACREy,; and AmICRE,;) and CREtpa variables (e.g.,
AiCRET10A and AmICRETo,), respectively. A positive value of the CRE,,,; variables indi-
cates a brightening effect, while a negative value suggests a dimming effect. Similarly,
a negative value of the CRETp4 variables signifies a cooling effect and a positive value
implies a warming effect.

Firstly, we analyze the CREtpa variables and CREy,; variables solely from cirrus
clouds (Figure 5). The positive iCRETo Alw T indicates that cirrus clouds warm our planet
via absorbing Earth’s outgoing longwave radiation. In terms of solar radiation, the negative
iCRE1oAsw REF indicates that cirrus clouds cool our planet. The warming effect (i.e., posi-
tive iCREToa1w YY) is stronger than the cooling effect (i.e., absolute value of the negative
iCRETOAsw REF). Therefore, the globally averaged iCREtos (iCREToAW + ICRETOASW) from
the REF simulation (i.e., iCREpoaREF) is 6.53 W m~2 (net warming effect). This value falls
within the potential range reported in recent studies (4.5 to 6.8 W m~2) [23,32,56,80,83].
The negative iCRE},;REF suggests that cirrus clouds cause a dimming effect on the Earth’s
surface. The value of iCREToagw NEF (global mean is —5.26 W m~2) is a little stronger (more
negative) than the value of iCRE;REF (global mean is —4.51 W m~2). Why iCREtoasw 08
is a little stronger than iCRE},;REF can be explained by that, in the absence of cirrus clouds,
more downward solar irradiance can enter the mixed-phase and liquid cloud layers. Al-
though the mixed-phase and liquid clouds scatter and absorb some solar radiation, most
of it can reach the Earth’s surface causing a brightening effect. All these radiative fluxes
(i-e., iCREToAREY, iCRE1o AL RFF, iCRE1oAsw NEF, and iCRE,;RFF) show a similar spatial
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pattern that aligns with the COD of cirrus clouds (i.e., iCODy,, REF and iCODs, REF). After
cirrus clouds become thin (i.e., HET and SEED simulations), the net warming effect and
surface dimming effect from cirrus clouds also weaken (i.e., less positive iCREtrp and less
negative iCRE};). In other words, cirrus thinning leads to cooling (i.e., negative AiCRET10A)
and brightening (i.e., positive AiCREy,;) effects. The globally averaged AiCREtoaET and
AiCRET1oASFEP are —3.56 4 0.04 and —2.46 + 0.04 W m~2, respectively. The globally aver-
aged AiCRE,;"FT and AiCREy;SFEP are 2.78 + 0.03 and 2.19 + 0.03 W m ™2, respectively.
These global mean values suggest that the cirrus cloud net warming effect (i.e., positive
iCRET0A) and surface dimming effect (i.e., negative iCREy,;) from the REF simulation are
reduced by about half. In short, after cirrus thinning, the warming and dimming effects of
cirrus clouds obviously become weaker.

iCRE o4

I P

/,,

iCREyy, -4.51 Wm?
" S

REF HET-REF SEED-REF
[ B — |

| B s
-70 -30 -10 -3 3 10 30 70 20 -10 -3 -1 1 3 10 20

Figure 5. Annual mean maps of cirrus cloud radiative effect (iCRETp,, first row), its longwave
(iCREToALw, second row) and shortwave (iCREtpagy, third row) components, and brightness ra-
diative effect (iCREy,;, fourth row). Global mean values and corresponding standard deviations (in
brackets) are shown in the upper right corner. Hatching represents the nonsignificant area at the 90%
confidence level of t-test.

Secondly, the radiative effects of mixed-phase and liquid clouds are analyzed (Figure 6).
Similar to cirrus clouds, mixed-phase and liquid clouds also have a longwave warming
effect (i.e., positive mICRErpay,) and shortwave cooling effect (i.e., negative mICREToAgw)-
As compared to cirrus clouds iCREto Alw S and iCODy, REF), mICREo Ly REF is only in-
creased by about half despite a roughly twenty-fold increase in mlCODy,, REF. The efficiency
(CRE1oAlw /CODyy) of mixed-phase and liquid clouds (i.e., mICREtq Alw Y /mlCOD,, REF)
is much weaker than that from cirrus clouds (i.e., iCREtoa1w 2 /iCODy,, REF). This is
caused by the relatively small temperature difference between the Earth’s surface and
these clouds (i.e., mixed-phase and liquid clouds). Unlike longwave cloud forcing (i.e.,
MICRETo a1 N ), MICRETOAsw N iS approximately ten times stronger than iCRETOAsw Y.
Thus, the shortwave cooling effect (i.e., absolute value of negative mMICREToAsw REF) is
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much stronger than the longwave warming effect (i.e., positive mICRE1o 1, REF) over most
regions. In terms of the sum of mlICREto Asw I and mICREToaw N, mixed-phase and
liquid clouds show a net cooling effect (i.e., negative mlCRETto AREF), Mixed-phase and
liquid clouds also make the Earth’s surface dimmer (i.e., negative mICRE,,;RFF). Here,
mICRE,,;RFF (downward solar irradiance at the Earth’s surface) is a little stronger (more
negative) than MICREToAsw REF (net radiative flux). The main reason for this is that a
portion of mICRE,,;REF (surface albedo) is reflected back into the atmosphere. Because the
impact of cirrus thinning on mixed-phase and liquid clouds is complex (Figures 3 and 4),
the regions with statistically significant AmICRE (Figure 6) are obviously smaller than
AiCRE (Figure 5). These two cirrus thinning simulations (i.e., HET and SEED simulations)
show that AmICRETo}y is generally negative (cooling effect) and AmICRET1oagw is gen-
erally positive (warming effect). This is consistent with the decrease in mICOD caused
by cirrus thinning (i.e., AmICOD in Figure 4). The positive AmICRE1oasw is obviously
stronger than the absolute value of AmICREtpa},, over most low- and mid-latitude regions
where solar radiation is relatively dominant. Therefore, the AmMICREToa (AmICREToALw
+ AmICRET0Asw) values from cirrus thinning simulations are generally positive (warm-
ing effect) over there. The globally averaged AmICREToAHFT and AmICRE7oASFEP are
1.35 £ 0.18 and 1.25 4= 0.16 W m 2, respectively. The warming effect caused by the changes
in mixed-phase and liquid clouds would counteract, to some extent, the cooling effect
derived from the thinning of cirrus clouds alone (—3.56 4 0.04 and —2.46 + 0.04 W m2,
Figure 5). The globally averaged AmICRE,;ET and AmICRE,;FEP are 3.05 4 0.25 and
2.50 4 0.21 W m~2, respectively. The brightening effect from mixed-phase and liquid clouds
is a little larger than that from cirrus clouds (AiCRE;FT is 2.78 + 0.03 and AiCRE,;5FEP
is 2.19 + 0.03 W m~2). In short, after cirrus thinning, the cooling and dimming effects of
mixed-phase and liquid clouds become weaker.
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Figure 6. Similar to Figure 5, but for mixed-phase and liquid cloud radiative effects (mICREto4,
mlCRETO Alw mlCRETO Asw 7 and mlCREbri).
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CREroa

-28.

Finally, the brightening effect and cooling effect caused by cirrus thinning are quan-
tified by the changes in radiative effects of entire clouds (ice, mixed-phase, and liquid
clouds; Figure 7). In terms of solar radiation, the entire clouds have a globally averaged
shortwave cooling effect (CREToAsw N is —56.42 W m~2) and dimming effect (CRE,;REF is
—66.91 W m~2). The first two paragraphs have already shown that cirrus thinning not only
causes substantial reductions in cirrus clouds’ radiative effects, but also leads to weaker
radiative effects of mixed-phase and liquid clouds. As a result, the entire cloud CREs (i.e.,
CREt10a, CRETOASW, CRETOAW and CRE,;) exhibit considerable reductions. The globally
averaged ACRET1oasw F! and ACRE1oas, PP are 6.02 4+ 0.21 and 4.85 4 0.17 W m 2,
respectively. The globally averaged ACRE,;7ET and ACRE,;°FEP are 5.83 4 0.26 and
4.69 + 0.21 W m~2, respectively. The brightening effect (i.e., positive ACRE,;) is close
to the shortwave warming effect (positive ACRETpasw), and they have a similar spatial
pattern. The positive ACRE,,; values are obvious across most low- and mid-latitude
regions because of the intense solar radiation present in these areas. In terms of long-
wave radiation, the entire clouds have a global averaged warming effect (CREroa X5 is
28.27 W m™2). Although the globally averaged CREto Alw S is roughly half of the absolute
value of CRE1oasw N, ACREToA ET and ACREToap FEP are generally stronger than
ACREToAsw T and ACRE1oasw PP due to the dominant contribution from cirrus clouds.
Therefore, in terms of the sum of shortwave and longwave radiation, both ACREto AHET
and ACRE1oaSEEP show a cooling effect. ACRETo ATET and ACREToaSEEP are —2.21 +0.18
and —1.21 4 0.19 W m ™2, respectively. Unlike brightening effects (ACREy,;), these cooling
effects (i.e., negative ACRE1pa) are mainly distributed over high-latitude regions. Both
HET and SEED simulations show that the brightening effect (ACRE,,;) is much stronger
than the cooling effect (ACRET0,), especially for the SEED simulation.

15 W m?

I
-70 -30 -10

-3 3

HET-REF SEED-REF
e | I
10 30 70 20 -10 -3 -1 1 3 10 20

Figure 7. Similar to Figure 5, but for the entire clouds’ (ice, mixed-phase, and liquid) radiative effect
(CRET10A, CRET0AIY, CRETOASW, and CREpy).
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4. Discussion

Compared to artificially halting homogeneous nucleation (i.e., the HET simulation)
or artificially increasing the fall velocity of ice crystals (e.g., GeoMIP6), cirrus thinning via
seeding of ice nuclei particles holds potential real-world feasibility. Whether there is a need
to seed ice nuclei particles (i.e., if Ninp < Ninpiim) and the quantity of ice nuclei particles
to be seeded (i.e., NiNpseed) depend on the ambient atmospheric condition. The Ninpseed
values over different locations/times are different. Even if Ninpseeq has been accurately
calculated, a large number of aircraft would be needed to seed these ice nuclei particles at
specific times and locations. This logistical challenge presents the main barrier to the real-
world feasibility of cirrus thinning. From this perspective, the SEED simulation remains
largely an academic endeavor. While the quantified values of the brightening effect shown
in this study are important, the analyses exploring the mechanisms behind this brightening
effect (i.e.,, why the brightening effect caused by cirrus seeding is considerably stronger
than its cooling effect) are arguably more robust and useful. These mechanism analyses
could potentially contribute to future technological developments in geoengineering.

5. Conclusions

This study investigates the brightening effect caused by cirrus thinning with the CAM5
model. Here, two methods are used for cirrus thinning: artificially halting homogeneous
nucleation (HET simulation) and hindering homogeneous nucleation via seeding a few ice
nuclei particles (SEED simulation). As anticipated, the SEED simulation exhibits marginally
diminished alterations in cloud radiative effects when compared to those from the HET
simulation. Nevertheless, the underlying mechanism driving these changes remains consis-
tent. For cirrus thinning simulations through the reduction in homogeneous nucleation,
this mechanism appears to be more robust. The following conclusions drawn are based on
the SEED simulation results, which possess better reference values.

After seeding ice nuclei particles, both Njn,c and Nj are obviously reduced to a very
low level. The IWC of cirrus clouds is also noticeably decreased. Meanwhile, cirrus COD
(both iCODy,, and iCODg,,) decreases by approximately half. Consequently, the net warm-
ing effect (positive iCRET0a, iCRET0A = iCRET0AW + iICRETOASW) and dimming effect
(negative iCREy,;, iCRE},; is close to iCREtoasw) from cirrus clouds are reduced by ap-
proximately half. The cooling effect (negative AiCRETpa) and brightening effect (positive
AiCREy,;) induced by cirrus thinning alone (i.e., only the changes in cirrus clouds) are
—2.46 £ 0.04 Wm~2 and 2.19 £ 0.03 W m 2, respectively. In addition, cirrus thinning also
results in substantial reductions in the COD of mixed-phase and liquid clouds over some
regions. Correspondingly, the net cooling effect (i.e., negative mICREtpa) and dimming ef-
fect (i.e., negative mICREy,;, mlCRE,,; is close to mICREToasw) from these mixed-phase and
liquid clouds are also reduced. In other words, the changes within mixed-phase and liquid
clouds induced by cirrus thinning lead to a globally averaged warming effect (AmICRE1o4,
1.25 4+ 0.16 W m~2) and brightening effect (AmICRE,;, 2.50 & 0.21 W m~2). The positive
AmICRETpA counteracts the negative AiCREtps, whereas the positive AmICRE,,;; en-
hances the positive AiCREy,;. Therefore, the overall brightening effect (ACRE},; = AiCRE};
+ AmICREy;, 4.69 + 0.21 W m~2) induced by cirrus thinning is much more pronounced
than its cooling effect (ACREtpa = AiCRET0A + AMICRETOA, —1.21 £ 0.19 W m~2).

The spatial distribution of the brightening effect differs from that of the cooling effect
due to the weakening of solar radiation at high latitudes. Cirrus thinning simulations
demonstrate a considerable cooling effect (negative ACRET0p, in Figure 7) over most high-
latitude regions. This spatial distribution pattern is more conducive to mitigating the
melting of polar ice caps and glaciers. Contrary to the cooling effect, the brightening effect
(positive ACRE,,; in Figure 7) is considerable over most low- and mid-latitude regions.
If implementing marine cloud brightening (another geoengineering approach) over the
Western Pacific Warm Pool and adjacent regions, the reduction in the Earth’s surface
brightness due to increased marine cloud COD could potentially be offset by the cirrus
seeding approach. In short, the cirrus thinning approach possesses a unique advantage (i.e.,
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the brightening effect) that other geoengineering approaches lack. Integrating the cirrus
seeding with other geoengineering approaches could potentially enhance the cooling effect
and reduce side effects [84].
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