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Author response to review #1

We thank the reviewer for the comments on our manuscript. Please find our responses below.

Regarding the reviewer’s general input on the design of the Geoengineering Model Intercomparison
Project (GeoMIP) G4sea-salt experiment:

The G4sea-salt experiment was designed by Kravitz et al. (2013) to do certain things based on results that
previous studies obtained. The main idea of the G4sea-salt experiment is to validate those results in a
multi-model context. One of the key questions defined by Kravitz et al. (2013) is: To what extent do the
effects of sea spray geoengineering depend upon the location of clouds? In this study we try to address
this question. All GeoMIP simulations are idealised to a greater or lesser degree, but the point is that they
form a defined, published protocol. The reviewer's stance that publication cannot be recommended
because the published protocol doesn't agree with the reviewer’s view seems to us miss the point of a MIP
using idealised scenarios. It would be like criticizing a study of model responses in the CMIP5
instantaneous 4xCO2 experiment on the basis that such a large and rapid change in COz is unlikely; of
course this is true, but it’s still an incredibly useful way of learning about climate system behaviour.

The reviewer also makes claims about how this form of geoengineering would be carried out in practice.
As actual deployment is currently hypothetical, we are reluctant to make any changes to the manuscript
that would alter our protocol in favour of one that is, in theory, more or less realistic.

Specific comments to the authors
In my view, the direct effects produce a large fraction of the ERF for the following reasons:

1. The assumed diameter of the emitted particles is larger than that recommended in specific studies.
Connolly et al. (2014), which appeared in a Phil Trans special issue on geoengineering, used detailed
parcel modeling to show that median dry particle diameters from 35-100 nm are optimal for brightening
marine low clouds. The diameters used in this study are 200 nm (HadGEM), 260 nm (NorESM), and 880
nm (GISS), which require at least an order of magnitude more mass to be sprayed to produce the same
brightening effect (see Fig. 1b in Connolly et al. 2014). This would require enormous amounts of energy
(the energy required for the production of aerosol particles scales approximately with the overall mass
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of salt sprayer) compared to the case with smaller particles. Small particles are most effective for
brightening clouds, whereas somewhat larger particles (0.2-1 micron) are optimal for the direct effect.
Given this information, one could probably have predicted that the direct forcing would be dominant
before the model experiments were conducted.

As mentioned above, the main goal of the G4sea-salt experiment is to validate the results that previous
ESM studies have provided in a multi-model context. Existing ESM studies that take into account the sea
spray injection process include e.g. Alterskjer et al. (2012, 2013), Jones and Haywood (2012), Korhonen
et al. (2010), Partanen et al. (2012), and Wang et al. (2011). In all these studies, the dry diameter of the
injected particles is within the interval of 0.20-0.44 um. Thus, the size of the injected particles in our
study is within the size range of the previous ESM studies, which is necessary when validating the results
of those studies.

Moreover, we did not choose this range of particle sizes simply because they were what previous
studies used. Alterskjeer and Kristjansson (2013) showed using NorESM1-M that injection of
accumulation mode sea salt particles resulted in a negative forcing, whereas injection of Aitken mode
particles resulted in a positive forcing caused by a strong competition effect combined with high critical
supersaturation of Aitken mode sea salt. Although the positive forcing caused by the injection of Aitken
mode particles could be due to limitations of the Abdul-Razzak et al. scheme used in NorESM1-M, as
suggested by Connolly et al. (2014), representing marine cloud brightening in our simulations requires
injections that produce a negative forcing. In using such large-scale models, compromises like this must
necessarily be made, but since our focus is on large-scale climate rather than process-level understanding,
we are comfortable that this compromise suits the purposes of our study. Because the size distributions
of the injected particles are assumed to be equal to those of the natural accumulation mode sea spray
aerosol in the three models, the size of the injected particles varies across the models, allowing us to
incorporate a study of model spread in our analyses.

Although the main goal of this study is to evaluate previous results, and we certainly do not claim
that this study provides the exact details of how this form of geoengineering would be carried out in
practice, we would still like to comment on the reviewer’s statement “The assumed diameter of the emitted
particles is larger than that recommended in specific studies”. The paper by Connolly et al. (2014) is
interesting, but it is only one study. In that study, it is assumed that the injected particles consist of pure
sea salt. However, extensive measurements show that organics contribute substantially to the composition
of sea spray aerosol, and in many areas is even the dominant constituent (e.g. de Leeuw et al., 2011). As
sea spray geoengineering would likely produce particles with a similar composition as natural sea spray,
the injected particles would thus need to be larger to activate to cloud droplets compared to when
assuming pure sea salt as in Connolly et al. 2014. In particular, the presence of organics strongly
suppresses hygroscopic growth compared to pure sea salt. This is relevant since Connolly et al. (2014)
conclude that interstitial particles play an important role in controlling the albedo in their study.
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Finally, the reviewer writes “Small particles are most effective for brightening clouds, whereas
somewhat larger particles (0.2-1 micron) are optimal for the direct effect. Given this information, one
could probably have predicted that the direct forcing would be dominant before the model experiments
were conducted”. First of all, we have not predicted that the aerosol direct effect is dominant. The
conclusion of this study is that that the effective radiative forcing (ERF) by the injected particles in most
regions is as large in clear-sky conditions as in cloudy-sky conditions. The exception is in the subtropical
marine stratocumulus regions, in particular for HadGEM2-ES, where the presence of clouds enhances the
ERF compared to clear-sky conditions. Jones and Haywood et al. (2012) obtained a much larger radiative
impact when maximizing the aerosol indirect effect than when maximizing the aerosol direct effect. The
aerosol indirect effect dominated the radiative impact also in Partanen et al. (2012). Both these sea spray
geoengineering studies used injections of accumulation mode particles, similar to our study. Based on
previous studies, we are unable to arrive at the reviewer’s conclusion.

2. Seeding takes place over the entire tropical ocean. Low cloud cover is limited over much of the warm
tropics, so this favors direct forcing to achieve -2 W/m2 ERF. Furthermore, there is cirrus above much
of the low cloud in the warm Tropics. This is not how marine cloud brightening would work in practice.

As noted above, we consider statements regarding the practical implementation of marine cloud
brightening to be difficult to defend, and we are unwilling to alter our experimental protocol to conform
to conjecture. The oceanic regions between 30°S and 30°N have been identified as containing most of the
radiatively important stratocumulus cloud decks (Alterskjeer et al., 2012; Jones and Haywood, 2012).
However, we agree with the reviewer that the presence of cirrus clouds close to the equator is not optimal
for sea spray geoengineering. Although high clouds likely reduce the efficiency of sea spray
geoengineering, a MIP can provide information on how large this reduction is in different models, as well
as how large the horizontal variability in ERF is across the injection area. The results of our study indicate
that the horizontal variability may be somewhat lower than seen in, e.g., Partanen et al. (2012).

3. Cloud LWP decreases over much of the region, thus countering some of the Twomey
effect

We agree that the LWP response is important. However, our main conclusions given in the title of the
paper are based on the simulations with fixed SST. Thus, the response in LWP caused by changes in the
atmospheric circulation discussed in Sect. 3.2. does not influence the ERF in Sect. 3.1.
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4. No provision for separating direct from indirect effects was built into the experimental design, which
is troubling, and should be addressed. APRP is one way to achieve this without re-running simulations.

We have been careful throughout the paper not to claim that the aerosol direct effect dominates the
radiative effect, or that the aerosol direct effect would contribute as much as the aerosol indirect effect.
This paper focuses (mainly) on whether the presence of clouds increases or decreases the ERF in different
areas, and how much the presence of clouds influences the effects of sea spray geoengineering. It would
have been troubling if we would have stated that the aerosol direct effect dominates the forcing, or if we
would have tried to estimate the contributions of the aerosol direct and indirect effects. However, that is
not the focus of our study.
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Author response to review #2

We thank the reviewer for the constructive comments and suggestions for improvement of our manuscript.
The comments from the reviewer followed by our responses to the comments can be seen below.

Major comment

The paper is well organized and well written. The result is important, but a little more insight is needed.
The current results suggest another question: to what degree is optimization of particle injections
necessary? Despite the factor of four difference in the mean size representation of the particle size
distribution of the GISS model compared with the other two models, differences in the clear-sky forcing
among the models appear to be relatively small (e.g. Fig. 2b). Considering the injection sizes, should
greater differences be expected if the forcing is direct? Neither question can be considered because
relatively simple explanations of fundamental particle representations used in each model are missing:
1) sub-saturated hygroscopic growth; 2) cloud activation; 3) deposition processes; 4) vertical
distributions of the injected particles; 5) number size distributions of the simulated injections. The
complexities and subtleties of the many aerosol processes, including effects on cloud, may offset to some
degree. For example, as you know, if you try to optimize for the indirect effect by injecting particles
smaller than 100 nm you expect to reduce the direct component. However, it may be difficult to either
avoid spraying some larger particles or the presence of natural sea salt particles, either of which will
tend to reduce the indirect effect by competition for water vapour. There is some discussion at the top of
page 8, but it focuses on activation only. Some additional discussion of these processes with a focus on
why the clear-sky forcing is not so different despite the substantial difference in particle representations
between GISS and the other models, as well as a figure comparing injected number size distributions,
would offer some insight.

Response:

We agree with the reviewer that the size of the injected particles is relevant for the clear-sky effective
radiative forcing (ERF). The injected sea salt particles within the G4sea-salt experiment have a median
dry radius of 0.13 pm in NorESM1-M, 0.44 um in GISS-E2-R, and 0.10 pum in HadGEM2-ES. However,
the fact that the clear-sky global-mean ERF in Fig. 2b in the manuscript (Fig. 3b in the updated version)
is similar in magnitude for the three models does not imply that the difference in particle size between the
models has a negligible effect on the clear-sky ERF. The reason that such a conclusion cannot be drawn
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is that the sea salt injection rates are not equal for the three models, since the injection rates have been set
to generate a total global-mean ERF of -2.0 W m in each model. The injection rates are 250 Tg yr in
NorESM1-M, 590 Tg yr? in GISS-E2-R, and 200 Tg yr? in HadGEM2-ES, as mentioned in Sect. 3.2.
Thus, the injection rates vary with almost a factor of three across the three models.
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Figure 1. Size distributions for the total sea salt injections (30°N and 30°S) of a) particle number I, b)
particle surface area Is, and c) particle mass Im for NorESM1-M (blue), GISS-E2-R (red), and HadGEM2-
ES (green).
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The size distributions of the sea salt injection are shown in Figure 1 for particle number (Fig. 1a),
particle surface area (Fig. 1b), and particle mass (Fig. 1c). This figure is now included in the updated
manuscript as suggested by the reviewer. The mass scattering efficiency of homogeneous spheres of sea
salt (refractive index = 1.544) for light with a wavelength of 550 nm peaks for a particle radius of ~0.3
pm (Seinfeld and Pandis, 1998). Thus, for a constant mass concentration, maximum scattering efficiency
is expected for particle sizes somewhere in between the median dry radius of the injections in GISS-E2-
R and the median dry radii of the injections in NorESM1-M and HadGEM2-ES. However, as mentioned
above (and shown in Fig. 1c below), mass concentrations are not equal in the models since the injected
sea salt mass is larger in GISS-E2-R than in the other two models. On top of this, aerosol processing in
the atmosphere, transport, and deposition will affect the clear-sky forcing, as pointed out by the reviewer.
We have added some more description of these processes into Sect. 2.1 of the updated version of the
manuscript.

In Fig. 1 above, the particle surface area (Fig. 1b) is the variable that is closest related to the amount
of light scattered by the sea salt particles (and thereby the clear-sky ERF in Fig. 2b in the manuscript, or
Fig. 3b in the updated version). For a full description of Mie scattering, however, one needs to take into
account also variations in the scattering coefficient with particle size, which is done in the radiative
transfer calculations in the models. The total particle number injections (integrated over the number size
distributions in Fig. 1a) are 1.8-10%°, 2.7-10%, and 1.1-10% s for NorESM1-M, GISS-E2-R, and
HadGEM2-ES, thus almost two orders of magnitude smaller number injection in GISS-E2-R compared
to the other models. The corresponding particle surface injections (integrated over the particle surface
distributions in Fig. 1b) are 5.2-107, 1.7-107, and 3.1-10’ m? s for NorESM1-M, GISS-E2-R, and
HadGEM2-ES. Thus, although the difference in total particle number injection between GISS-E2-R and
the other two models is large, the difference in total particle surface area injection is considerably smaller.
Based on these numbers it is not so surprising that the clear-sky ERF is rather equal in magnitude for the
three models.

When it comes to the processes listed by the reviewer, dry deposition of the injected particles should
be slightly faster in GISS-E2-R than in the other two models, since the injected particles are larger in
GISS-E2-R, which implies somewhat higher dry deposition velocities due to more efficient interception
and impaction, and even gravitational settling for the largest particles. Vertical mixing is more efficient
in NorESM1-M than in the other models, but this is likely of minor importance for the clear-sky ERF,
although it may be relevant for the aerosol direct effect if a fraction of the injected sea salt particles can
be transported above the stratocumulus layers.

However, the main reason that the somewhat smaller particle surface injections in GISS-E2-R still
generates a clear-sky ERF as large as the other two models (or even slightly larger) is likely due to GISS-
E2-R having the lowest background clear-sky atmospheric optical depth of the three models (Fig. 2). This
means that GISS-E2-R is more sensitive to injections than the two other models. The lower clear-sky
atmospheric optical depth in GISS-E2-R is at least to some extent related to lower background sea salt
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concentrations. The background sea salt mass concentrations within the injection area for RCP4.5 (2035-
2065) at the lowest model layer are 14.4, 7.9, and 54.1 pg m™ for NorESM1-M, GISS-E2-R, and
HadGEM2-ES, respectively. The impact of mineral dust outflow from Africa over the Atlantic Ocean on
the clear-sky optical depth (Fig. 2) is also less pronounced in GISS-E2-R than in the other two models,

5 which should also contribute to a higher sensitivity to sea salt injections in GISS-E2-R. Some of this
discussion has been added to the updated version of the manuscript.
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10 Figure 2. Mean clear-sky optical depth of the atmosphere for RCP4.5 between 2035 and 2065 for a)
NorESM1-M, b) GISS-E2-R, and ¢) HadGEM2-ES.

Minor comments
15 Comment #1

Page 2, line 31 — Should this be “an uncertainty” rather than “the uncertainty”?
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Response:

Thanks, we have changed this.

Comment #2
Page 4, line 32 — Perhaps use “low-cloud amounts”.
Response:

Thanks, changed.

Comment #3
Page 5, lines 24-25 - How frequent are clear-sky conditions in each model?
Response:

This is a relevant question because if there were large regions frequently dominated by clear-sky, it would
not be surprising that the ERF by the injected particles in these areas are similar in total and in clear-sky
conditions. However, from Fig. 1 in the paper (Fig. 2 in the updated version) we know that almost
everywhere within the injection area, the mean cloud fraction of low-level clouds is larger than 40% and
30% in NorESM1-M and HadGEM2-ES, respectively. As mentioned in the manuscript, the low-level
cloud fraction is considerably smaller in GISS-E2-R than in the other two models.

As we only have cloud cover model output as monthly mean values, it is not possible to tell how
frequent clear sky conditions are. During a period of a month, there will be days with clouds in all
locations which implies that the monthly mean cloud fraction is never zero in any marine location.
However, Fig. 3 below shows the percentage fraction of all months between 2035 and 2065 with a total
cloud fraction less than 50% within the injection area for RCP4.5 for the three models. As seen in the
figure, months with a mean total cloud fraction below 50% are most frequent in HadGEM2-ES. Note that
the total cloud fraction includes cloud layers at all heights. If only low-level clouds are included, GISS-
E2-R has the highest frequency of low cloudiness, as discussed in Sect. 3 in the paper.
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Page 7, lines 11-12 and Figure 4 -
TOF is held constant?
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Figure 3. Percentage of all months between 2035 and 2065 with a mean total cloud cover below 50% in
the injection area for NorESM1-M, GISS-E2-R, and HadGEM2-ES.

Comment # 4

Response:

We do not fully understand this comment by the reviewer. What is held constant is the sea salt injection
rates. These constant injection rates generate an ERF that is more or less constant with time. The global-

10

Is it truly increasing or just altering the mechanism, since the ERF-
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mean clear-sky ERF is not held constant at a certain value, but happens to be almost equal in magnitude
to the global-mean cloudy-sky ERF. However, the fact that the global-mean total ERF is almost equal to
the corresponding clear-sky ERF does not imply that these are equal in all locations. In the subtropical
high pressure cells, the presence of low-level clouds increases the regional ERF compared to clear-sky
conditions, in particular in HadGEM2-ES. In contrast, closer to the equator the presence of high-level
clouds decreases the ERF compared to clear-sky conditions, in particular in GISS-E2-R.

Comment #5

Page 7, line 31 - It would be more instructive to include changes in number concentrations of sea-salt
particles.

Response:

We agree with the reviewer. Unfortunately, the particle number concentration is only diagnosed in
NorESM1-M, which is the reason why this variable is not shown in the paper. The change in number
concentration due to sea spray climate engineering in NorESM1-M is shown in Fig. 4 below. As can be
seen in this figure, the sentence that the reviewer refers to in the manuscript (“In NorESM1-M (Fig. 5a),
comparatively large increases in sea salt concentration occur in the subtropical high pressure regions”) is
valid also for the particle number concentration.

Comment #6

Page 8, lines 11-14 - What are the ranges of background CDNC in each model? Why does CDNC over
northern Greenland reduce so much in NorESM, and over the high Arctic in HadGEM2?

Response:

The background CDNC within the injection area at an altitude of ~1000 m averaged over 2035-2065 for
RCP4.5 varies for NorESM1-M from 10-20 cm™ in the remote areas of Pacific and reaches a maximum
of ~100 cm™ south of Mexico, west of Northern Africa, south-east of China, and over the northern parts
of the Indian Ocean. HadGEMZ2-ES has its maxima in CDNC at similar locations within the injection
area. However, HadGEM2-ES has somewhat higher concentrations with a typical CONC of 20-40 cm™
in the remote Pacific Ocean and CDNC reaching 250 cm™ at coastal locations closer to continental
sources. GISS-E2-R has higher background CDNC than the other models with concentrations of 50-100
cm in the remote Pacific Ocean and concentrations higher than 1000 cm= in some coastal regions

11
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influenced by continental sources. Whereas NorESM1-M and HadGEMZ2-ES predict CDNC close to
estimates using MODIS data for cloud top CDNC (e.g. Wood, 2012), GISS-E2-R predicts higher
background CDNC than estimated from MODIS. The relatively high background CDNC in GISS-E2-R
is the reason for the smaller percentage increase in CDNC due to sea spray climate engineering in GISS-
E2-R compared to the other two models.

Concerning the reduction in CDNC over the Arctic region in NorESM1-M and HadGEM2-ES, the
variable CDNC represents the number concentration of cloud liquid water particles in the air, and the
CDNC is lower than 1 cm™ over Greenland in NorESM1-M and just slightly higher than 1 cm™ in
HadGEM2-ES. Thus, a very small absolute change in concentration can result in a very large relative
change in CDNC. The explanation for the reduction in CDNC is probably that the G4sea-salt experiment
results in a cooling of the Arctic region, which implies less liquid water in the clouds over e.g. Greenland.
Another mechanism for the reduction of CDNC in the Arctic is also related to the cooling induced by the
sea-salt: the cooling increases the sea-ice cover in the Arctic and therefore reduces the source of natural
sea salt and Dimethyl sulphide (DMS), both of which cause a reduction in CDNC. We have added this
information to the manuscript.

NorESM1-M Change in particle number concentration
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Figure 4. Difference in particle number concentration between G4sea-salt and RCP4.5 in NorESM1-M

20 averaged over the period 2035-2065.
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Comment #7

Page 9, lines 8-10 - Of course the relative impact of LWP is well known. What would be helpful is to know
how Figures 9c and 9d compare with observations, if there are sufficient data to do that.

Response:

The point we want to make with Fig. 9 is that for these long time scales (sea spray climate engineering
for 15-45 years), changes in the atmospheric circulation and the resulting changes in LWP will be the
main controller of the cloud optical depth in a certain location, rather than changes in CDNC. Therefore,
this is not something that can be compared to observations.

Comment #8

A note - Sea salt particles of 0.88 um diameter (GISS) or larger will be very hard to activate (by definition)
in clouds. To reach their activation point they need to take up a very large amount of water, and that may
not happen.

Response:

We agree with the reviewer that the aerosol indirect effect would likely be favoured by injections of
particles with a smaller size than those injected in GISS-E2-R. However, a benefit of applying somewhat
varying sizes for the sea salt injections in the different models is that it allows us to incorporate a study
of model spread in our analyses.
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List of relevant changes in the manuscript

The relevant changes made in the manuscript (also mentioned in the author response) are listed below:

1.) a more detailed description of the treatment of relevant processes (hygroscopic growth, and dry and
wet deposition) in the three different models has been added to Sect. 2.1.

2) Fig. 1 has been added, which shows particle size distributions for particle number, surface, and mass
injections.

3) A discussion has been added to Sect 3.1 of why the sea salt injection in GISS-E2-R with larger particles
and more mass results in a clear-sky effective radiative forcing (ERF) similar in magnitude to the two
other models. This discussion is connected to the size distributions in Fig. 1.

4) Background cloud droplet number concentrations (CDNC) for the three models are now described in
Sect. 3.2.1 and how these compare to satellite measurements. Furthermore, the reason why the sea salt
injection reduces the CDNC in the Arctic region in NorESM1-M and HadgEM2-ES is now discussed in
this section.

5) Finally, the particle size associated with the sea salt injection is now motivated in more detail in Sect.
2.2.

In the updated version of the manuscript, all changes are marked with red color.
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Marine cloud brightening — as effective without clouds
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Abstract. Marine cloud brightening through sea spray injection has been proposed as a climate engineering method for
avoiding the most severe consequences of global warming. A limitation of most of the previous modelling studies on marine
cloud brightening is that they have either considered individual models, or only investigated the effects of a specific increase
in the number of cloud droplets. Here we present results from coordinated simulations with three Earth system models (ESMs)
participating in the Geoengineering Model Intercomparison Project (GeoMIP) G4sea-salt experiment. Injection rates of
accumulation mode sea spray aerosol particles over ocean between 30°N and 30°S are set in each model to generate a global-
mean effective radiative forcing (ERF) of -2.0 W m2 at the top of atmosphere. We find that the injection increases the cloud
droplet number concentration in lower layers, reduces the cloud-top effective droplet radius, and increases the cloud optical
depth over the injection area. We also find, however, that the global-mean clear-sky ERF by the injected particles is as large
as the corresponding total ERF in all three ESMs, indicating a large potential of the aerosol direct effect in regions of low
cloudiness. The largest enhancement in ERF due to the presence of clouds occur as expected in the subtropical stratocumulus
regions off the west coasts of the American and African continents. However, outside these regions, the ERF is in general
equally large in cloudy and clear-sky conditions. These findings suggest a more important role of the aerosol direct effect in

sea spray climate engineering than previously thought.

1 Introduction

Attempts to lower global emissions of CO, have so far been mostly unsuccessful. As a result, climate engineering is
increasingly being discussed as a way to dampen the climate effects of anthropogenic greenhouse gas emissions. One of the
climate engineering methods proposed to counteract global warming is by seeding marine clouds with sea spray aerosol to
enhance the number of activated cloud droplets (Latham, 1990). It has been suggested that this could be generated in practice

through the use of unmanned wind-driven vessels spraying sea water into the air (Salter et al., 2008), and as the sea water
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evaporates it would leave behind sea spray aerosol particles which may be transported into the cloud layer. If the cloud liquid
water content in the seeded clouds remains constant, an increase in the cloud droplet number concentration (CDNC) will lead
to areduction in cloud droplet size and thereby an increase in droplet surface area and cloud albedo (Twomey, 1977). Increasing
the cloud albedo through this indirect effect of the injected particles is the original idea of sea spray climate engineering, and
this method is therefore often referred to as marine cloud brightening. The reduction in cloud droplet size following from an
enhanced number of droplets may also lead to a second indirect effect in which the decreased size of the cloud droplets may
reduce precipitation and thereby increase the cloud lifetime (Albrecht, 1989).

Earlier modelling studies on sea spray climate engineering investigated the radiative effects of marine cloud brightening
mainly by prescribing an increase in CDNC (Latham et al., 2008; Jones et al., 2009; Rasch et al., 2009). However, more recent
studies have included the sea salt injection process and the activation of the injected particles to cloud droplets, thereby taking
into account radiative effects of both activated cloud droplets and non-activated particles (Jones and Haywood, 2012; Partanen
et al., 2012; Alterskjeer et al., 2013). As a result, sea spray climate engineering is now sometimes referred to as marine sky
brightening (Muri et al., 2015), as it may include radiative impacts of injected particles both through cloud brightening (the
aerosol indirect effect) and due to increased scattering of solar radiation outside clouds (the aerosol direct effect). One of the
more recent modelling studies on sea spray climate engineering applied emission patterns to maximize either the direct or the
indirect radiative effect of the injected particles, limiting the emission area in both cases to 10% of the ocean (Jones and
Haywood, 2012). In that study, maximizing the indirect effect generated the largest radiative impact and resulted in the largest
cooling, but it should be noted that the direct effect was of comparable magnitude as that of the indirect effect within the region
specified to maximize the aerosol indirect effect. In another recent modelling study, the aerosol direct effect was estimated to
contribute 29% to the total radiative forcing when sea spray climate engineering was assumed to take place over the global
oceans (Partanen et al., 2012). In contrast, another recent study indicated a dominant contribution from the aerosol direct effect
to the total radiative forcing (Kravitz et al., 2013).

A weakness of almost all of the previous studies on sea spray climate engineering is that they have only considered
individual models. It is therefore uncertain to what extent the results in many of the previous studies are robust, considering
the differences in parameterizations across models of e.g. clouds and their interaction with aerosols. Furthermore, results from
individual model studies in the past are generally not directly comparable because of discrepancies in the model set-up or in
the details of what was actually simulated. Therefore, the idea behind the Geoengineering Model Intercomparison Project
(GeoMIP) (Kravitz et al., 2011, 2013) is that model experiments should be standardized, and that an ensemble of multiple
Earth System Models (ESMs) should be executed for a number of climate engineering experiment. By the use of such
ensembles, it is possible to estimate an uncertainty in the predicted climate response.

In this study we use three fully coupled atmosphere-ocean ESMs and run the GeoMIP G4sea-salt experiment (see Kravitz
et al., 2013; and Sect. 2) focusing on the response of Earth’s radiation balance to injection of sea salt particles, both in clear-

sky conditions and from changes in cloud properties.
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2 Methods

2.1 Models

Coupled state-of-the-art Earth system models provide the best tools for assessing the climate response to solar climate
engineering. Three fully coupled ESMs, NorESM1-M (Bentsen et al., 2013), GISS-E2-R (Schmidt et al., 2014), and
HadGEMZ2-ES (Collins et al., 2011), were used in this study. For the atmospheric component, NorESM1-M runs at 1.9° x 2.5°
in the horizontal with 26 vertical layers, GISS-E2-R runs at 2° x 2.5° in the horizontal with 20 vertical layers, and HadGEM2-
ES runs at 1.3° x 1.9° in the horizontal with 38 vertical layers. For the ocean component, NorESM1-M runs at ~1° x 1° in the
horizontal with 70 layers, GISS-E2-R runs at 1° x 1.3° in the horizontal with 32 layers, and HadGEM2-ES runs at 1° x 1° in
the horizontal between the poles and 30° latitude with the meridional resolution increasing smoothly to 1/3° at the equator and
with 40 vertical layers.

The treatment of the natural emissions of sea salt is prognostic in NorESM1-M and GISS-E2-R, with emission fluxes
depending on wind speed and sea surface temperatures in NorESM1-M (Struthers et al., 2011), and on wind speed only in
GISS-E2-R (Monahan et al., 1986). HadGEM2-ES uses a diagnostic treatment of natural sea salt aerosol number concentration
with concentrations depending on wind speed (Jones et al., 2001). Hygroscopic growth of aerosol particles is accounted for in
all three models, and this process affects dry removal rates as well as aerosol-radiation interactions. In NorESM1-M,
hygroscopic growth is treated as described by Seland et al. (2008), by applying the form of Kéhler equation given in Kirkevag
and Iversen (2002). In GISS-E2-R, uptake of water by hygroscopic species such as sea salt and sulphate is parameterized in
terms in terms of an external mixture of the dry aerosol and a pure water aerosol with sizes set to reproduce the extinction
efficiency and asymmetry parameters of the solute aerosol at the laboratory wavelength of 633 nm (Schmidt et al., 2006). In
HadGEM2-ES, hygroscopic growth of sea salt and sulphate is modelled following Fitzgerald (1975). NorESM1-M and GISS-
E2-R have fully prognostic treatment of CDNC. In HadGEM2-ES, the CDNC is a function of sulphate, sea salt and
carbonaceous particle number concentrations (Jones and Haywood, 2012).

Dry deposition of aerosol particles in all three models is parameterized using resistance schemes analogous to electrical
resistance (e.g. Seinfeld and Pandis, 1998). The dry deposition velocity thus depends on particle size. Gravitational settling is
included in the calculation of the dry deposition velocity. Rainout is in all models determined by autoconversion, and include
re-evaporation of precipitation. Wet deposition in NorESM1-M is parameterized as in Iversen and Seland (2002), with an in-
cloud scavenging coefficient defined as the mass fraction of the aerosol mode within the cloud droplet. Wet deposition in
GISS-E2-R and HadGEM2-ES are described in more detail by Koch et al. (2007) and Bellouin et al. (2011), respectively.

2.2 Experiments

The following experiments are analysed in this study:
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1. RCP4.5; Representative Concentration Pathway 4.5 (Meinshausen et al., 2011), where the total radiative forcing reaches 4.5
W m2 in year 2100, following the CMIP5 protocol (Taylor et al., 2011).

2. G4sea-salt: Follows the experimental design of the Geoengineering Model Intercomparison Project (GeoMIP) G4sea-salt
experiment (Kravitz et al., 2013). Sea spray climate engineering is implemented on top of an RCP4.5 scenario to generate a
top of atmosphere (TOA) global-mean effective radiative forcing (ERF) of -2.0 W m, Although sea spray aerosol consists of
both sea salt and ocean-derived organic species (e.g. de Leeuw et al., 2011), here we only consider the injection of sea salt
particles. The injection is applied at a constant rate in the marine boundary layer between 30°N and 30°S, as this is the area
where the largest radiative effects have been predicted from sea salt seeding (Alterskjar et al., 2012; Jones and Haywood,
2012; Kravitz et al., 2013). The sea salt is injected in the lowest model layer of the ESMs, and the injection flux is equally
large for each grid cell over the ocean within this latitudinal band. Sea spray climate engineering starts in year 2020 and
continues until year 2070, whereupon the simulations are carried on for another 20 years such that the termination effect can

be assessed.

3. Fixed sea surface temperature (SST) experiments: The G4sea-salt and RCP4.5 experiments were simulated also with fixed
SST, as taken from years 2020 of the RCP4.5 simulation (Kravitz et al., 2013). All other forcing was kept the same as in year
2020 of RCP4.5, with the only difference being increased sea salt emissions. The experiments were run for ten years for each
model in order to determine the injection rate of sea salt aerosol in each model required to generate a global-mean ERF of -2.0
W m? compared to the RCP4.5 scenario. The ERF by the injected particles in these simulations is equal to the change in net
total radiation (shortwave + longwave) at the TOA between the G4sea-salt simulation (with sea salt injection) and the RCP4.5
simulation (without sea salt injection). The injection rates required to generate the -2.0 W m? ERF at the TOA were then

applied in the fully coupled simulations between years 2020 and 2070.

The injected sea salt particles within the G4sea-salt experiment have a median dry radius of 0.13 um in NorESM1-M, 0.44 um
in GISS-E2-R, and 0.10 um in HadGEMZ2-ES, equal to the median dry radius of the naturally emitted accumulation mode sea
spray particles in each model. The geometric standard deviations of the size distributions are 1.5, 2.0, and 1.9 for NorESM1-
M, GISS-E2-R, and HadGEMZ2-ES, respectively. Size distributions of the injected sea salt particles are shown in Figure 1 for
particle number (Fig. 1a), particle surface area (Fig. 1b), and particle mass (Fig. 1c). These size distributions represent the total
injection per second within the injection area.

There is large uncertainty in which particle size would be optimal for sea spray climate engineering. The mass scattering
efficiency of NaCl particles with a refractive index of 1.544 at a wavelength of 550 nm has its maximum for a particle radius
of ~0.3 um (Seinfeld and Pandis, 1998). However, within the atmosphere hygroscopic growth and condensation of other
species like e.g. sulphuric acid will modify the size of the injected particles, which will influence the aerosol direct effect.

Latham et al. (2008) estimated that the optimal sea spray dry radius for cloud seeding is in the range of 0.10 to 0.50 pum. In
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contrast, Connolly et al. (2014) found using a parcel model that injection of Aitken mode particles would be most efficient, as
hygroscopic growth of such injected sea salt particles was shown to significantly enhance the albedo of the cloud layer.
Injection of Aitken mode particles, however, generated a positive forcing in NorESM1-M in a previous study by Alterskjaer
and Kristjansson (2013), caused by a strong competition effect combined with high critical supersaturation of Aitken mode
particles. Representing sea spray climate engineering in our simulations obviously requires injections that produce a negative
forcing. The size of the injected particles in this study is in the same size range as most previous ESM studies on sea spray
climate engineering that simulate the aerosol injection (e.g. Alterskjeer et al., 2012, 2013; Jones and Haywood, 2012; Korhonen
et al., 2010, Muri et al., 2015; and Wang et al., 2011). It should also be mentioned that extensive measurements show that
organics contribute substantially to the composition of sea spray aerosol, and in many areas is even the dominant constituent
(e.g. de Leeuw et al., 2011). As sea spray climate engineering would likely produce particles with a similar composition as
natural sea spray, the injected particles would thus need to be larger to activate to cloud droplets compared to when assuming
pure sea salt as in the study by Connolly et al. (2014). In particular, the presence of organics suppresses hygroscopic growth
compared to pure sea salt, which may be relevant since Connolly et al. (2014) found that interstitial particles play an important
role in controlling the albedo in their study.

The fully coupled RCP4.5 simulations included two realizations with NorESM1-M, three realizations with GISS-E2-R,
and four realizations with HadGEM2-ES. The fully coupled G4sea-salt simulations included two realizations with NorESM1-
M, three realizations with GISS-E2-R, and one realization with HadGEM2-ES.

3 Results and discussion

A key variable in the models when considering sea spray climate engineering, is the amount of low clouds over the ocean, in
particular subtropical stratocumulus clouds off the west coasts of North America, South America, and southern and northern
Africa. These regions have been assessed to be most susceptible to brightening (Salter et al., 2008; Alterskjeer et al., 2012;
Jones and Haywood, 2012). Figure 2 shows the low-level cloud fraction below 850 hPa for NorESM1-M (Fig. 2a) and
HadGEM2-ES (Fig. 2c), and below 600 hPa for GISS-E2-R (Fig. 2b), averaged over years 2020-2030 in the RCP4.5 scenario.
Here we use the assumption of random overlapping cloud layers for the estimates of the cloud cover. NorESM1-M (Fig. 2a)
and HadGEM2-ES (Fig. 2c) capture the maxima in low-level cloud cover associated with the subtropical high pressure cells
in the eastern parts of the Pacific Ocean and the Atlantic Ocean (e.g. Rossow and Schiffer, 1999). The reason for including
layers higher than 850 hPa in the estimate of low-level cloud cover for GISS-E2-R is that for the region west of Peru the model
reaches its maximum in cloud cover slightly above 850 hPa. From Fig. 2 it is clear that the low-cloud amounts over tropical
and subtropical ocean are considerably lower in GISS-E2-R than in NorESM1-M and HadGEMZ2-ES, in particular when it
comes to stratocumulus clouds in the subtropical high pressure cells in the eastern parts of the Pacific Ocean and Atlantic

Ocean. This needs to be taken into account in the assessment of the impact of sea spray climate engineering in GISS-E2-R.
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3.1 Effective radiative forcing by the injected particles

The sea salt injection rates between 30°N and 30°S required to generate a global-mean ERF of -2.0 W m at the TOA are 250
Tg yr! in NorESM1-M, 590 Tg yr! in GISS-E2-R, and 200 Tg yr? in HadGEMZ2-ES. The fact that GISS-E2-R requires a
larger injection rate than the two other ESMs is likely due to the larger dry radius of the injected particles in GISS-E2-R (0.44
pm) than in NorESM1-M (0.13 pm) and HadGEM2-ES (0.10 pm). This means that a specific injection rate in GISS-E2-R
results in fewer particles than in the two other ESMs (Fig. 1a). The lower amount of low clouds in GISS-E2-R (Fig. 2b) may
also be a contributing factor to the larger injection rates required in this model. The injection rates in this study are close to the
rate reported by Partanen et al. (2012) who obtained a -5.1 W m2 global-mean ERF in the aerosol-climate model ECHAM5.5-
HAM2 from wind speed-dependent global sea salt injections at a rate of 440 Tg yr™. Our injection rates are also similar to
those reported by Alterskjeer et al. (2013) who applied gradually increasing sea salt injection rates between 30°N and 30°S in
three different ESMs to keep the TOA radiative forcing of an RCP4.5 scenario at the 2020 level for 50 years. The radiative
forcing change within the RCP4.5 scenario between 2020 and 2070 is +1.64 W m2, During the last decade of their simulations,
the injection rates required varied between 266 and 560 Tg yr* across their three models.

The global-mean ERF by the injected sea salt particles, for the rates given above, is relatively constant at -2.0 W m
throughout the 10 years fixed SST simulation in all three ESMs (Fig. 3a). The radiative fluxes in the ESMs are calculated also
for clear-sky conditions. These clear-sky radiative fluxes can be used to determine the clear-sky global-mean ERF (Fig. 3b).
This variable is not equal to the aerosol direct effect of the injected particles, because the aerosol direct effect is larger in clear-
sky conditions than when clouds are present. This is because most of the injected particles are located below cloud base when
clouds are present, which reduces the aerosol direct effect due to the high albedo of most clouds. Nevertheless, it is interesting
to note that the clear-sky global-mean ERF (Fig. 3b) is almost equal to the total global-mean ERF (Fig. 3a) throughout the 10
years in the three ESMs, indicating a large potential of the aerosol direct effect in regions of low cloudiness. Although we
cannot estimate the contribution of the aerosol direct effect to the total ERF from Fig. 3, it is evident that sea spray climate
engineering can be effective even without clouds.

The clear-sky ERF by the injected particles in Fig. 3b is of comparable magnitude for the three models, despite the higher
sea salt mass injection rates and larger size of the injected particles in GISS-E2-R compared to the other two models. The
surface area size distribution (Fig. 1b) is closely related to the amount of light scattered by the sea salt particles and thereby
the clear-sky ERF in Fig. 3b. For a full description of Mie scattering, however, one needs to take into account also variations
in the scattering coefficient with particle size, which is done in the radiative transfer calculations in the models. The total
particle number injections (integrated over the particle number size distributions in Fig. 1a) are 1.8x10%, 2.7x10'¢, and
1.1x10%° st for NorESM1-M, GISS-E2-R, and HadGEM2-ES, thus almost two orders of magnitude smaller number injection
in GISS-E2-R compared to the other models. The corresponding particle surface injections (integrated over the particle surface
distributions in Fig. 1b) are 5.2x107, 1.7x107, and 3.1x10” m? s* for NorESM1-M, GISS-E2-R, and HadGEM2-ES. Thus,

although the difference in total particle number injection between GISS-E2-R and the other two models is large, the difference
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in total particle surface area injection is considerably smaller. However, the particle surface injection is lowest for GISS-E2-
R, and the main reason that these injections still generates a clear-sky ERF as large as the other two models, or even slightly
larger (Fig. 3b), is likely due to GISS-E2-R having the lowest background clear-sky atmospheric optical depth of the three
models (not shown). This means that GISS-E2-R is more sensitive to injections than the two other models.

The effective radiative forcing by the injected particles at the TOA varies spatially between -2.0 and -10 W m across the
injection area in the three ESMs (Fig. 4). The mean values over the injection area are -4.3 W m in NorESM1-M, -4.9 W m2
in GISS-E2-R, and -4.7 W m in HadGEM2-ES. The injection area here, and for later calculations, represents all grid cells
over ocean between 30°N and 30°S. In NorESM1-M (Fig. 4a), maximum ERF appear in the stratocumulus regions off the
west coasts of northern South America and southern Africa (Fig. 2a), locally exceeding -10 W m. This means that the ERF
over these regions is a factor of 2-3 larger than the average over the injection area. The location of these maxima is in agreement
with the studies by Jones and Haywood (2012) and Partanen et al. (2012) who observed a strong aerosol indirect effect in these
areas from sea spray climate engineering. The ERF maximum off the west coast of southern Africa is pronounced also in
HadGEM2-ES (Fig. 4c), although weaker in forcing than in NorESM1-M. In addition, there are maxima in ERF in the marine
stratocumulus regions west of northern Africa and west of Australia for both NorESM1-M and HadGEM2-ES. Jones and
Haywood (2012) saw a strong aerosol indirect effect from sea spray climate engineering in these regions in the HadGEM2-ES
model.

Although the effective radiative forcing by the injected particles in NorESM1-M and HadGEM2-ES is at maximum over
some of the marine subtropical stratocumulus regions previously identified as optimal for marine cloud brightening, the ERFs
in Fig. 4 are not as dominated by these regions as in the study by Partanen et al. (2012) with ECHAM5.5-HAM2. In that study,
the maximum ERF of their sea spray climate engineering exceeded -30 W m in the stratocumulus regions west of Peru and
southern Africa, whereas the mean ERF outside these regions was around -5 W m2. This means that the ERF by the injected
particles in the subtropical stratocumulus regions was more than a factor of six higher than the typical ERF outside these
regions. Such a large difference in ERF between subtropical stratocumulus regions and other regions within the injection area
is not seen here. For NorESM1-M and HadGEM2-ES the sea salt injection also generates a strong ERF over large regions of
the central and western parts of the Pacific Ocean where a low cloud-weighted susceptibility to sea salt injections (Alterskjeer
et al., 2012), and a strong aerosol direct effect from sea spray climate engineering (Jones and Haywood, 2012), have been
identified. The correlation between the strength of the effective radiative forcing and low-level cloud cover (as defined in Fig.
2), when including all grid cells over ocean within the injection area, is weak for these two models (the Pearson correlation
coefficient r is equal to 0.28 and 0.16 for NorESM1-M, and HadGEM2-ES respectively). Thus, over the injection area as a
whole, the presence of low-level clouds gives no clear advantage for obtaining a large ERF from sea spray climate engineering.

Although GISS-E2-R (Fig. 4b) has maxima in ERF in the same subtropical stratocumulus regions as the other two models,
there is less horizontal variability in ERF in GISS-E2-R. An exception is the Intertropical Convergence Zone (ITCZ) where
the ERF is considerably weaker, likely due to the large amounts of high clouds in these regions (not shown). The presence of

middle to high-level clouds is not optimal for sea spray climate engineering as these clouds block out some of the incoming
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solar radiation, and make a negligible contribution to the aerosol indirect effect. A weaker ERF along the ITCZ can be seen to
some extent also over the Pacific in NorESM1-M (Fig. 4a). The more homogeneous ERF field for GISS-E2-R compared to
the two other models is likely due to the smaller amount of low-level clouds in GISS-E2-R compared to the two other ESMs
(Fig. 2). This means that the aerosol direct effect likely contributes more to the total ERF in GISS-E2-R leading to less
horizontal variations in ERF. This hypothesis of a low contribution of the aerosol indirect effect to the ERF in GISS-E2-R is
supported by the absence of correlation between the strength of the ERF and low-level cloud cover (r = -0.10) for this model.

Figure 5 shows the ratio of the total ERF to clear-sky ERF at the TOA for each of the three models. This figure provides
information on whether the clouds that are present increase the ERF by the injected particles compared to clear-sky conditions.
Red-coloured areas indicate an increased ERF when clouds are present, and thereby an effective aerosol indirect effect, whereas
blue-coloured regions indicate an enhanced ERF for clear-sky conditions. The impact of the subtropical stratocumulus clouds
on the ERF by the injected particles, relative to clear-sky conditions, is largest in HadGEM2-ES (Fig. 5¢), with the ratio of
total ERF to clear-sky ERF locally being higher than 4:1 in regions west of California and Mexico, west of southern Africa,
and west of Australia. In NorESM1-M (Fig. 5a), the corresponding enhancement in ERF in these regions due to the presence
of low clouds is considerably smaller, although with a ratio locally above 3:1 in the Atlantic region west of northern Africa.
In GISS-E2-R (Fig. 5b), the maximum values of the total ERF to clear-sky ERF ratio appear in the same subtropical high
pressure regions as in the other models, although much less pronounced due to the smaller amount of low-level clouds in this
model. For GISS-E2-R, there are regions along the ITCZ where the presence of clouds reduces the ERF by the injected particles
(blue-coloured regions), likely due to the high presence of high-level clouds in these regions, as discussed above. Total ERF
to clear-sky ERF ratios lower than one along the ITCZ indicate that the aerosol direct effect of the injected particles in clear-
sky conditions is larger than the total radiative effect of the injected particles when clouds are present, and such ratios appear
locally also in the other two ESMs.

In summary, the presence of low clouds in the subtropical high pressure regions have the effect of increasing the ERF by
the injected particles compared to clear-sky conditions, and this enhancement in ERF due to the aerosol indirect effect is most
pronounced in HadGEM2-ES. However, in most other regions within the area of sea salt injection, the ratio of total ERF to
clear-sky ERF is close to one in all the models, which indicates that the presence of clouds in most regions does not significantly
increase the ERF compared to clear-sky conditions. This finding, together with the relatively small horizontal variability in
ERF compared to Partanen et al. (2012) and weak or non-existent correlations between ERF and low-level cloud cover,
suggest that the aerosol direct effect probably makes a larger contribution to the total ERF in this study compared to the study

by Partanen et al. (2012) where the aerosol direct effect contributed 29% to the total ERF by sea spray climate engineering.

3.2 Coupled simulations

3.2.1 Change in sea salt concentrations, cloud properties, and atmospheric circulation
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The injection rates generating a global-mean effective radiative forcing of -2.0 W m at the TOA in the simulations with fixed
SST were applied in the fully coupled G4sea-salt simulations between 2020 and 2070 in the three ESMs. These sea salt
injections elevate the sea salt mass concentration within the injection area in all the models compared to the RCP4.5 scenario
(Fig. 6). As mentioned in Sect. 3.1, the injection rate in GISS-E2-R was 2-3 times higher than in the two other ESMs, which
explains the larger enhancement in mass concentration in GISS-E2-R compared to the other models. Despite equal sea salt
flux increase in all grid cells within the injection area, there are large spatial variations in the increase in sea salt concentration
in the lowest model layer in all the models. This is due to differences in precipitation, boundary layer depth, and horizontal
and vertical transport across different regions. In NorESM1-M (Fig. 6a), comparatively large increases in sea salt concentration
occur in the subtropical high pressure regions. This is likely a combined effect of low precipitation, thin boundary layer, and
generally little vertical mixing in these regions compared to regions with more convection. Similar patterns can be seen in
GISS-E2-R and in part in HadGEM2-ES. HadGEM2-ES has further peak increases in sea salt concentrations closer to the
equator, which could indicate either more efficient aerosol transport equatorward by trade winds, or less efficient wet removal
inthe ITCZ.

One of the advantages of simulating sea spray climate engineering in ESMs through sea salt aerosol emissions, compared
to just increasing the CDNC, is that the cloud droplet activation process is taken into account. Previous studies have shown
that injection of sea spray particles in some circumstances may actually reduce the CDNC due to increased competition for
water vapour and reduced activation of background aerosol particles (Korhonen et al., 2010; Alterskjer et al., 2012). Alterskjeer
and Kristjansson (2013) showed in a single-model study that while the injection of accumulation mode particles increased the
CDNC, the injections of Aitken or coarse mode particles could have the opposite effect with a reduction in CDNC. As
mentioned in Sect. 2.2, the injected particles in this study are accumulation mode particles with a median dry radius between
0.10 and 0.44 um, thus in the 0.10-0.50 um interval identified as optimal for marine cloud brightening (Latham et al., 2008).
The background CDNC within the injection area at an altitude of ~1000 m averaged over 2035-2065 for RCP4.5 varies for
NorESM1-M from 10-20 cm in the remote areas of Pacific and reaches a maximum of ~100 cm south of Mexico, west of
Northern Africa, south-east of China, and over the northern parts of the Indian Ocean. HadGEM2-ES has its maxima in CDNC
at similar locations within the injection area. However, HadGEM2-ES has somewhat higher concentrations with a typical
CDNC of 20-40 cm™ in the remote Pacific Ocean and CDNC reaching 250 cm™ at coastal locations closer to continental
sources. GISS-E2-R has higher background CDNC than the other models, with concentrations of 50-100 cm™ in the remote
Pacific Ocean and concentrations higher than 1000 cm in some coastal regions influenced by continental sources. Whereas
NorESM1-M and HadGEM2-ES simulate CDNC close to estimates using MODIS (Moderate Resolution Imaging
Spectroradiometer) data for cloud-top CDNC (e.g. Wood, 2012), GISS-E2-R predicts higher background CDNC than
estimated from MODIS.

As shown in Fig. 7, the sea salt injection enhances the CDNC in lower layers within the whole injection area in all three
ESMs. The mean percentage increase in CDNC within the injection area averaged for the period 2035-2065 (only grid cells
over ocean included) is 153% in NorESM1-M, 42% in GISS-E2-R, and 89% in HadGEMZ2-ES (Table 1). The largest
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enhancements in CDNC generally occur in regions where the background CDNC is low. The smaller percentage increase in
CDNC in GISS-E2-R compared to the other two models is likely due to the higher background CDNC in GISS-E2-R. Over
the Arctic region, there is a relatively large reduction in CDNC in NorESM1-M (Fig. 7a) and HadGEM2-ES (Fig. 7c).
However, the CDNC in the Arctic region is as low as ~1 cm?, which implies that a very small absolute change in concentration
can result in a large relative change in CDNC. The mechanism for the reduction of CDNC in the Arctic is likely related to the
cooling induced by the sea-salt: the cooling increases the sea-ice cover in the Arctic and therefore reduces the source of natural
sea salt and Dimethyl sulphide (DMS), both of which cause a reduction in CDNC. The cooling also reduces the liquid water
in the clouds, which may also contribute to the reduction in CDNC, as this variable represents the number concentration of
cloud liquid water particles in the air.

As expected, the cloud-top effective droplet radius, re, is reduced due to the sea salt injection over the whole injection
area (Figs. 8a and c). The mean reductions in re within the injection area are -8.6% for NorESM1-M and -6.4% for HadGEM2-
ES (re could not be diagnosed in GISS-E2-R) (Table 1). Although the change in cloud water path (vertically-integrated cloud
water content including both liquid water and ice) due to the sea spray climate engineering is more than 15% locally in all
three ESMs (shown as multi-model mean in Fig. 9b), the mean changes globally and over the injection area are less than 2%
in all three models (Table 1). Interestingly, there is no correlation between the change in CDNC and the change in cloud water
path within the injection area for mean values of these variables over years 2035-2065. The Pearson correlation coefficient r
for this relation is 0.09 for NorESM1-M, -0.24 for GISS-E2-R, and -0.09 for HadGEM2-ES. The lack of such a correlation
and the fact that the mean change in cloud water path within the injection area is small, and even negative in two of the models
(Table 1), indicate that the second aerosol indirect effect is weak (Malavelle et al., 2017). Local changes in cloud water path
within the injection area appear instead to be linked to changes in the atmospheric circulation. This is seen in the correlation
between the change in cloud water path and the change in omega-vertical velocity (Fig. 9a; r = -0.70 for NorESM1-M, r = -
0.59 for GISS-E2-R, and r = -0.63 for HadGEM2-ES). The negative r-coefficients here indicate an increasing cloud water path
under increasing upward motion in the atmosphere.

The cloud optical depth (7) can be estimated from the cloud liquid water path (LWP) and the cloud droplet effective radius
at cloud-top (re) through the following relation (Stephens, 1978):

. 3Lwp

T= (1)

2 Te

LWP have the units of g m2 and re is in um. Note that Table 1 gives the change in cloud water path including ice whereas LWP
in Eq. 1 only refers to liquid water. As the estimate of z using Eq. 1 requires the variable re, 7 could only be estimated for
NorESM1-M (Fig. 8b) and HadGEM2-ES (Fig. 8d). As seen in Fig. 8, the sea salt injection results in an increase in z in most
regions within the injection area in both ESMs. The mean increase in r over the injection area is 10% for NorESM1-M and 6%

for HadGEM2-ES (Table 1). However, locally z increases by more than 20% in both models. An anti-correlation between the
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relative change in z and the corresponding change in r. exists, although moderate to weak, in the two models (Figs 10a-b). A
negative correlation coefficient is expected due to the Twomey effect. The correlation between the relative changes in z and
CDNC is even weaker (Fig. 10c-d). By far the strongest correlation is the one between the relative changes in z and LWP (Fig.
10e-f). Thus, despite the increase in CDNC due to the sea salt injection, it seems that local changes in z are controlled largely
by changes in LWP, which in turn are caused mainly by changes in the atmospheric circulation.

Figure 9 shows the multi-model mean changes in omega-vertical velocity (2), cloud water path (b), and precipitation (c).
In large regions over the Eastern Pacific Ocean, reduced ascent (or increased subsidence) (Fig. 9a) is accompanied by
reductions in cloud water path (Fig. 9b) and precipitation (Fig. 9¢c). Enhanced ascent over e.g. Africa, northern South America,
and in the South Pacific Convergenze Zone, on the other hand, coincide with increased cloud water path and precipitation.
These patterns of enhanced cloud water, precipitation, and atmospheric upward motion over low-latitude continents combined
with reduced cloud water, precipitation, and ascent over some low-latitude ocean regions have been reported previously by
Bala et al. (2011), Alterskjeer et al. (2013), Niemeier et al. (2013), Crook et al. (2015), and Stjern et al. (2017). This is a result
of reduced absorption of solar radiation over ocean where sea salt concentrations are elevated while continental regions are
left less affected, increasing the land — sea gradient over the tropics. This induces enhanced convection over land and thereby
increased cloud formation and precipitation, and reduced cloud formation over ocean due to reduced upward motion or
increased subsidence. Furthermore, the increase in upward motion and cloud water content north-east of Australia, and the
reduction in these variables over the Eastern Pacific Ocean west of South America, indicate a strengthening of the Pacific
Walker cell and South Pacific Convergence Zone.

In summary, the aerosol indirect effect of the injected sea salt particles can be seen in the mean increase in CDNC, mean
decrease in cloud-top effective droplet radius, and mean increase in cloud optical depth over the injection area. However, in
these fully coupled simulations the aerosol direct and indirect effects of the injected sea salt particles also cause changes in the
atmospheric circulation that generate a redistribution of cloud water, with increasing cloud water and precipitation in regions
of enhanced atmospheric ascent and decreasing cloud water and precipitation in regions of decreased atmospheric upward
motion. Within the injection area, the local response in cloud optical depth is controlled to a larger extent by these changes in
cloud water, than by changes in CDNC or r.. This means that it is not necessarily the regions that are exposed to the largest

aerosol indirect effect of the injected particles that are exposed to the largest enhancement in cloud albedo.

3.2.2 Change in net SW radiation at the TOA

The global-mean difference in net SW radiation at the TOA (Fig. 11a) between G4sea-salt and RCP4.5 is rather constant at -
2.0 W m2 throughout the 50 years of sea spray climate engineering in NorESM1-M and GISS-E2-R, hence similar in
magnitude to the global-mean ERF by the sea salt injection. Thus, in these two ESMs a constant sea salt injection in time
increases the planetary albedo with a factor that is roughly constant in time, despite slow feedbacks being included in these
fully coupled simulations. In HadGEM2-ES, the difference in net SW radiation at the TOA between G4sea-salt and RCP4.5
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is increasing somewhat during the 50 years of sea spray climate engineering, which means that a constant sea salt injection
rate in HadGEM2-ES generates a slowly increasing planetary albedo. Positive cloud feedback should be contributing to this
in HadGEMZ2-ES, which will act to increase the radiative effect of climate engineering over time, in contrast to the negative
cloud feedback in NorESM1-M (Andrews et al., 2012). However, there is some indication of an increasing difference in net
SW radiation between G4sea-salt and RCP4.5 over time in HadGEMZ2-ES also for the clear-sky fluxes (Fig. 11b), indicating
a contribution from the sea ice albedo feedback. The reduction in net SW radiation at the TOA over the Arctic region, caused
by the sea spray climate engineering, is larger in HadGEM2-ES (Fig. 12c) than in the two other ESMs (Fig.12a-b), which
indicates that the sea ice albedo feedback is strongest in HadGEM2-ES. HadGEM2-ES also has a larger reduction in surface
temperature than the other two models for the Arctic region (not shown). However, reductions in global-mean surface
temperature are very similar in the three models (Table 1).

Whereas the global mean changes in net SW radiation at the TOA shown in Figs. 11a-b are to some extent influenced by
changes in surface albedo, the corresponding changes over the injection area over ocean between 30°N and 30°S are only due
to atmospheric changes (Figs. 11c-d). As expected, the reductions in net SW radiation are on average larger between 30°N and
30°S, where the sea salt injection occurs, than globally. The total change in net SW radiation over the injection area (Fig. 11c)
is rather constant with time in NorESM1-M and GISS-E2-R, similar to the global mean curves in Fig. 11a, but slowly
increasing with time in HadGEM2-ES. The change in clear-sky net SW radiation over the injection area (Fig. 11d) is rather
constant with time in all three ESMs. Similar to the ERF in Fig. 3, the change in clear-sky net SW radiation over the injection
area is almost equal to the total change in net SW radiation in the three ESMs, again indicating a large potential of the aerosol
direct effect in regions of low cloudiness. In GISS-E2-R and NorESM1-M, the change in net SW radiation is even larger in

clear-sky conditions than in total.

4 Conclusions

In this study, we have analysed the GeoMIP G4sea-salt experiment using three different ESMs: NorESM1-M, GISS-E2-R,
and HadGEM2-ES. Sea spray climate engineering is applied on top of the RCP4.5 scenario between years 2020 to 2070, with
sea salt injection rates set to generate a global-mean ERF of -2.0 W m™.,

Although sea spray climate engineering is often referred to as marine cloud brightening, we find that the global-mean
clear-sky ERF is as large as the total ERF in all three ESMs, indicating the large potential of the aerosol direct effect in regions
of low cloudiness. The largest regional enhancement in ERF due to the presence of clouds, compared to the ERF in clear-sky
conditions, occur as expected in the subtropical stratocumulus regions off the west coasts of the American and African
continents. However, in most regions outside these subtropical regions, the clear-sky ERF is as large as the total ERF.
Furthermore, the correlation between low-level cloud cover and the strength of the ERF by the injected particles within the
injection area is weak or non-existent in the models. These factors together indicate that with the exception of the subtropical

stratocumulus regions, sea spray climate engineering is as efficient in clear-sky conditions as in cloudy-sky conditions.
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The aerosol indirect effect of the injected particles is seen in the increase in CDNC, reduction in re, and increase in cloud
optical depth over the injection area. However, sea spray climate engineering also causes changes in the atmospheric
circulation, which results in a redistribution of cloud water. We find that the local response of the cloud optical depth depends
to a larger extent on changes in the LWP than on changes in CDNC or in re.

These results show that many important secondary effects on clouds are neglected if sea spray climate engineering is
investigated by the simplified method of increasing the number of cloud droplets, as has been done previously in a number of
studies (Latham et al., 2008; Jones at al., 2009; Rasch et al., 2009), or when considering injection in a limited area (Jones and
Haywood, 2012). The results here may also have implications for which regions may be most effective in generating a cooling

from sea spray injection, as the aerosol direct effect likely plays a more important role than previously thought.
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Table 1: Mean percentage changes in CDNC, Cloud-Top Effective Radius, Cloud Water Path, Cloud Cover, Cloud Optical Depth,
Precipitation, and Surface Air Temperature (°C) due to sea spray climate engineering. The changes represent the percentage difference
between Gé4sea-Salt (with climate engineering) and RCP4.5 (without climate engineering) averaged over the period 2035-2065 for the
injection area and globally. The change in CDNC represents the change in cloud droplet number concentration within the model layer below
700 hPa with maximum concentration. Cloud-Top Effective Radius and Cloud Optical Depth could only be diagnosed for NorESM1-M and
HadGEMZ2-ES. Cloud Optical Depth has been estimated using Eq. 1 (Stephens, 1978).

NorESM1-M GISS-E2-R HadGEMZ2-ES

Injection Global Injection Global Injection Global

area mean | mean areamean | mean areamean | mean
CDNC (%) 153 65 28 15 89 36
Cloud-Top Effective Radius (%) | -8.6 -5.5 - - -6.4 -3.8
Cloud Water Path (%) 0.53 -0.11 -1.3 -1.9 -1.3 -1.4
Cloud Cover (%) -2.8 -2.0 0.05 0.11 -0.11 -0.24
Cloud Optical Depth (%) 10 5.9 - - 5.7 2.1
Precipitation (%) -3.7 -2.7 -1.2 -1.1 -2.6 -2.0
Surface Temperature (°C) -0.68 -0.54 -0.83 -0.62 -0.76 -0.62
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Figure 1. Size distributions for total sea salt injections (30°N and 30°S) of a) particle number Iy, b) particle surface area Is,

and c) particle mass Iy for NorESM1-M (blue), GISS-E2-R (red), and HadGEM2-ES (green).
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Figure 2. Cloud fraction for low clouds averaged over 2020-2030 within the RCP4.5 scenario for a) NorESM1-M, b) GISS-
E2-R, and ¢) HadGEM2-ES. Cloud fractions have been estimated by assuming the random overlapping assumption for layers
5 below 850 hPa (a and c) and below 600 hPa (b).
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Figure 3. Global-mean TOA effective radiative forcing of the injected particles in total (a) and in clear-sky conditions (b).

The ERF for each model was determined from 10-year simulations with fixed SST with and without sea salt injection.
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Figure 5. The ratio of the total ERF to the clear-sky ERF at the TOA averaged over the 10 years of simulation with fixed SST
for a) NorESM1-M, b) GISS-E2-R, and ¢) HadGEM2-ES.
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Figure 6. Mean difference in sea salt mass concentration in the lowest model layer between G4sea-Salt and RCP4.5 averaged
over 2035 and 2065, for a) NorESM1-M, b) GISS-E2-R, and ¢) HadGEM2-ES.
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Figure 7. Mean relative change in CDNC due to sea salt injection for NorESM1-M (a), GISS-E2-R (b), and HadGEM2-ES
(c). CDNC represents the cloud droplet number concentration within the model layer below 700 hPa with maximum
concentration, and the maps represent averages over 2035-2065.
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Figure 8. Mean relative change between G4sea-Salt and RCP4.5 in Cloud-Top Effective Radius for NorESM1-M (a) and
HadGEM2-ES (c), and in Cloud Optical Depth for NorESM1-M (b) and HadGEM2-ES (d). The maps represent average
change due to sea spray climate engineering over the period 2035-2065. Hatching denotes areas where changes are not
significant at the 95% confidence level (Student t-test with respect to variance of annual mean values).
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Figure 9. The multi-model mean difference between the G4sea-Salt experiment and RCP4.5 averaged over years 2035-2065.
The multi-model mean difference refers to the mean of all three models, NorESM1-M, GISS-E2, and HadGEM2-ES. Hatching
denotes areas where the models disagree on the sign of the change. Change in a) Omega-vertical velocity at 500 hPa (positive
values corresponds to reduced upward motion) (centi-Pa s'), b) Cloud Water Path (vertically-integrated cloud water content)

(%), and c) Precipitation rate (%).
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Figure 10. Relations between the relative change in cloud optical depth () due to sea salt injection against the corresponding
changes in r. for a) NorESM1-M and b) HadGEM2-ES; CDNC for ¢) NorESM1-M and d) HadGEM2-ES; and LWP for e)
NorESM1-M and f) HadGEM2-ES. The relations represent averages over the period 2035-2065 within the injection area.

50
40
30
20

10

50

40

30 -

20

50

40

30

NorESM1-M

Change in LWP (%)

a
20 -15  -10 -5 0
Changein r, (%)
E
0 100 200 300 400
Change in CDNC (%)
|
e)
] r=0.84
T T T T
20 -10 0 10 20

Change in T (%) Change in 1 (%)

Change in t (%)

50
40
30
20

10

50

40

HadGEM2-ES
b)
-20 -15 -10 -5 0 5
Change in r, (%)
d)

100
Change in CDNC (%)

200 300

f)

r=0.87

T T T
-10 0 10
Change in LWP (%)

20

Pearson’s correlation coefficient (r) is given for each relation.

41



10

Global mean Clear-sky global mean
2.0 - : :

E E b)
2 2 10 -
c oy
B e
kS, w 0.0
8 8
= = -1.0
»n n
' w -2.0
e c
< £
'é é -3.0

_ _ NorESM1-M _ |
g 40 GISS-E2-R g 40
£ 5.0 Had‘GEM2fES £ 50

Injection area mean Clear-sky injection area mean
< 4.0 ‘ - T 4.0 ! ‘
£ £
= s 9
c 2.0 c 20 -
B 9
8 8
‘E‘ 0.0 7 ‘S 0.0
& -2.0 2 20
E 2
c 4.0 c 4.0
3 3
£ 6.0 - £ -6.0
S kS
5 -8.0 T ‘ 5 -8.0 ‘ T
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

Figure 11. Difference in net SW radiation at the TOA between G4sea-Salt and RCP4.5 a) global mean, b) clear-sky global
mean, c) injection area mean, and d) clear-sky injection area mean. The colors denote NorESM1-M (blue), GISS-E2-R (red),
and HadGEM2-ES (black). Only grid cells over ocean have been included in the mean values representative of the injection
area.
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Figure 12. Mean change in net SW radiation [W m] at the TOA between G4sea-Salt and RCP4.5 for the period 2035-2065
for a) NorESM1-M, b) GISS-E2-R, and ¢) HadGEM2-ES. Hatching denotes areas where changes are not significant at the
95% confidence level (Student t-test with respect to variance of annual mean values).
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