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Abstract. The difficulties in using conventional mitigation techniques to maintain global mean temperatures well below 2 °C 

compared with preindustrial levels have been well documented, leading to so-called ‘climate intervention’ or ‘geoengineering’ 

research whereby the planetary albedo is increased to counterbalance global warming and ameliorate some impacts of climate 10 

change. In the scientific literature, the most prominent climate intervention proposal is that of stratospheric aerosol injection 

(SAI), although proposals for marine cloud brightening (MCB) have also received considerable attention. In this study, we 

design a new MCB experiment (G6MCB) for the UKESM1 Earth system model which follows the same baseline and cooling 

scenarios as the well-documented G6sulfur SAI scenario developed by the Geoengineering Model Intercomparison Project 

(GeoMIP) and compare the results from G6MCB with those from G6sulfur. The deployment strategy used in G6MCB injects 15 

sea-salt aerosol into four cloudy areas of the eastern Pacific. Despite MCB being intended as a technique to modify clouds, 

much of the radiative effect in G6MCB is found to derive from the direct interaction of the injected sea-salt aerosols with solar 

radiation. The results show that while G6MCB can achieve its target in terms of reducing high-end global warming to moderate 

levels, there are several side-effects. Some are common to SAI, including overcooling of the tropics, and residual warming of 

mid-and high latitudes. Others side effects specific to common choices of MCB regions include changes in monsoon 20 

precipitation, year-round increases in precipitation over Australia and the maritime continent and increased sea-level rise 

around western Australia and the maritime continent; these results are all consistent with a permanent and very strong La Niña-

like response being induced in G6MCB. It should be stressed that the results are extremely dependent upon the strategy chosen 

for MCB deployment. As demonstrated by the development of SAI strategies which can achieve multiple temperature targets 

and ameliorate some of the residual impacts of climate change, much further work is required in multiple models to obtain a 25 

robust understanding of the practical scope, limitations, perils and pitfalls of any proposed MCB deployment.              

1 Introduction 

The difficulties in ameliorating global warming and the associated climate change via conventional mitigation are well 

documented (e.g., Rogelj et al., 2016; Millar et al., 2017; Tollefson, 2018; IPCC, 2018). Such difficulties have led to growing 

interest in so-called ‘climate intervention’ (also known as geoengineering) which includes proposals to deliberately brighten 30 
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the planet, thereby acting to offset some of the global warming due to increased concentrations of greenhouse gases (e.g., 

Royal Society, 2009; Lawrence et al., 2018; Haywood and Tilmes, 2022; UNEP, 2023). Such methods for increasing the 

planetary albedo are generally referred to as ‘solar radiation management’ (SRM). In the scientific literature, the most 

prominent SRM method is via stratospheric aerosol injection (SAI; e.g., Kravitz et al., 2011, 2013a, 2021; Visioni et al., 2021, 

2023a), although marine cloud brightening (MCB) has also received considerable attention (e.g., Rasch et al., 2008, Jones et 35 

al., 2009, 2011; Alterskjær et al., 2012, 2013; Mahfouz et al., 2023). 

 

   Early studies of the potential impacts of MCB (e.g., Rasch et al., 2008; Jones et al., 2009) simply increased the reflectance 

of low-lying marine stratocumulus clouds by setting cloud droplet number concentration (CDNC) to an asymptotic maximum 

that was informed by aircraft observations (e.g., Martin et al., 1994; Jones et al., 2001). These early studies were subsequently 40 

improved upon by more explicit modelling through the injection of sea-salt aerosol (Jones et al., 2012; Partanen et al., 2012). 

However, when comparing the results from these earlier studies, difficulties became apparent in distinguishing the climatic 

response in each model from the differences due to the climate intervention scenario or strategy used. Here we use ‘scenario’ 

to refer to the amount of cooling the climate intervention is intended to produce and its evolution over time, and ‘strategy’ for 

the details of the climate intervention deployment chosen to achieve the specified cooling. These difficulties contributed to the 45 

formation of the Geoengineering Model Intercomparison Project (GeoMIP; e.g., Kravitz et al., 2011, 2013a, 2015; Visioni et 

al., 2021, 2023b), where the primary objective was to provide standardised scenarios and strategies that could be performed 

by a number of models to provide a multi-model analysis of the impacts of climate intervention proposals. 

 

   A number of studies relevant to both SAI and MCB have since been performed under the aegis of GeoMIP. The scenario 50 

most commonly used for recent GeoMIP studies of the climate impacts of SAI (experiment G6sulfur; Kravitz et al., 2015) is 

to reduce global mean temperature from that in a high global warming scenario to that of a more moderate one (see section 2.2 

for more details). Impacts on surface climate variables (Visioni et al., 2021), stratospheric dynamics such as the North Atlantic 

Oscillation and Quasi-Biennial Oscillation (Jones et al., 2022), stratospheric ozone (Tilmes et al., 2022), vegetation (Xia et al., 

2021) and permafrost (Liu et al., 2023) have all been assessed. The earliest GeoMIP study relevant to MCB was the G3-SSCE 55 

experiment (Alterskjaer et al., 2013) where the top-of-atmosphere radiative forcing was maintained at 2020 levels in a scenario 

with rising greenhouse-gas concentrations. The three participating models treated sea-salt with different degrees of complexity 

ranging from fully prognostic sea-salt and CDNC, through using a climatology of sea-salt concentrations and diagnostic 

CDNC, to prescribed sea-salt and CDNC. Subsequently, a simpler GeoMIP experiment was defined (G4cdnc; Kravitz et al., 

2013b) where a 50% increase in the CDNC of low marine clouds was imposed over the oceans on a global basis; the simplicity 60 

of this experimental design meant that nine climate models were able to participate (Stjern et al., 2018). A more complex 

GeoMIP experiment called G4sea-salt (Kravitz et al., 2013b) was performed by three models that could all explicitly represent 

sea-salt injection into the marine boundary layer at latitudes between 30°S-30°N; this experiment highlighted that the aerosol 

direct effect could contribute a significant fraction of the modelled cooling (Ahlm et al., 2017). 
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   A previous comparison of results from MCB with those from SAI (Jones et al., 2011) had a number of shortcomings. The 

SAI and MCB scenarios were not consistent resulting in global mean radiative forcing and temperature changes being different. 

The SAI simulations injected sulfur dioxide globally rather than at a specific location as the version of the model used in the 

study (HadGEM2; Collins et al., 2011) did not have sufficient vertical resolution or a high enough model top to allow for 

accurate simulation of stratospheric dynamics. Also, MCB in Jones et al. (2011) was simulated quite crudely by simply 70 

increasing CDNC in specified regions. Subsequent improvements to the treatment of MCB (Jones and Haywood, 2012) 

included explicit representation of injected sea-salt aerosol but the injected aerosol size distribution was assumed to be the 

same as that of naturally occurring sea-salt. Furthermore, all aerosols in HadGEM2 were treated as external mixtures. 

 

   In this study we present a new experiment (G6MCB) using a more up-to-date model, UKESM1. We use this experiment to 75 

examine the potential effects of MCB and compare them with those of SAI as simulated in the same model’s GeoMIP G6sulfur 

experiment. Section 2 provides further details of UKESM1 and of the G6sulfur and G6MCB experiments. Section 3 first 

presents results from preliminary tests of the MCB configuration, then assesses the impact of both SAI and MCB on standard 

meteorological variables such as temperature, precipitation, sea-ice, and sea-level rise. A discussion and conclusions are 

presented in section 4.    80 

2 Model description and experimental design 

2.1 UKESM1 

UKESM1 (Sellar et al., 2019) is an Earth-system model developed jointly by the UK’s Met Office and UK Universities funded 

under the Natural Environment Research Council and was used extensively to deliver simulations for the Coupled Model 

Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016). It includes an 85-level atmosphere model (Walters et al., 2019) 85 

extending to approximately 85 km altitude at a resolution of 1.25° latitude by 1.875° longitude, coupled to a 1° ocean model 

of 75 levels (Storkey et al., 2018). Also included are components to simulate sea ice (Ridley et al., 2018), ocean 

biogeochemistry (Yool et al., 2013), the land surface and vegetation (Best et al., 2011) and tropospheric and stratospheric 

chemistry (Archibald et al., 2020). Aerosols are represented as internal mixtures in five different log-normal modes using the 

GLOMAP-mode scheme (Mann et al., 2010). The activation of aerosols to form cloud droplets is described by West et al. 90 

(2014) and Mulcahy et al. (2018) and is based on the approach of Abdul-Razzak and Ghan (2000). 

 

2.2 G6sulfur 

The comparison between MCB and SAI was conducted using the ‘G6’ framework established by Phase 6 of GeoMIP (Kravitz 

et al., 2015). This framework uses future scenarios developed for ScenarioMIP (O’Neill et al., 2016) and involves reducing 95 
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the global mean temperature in an experiment which follows a high-emissions scenario (SSP5-8.5, experiment ssp585) to the 

levels in a medium-emissions scenario (SSP2-4.5, experiment ssp245) by including some form of SRM. For the G6sulfur 

experiment this involves injecting SO2 at 18-20 km along the Greenwich meridian between 10° N and 10° S. The injection 

rate was modified so that, for each decade between 2021 and 2100, the decadal mean temperature in G6sulfur was within ±0.2 

°C of that in ssp245. The appropriate injection rate for each decade was determined by trial and error. Three-member ensembles 100 

were used for each experiment: the three members of G6sulfur were based on three members of the ssp585 ensemble, 

themselves extensions of members of UKESM1’s CMIP6 ‘historical’ ensemble which in turn were initialised from different 

points in the pre-industrial control. Results from UKESM1’s G6sulfur experiment have been documented in previous studies, 

e.g., Jones et al. (2021) and Visioni et al. (2021).  

 105 

2.3 G6MCB 

Sea-salt injection was implemented by modifying the primary sea-salt emissions scheme in GLOMAP-mode which uses the 

Gong-Monahan approach (Gong, 2003). This is a 20-bin sectional scheme: after emission, bins 1-12 (mid-bin dry radii 1.6 nm 

to 0.21 µm) are mapped to GLOMAP-mode’s accumulation mode, while bins 13-20 (mid-bin dry radii 0.32 to 7.0 µm) are 

mapped to the coarse mode. We modified emissions from a single size bin of this scheme to simulate sea-salt injection as a 110 

monodisperse spray following Salter et al. (2008) and Wood (2021); the choice of bin is described in Section 3.1 below. The  

extra sea-salt is injected into the lowest model layer (layer centre at 20 m above the surface). 

 

   Sea-salt for climate intervention was emitted concurrently and at the same rate in four ocean regions designated NP (north 

Pacific: 30°-50° N, 170°-240° E), NEP (north-east Pacific: 0°-30° N, 210°-250° E), SEP (south-east Pacific: 0°-30° S, 250°-115 

290° E) and SP (south Pacific: 30°-50° S, 190°-270° E) as shown in Fig. 1. Within the latitude-longitude ranges indicated, 

only those model grid-cells which were 100% ocean were used for sea-salt injection. These regions were selected as they 

contain large areas of low-level marine cloud and are symmetrically distributed in latitude about the equator to try to avoid the 

detrimental effects on tropical precipitation seen previously for hemispherically-asymmetric SAI  (Haywood et al., 2013). 

Such detrimental results have been found to be applicable to any hemispherically asymmetric forcing mechanism that induces 120 

a significant temperature gradient across the equator (e.g. Frierson et al., 2013; Haywood et al., 2016). Previous studies using 

the HadGEM2 model (Jones et al., 2009; Jones and Haywood, 2012) indicated that applying MCB to clouds in the south-east 

Atlantic stratocumulus region could cause significant reductions in precipitation and net primary productivity over the Norde-

este and Amazon regions of Brazil owing to changes in the Walker circulation. Robust correlations have been identified 

between highly reflectant clouds over the south-east Atlantic, the associated localised SST reduction, and rainfall over the 125 

Norde-este region of Brazil (Hastenrath, 1990; Utide et al., 2019) and also appear to operate in UKESM1 so this region was 

not included in the injection strategy presented here. 
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   Using this approach to implementing sea-salt injection, a new experiment was set up following the GeoMIP G6 protocol; 

this experiment was designated G6MCB (note that this is not an official GeoMIP-endorsed experiment). G6MCB is also a 3-130 

member ensemble based on the same ssp585 ensemble members as G6sulfur. As in the G6sulfur simulations, the goal of 

G6MCB was to reduce the global mean temperature from that of ssp585 to that of ssp245 to within ±0.2 °C for each decade 

from 2021-2100, and as with G6sulfur the sea-salt injection rates for each decade were determined by trial and error. 

3 Results 

3.1 Selecting the optimal size bin for sea-salt injection 135 

Before commencing G6MCB, preliminary simulations were performed with UKESM1 to determine the optimum size bin for 

sea-salt injection by injecting sea-salt separately into each of bins 7-12 of the sea-salt emissions scheme (see Table 1 for the 

sizes of each bin). Sea-salt was injected with emission rates of 20, 50, 100, and 200 Tg yr-1 into all four of the oceanic regions 

shown in Fig. 1. Simulations were performed for 15 years and the impact on CDNC, cloud fraction, top-of-atmosphere (ToA) 

net radiation and global mean temperature were assessed using data from the last 10 years of the simulations and are shown in 140 

Fig. 2. It is obvious that the injection of significant amounts of sea-salt into bin 7 (mid-bin radius 23 nm) is very ineffective. 

The change in cloud-top CDNC is small across the range of injection rates and, along with cloud fraction, actually decreases 

with increasing injection rate, thereby acting counter to the objectives of MCB. These results are not dissimilar to those found 

for over-seeding by Alterskjær et al. (2012) and Alterskjær and Kristjánsson (2013). This reduction in cloud fraction translates 

to the weakest perturbation to global ToA radiative fluxes and the least global mean cooling of all the bins investigated. As 145 

the size of the injected aerosols increases through to bin 10, progressively more change in CDNC, cloud fraction, ToA flux 

perturbation and global mean temperature is obtained, particularly at high injection rates, before smaller changes are seen for 

injections into bins 11 and 12. It therefore appears that, for UKESM1’s cloud droplet activation scheme, the optimal size for 

aerosol injection to maximise the cooling from MCB is when the sea-salt dry radius is around 85 nm. We therefore chose 

injection into bin 10 for G6MCB. 150 

 

3.2 G6MCB compared with G6sulfur 

Many of the results presented below, whether climate intervention is included or not, are compared with a nominal ‘present-

day’ (PD); this is taken as the mean over 2015-2034 from the ssp245 experiment. Unless otherwise stated, all results are 

ensemble means. Figure 3(a) shows the decadal mean injection rates of climate intervention SO2 and sea-salt (as dry aerosol) 155 

in G6sulfur and G6MCB, respectively. By the final decade the annual injection rate of SO2 in G6sulfur (21.1 Tg yr-1) is broadly 

similar to estimates of the SO2 injected by the 1991 eruption of Mt. Pinatubo (Guo et al., 2004; Dhomse et al., 2020) although 

of course the injection in G6sulfur is continuous rather than a pulse injection. By the same time, the sea-salt injection rate in 

G6MCB (413 Tg yr-1) is a little under 10% of estimates the observed natural global sea-salt emission rate, although the latter 
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has a large degree of uncertainty (Lewis and Schwartz, 2004), and much of the mass of natural sea-salt emissions is in larger 160 

particles sizes not influenced by climate intervention. Figure 3(b) shows the relationships between injection rate and the 

resulting decadal-mean cooling for both experiments; the data for G6sulfur are replotted with an expanded abscissa in Fig. 

3(c). The two CI strategies require quite different emissions to achieve a similar cooling because of differences in: 1) particle 

size, 2) aerosol lifetime near the surface or in the stratosphere, and 3) cloud effects. Of course, practical considerations for 

deployment must also be considered (i.e. the cost of deployment of SAI and MCB), but this is beyond the scope of this work. 165 

The relationship is approximately linear for SO2 in G6sulfur but clearly non-linear for sea-salt in G6MCB. The temperature-

change efficiency of stratospheric SO2 injection in G6sulfur is approximately constant at -126 mK / Tg [SO2] yr-1 whereas for 

sea-salt injection in G6MCB the efficiency falls by over a factor of three from -19.4 to -6.5 mK / Tg [sea-salt] yr-1 as the 

injection rate increases over the course of the experiment (Table 2). The linearity of temperature response in G6sulfur found 

here may appear to run counter to the findings of Niemeier and Timmreck (2015) who found a non-linear response of radiative 170 

forcing with increasing SO2 injection rates. However, they were assessing a far wider range of injection rates (0-100 Tg[SO2] 

yr-1) than those used in G6sulfur and the response in Niemeier and Timmreck is more linear when considered only over the 

more limited range of 0-20 Tg[SO2] yr-1 of G6sulfur. 

 

     Figure 4 shows an estimate of the comparative contributions to changes in ToA net shortwave (SW) radiation from cloudy 175 

and clear-sky effects in each decade of G6MCB compared with the corresponding decade in ssp245. The comparison is 

presented with respect to ssp245 because G6MCB and ssp245 have, by design, the same global-mean near-surface temperature 

through the 21st century; the comparison is restricted to the SW as the two experiments have very different greenhouse-gas 

levels. The cloudy-sky effect is estimated as the difference in SW cloud radiative effect (CRESW) between G6MCB and ssp245, 

with CRESW defined as the difference between all-sky and clear-sky ToA SW fluxes: 180 

 

CRESW = NSW – NSW_CS                                                                                                                                                          (1)  

 

Here NSW is the net ToA all-sky SW flux and NSW_CS the same but for clear sky, and follows the convention that a negative 

CRESW corresponds to a net loss of energy from the Earth-atmosphere system and hence a cooling effect on climate. The clear-185 

sky effect is estimated from the difference in NSW_CS between G6MCB and ssp245. By the final decade of the century, Fig. 4 

shows that the sum of these estimates of cloudy and clear sky radiative effects is approximately -4 W m-2. This is the same as 

the difference between the nominal forcings at 2100 of SSP5-8.5 (8.5 W m-2) and SSP2-4.5 (4.5 W m-2), suggesting that our 

method for diagnosing the components is adequate. The clear-sky effect dominates after ~2070 and is responsible for the large 

forcings generated by sea-salt injection towards the end of the century when the amount of cooling required to match ssp245’s 190 

temperature is greatest. Although envisioned as a mechanism for cloud modification, the substantial impact of MCB on the 

clear sky (sometimes called ‘marine sky brightening’, MSB) has been found in previous studies of MCB (Jones and Haywood, 

2012; Partanen et al., 2012; Muri et al., 2015; Ahlm et al., 2017). 
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     Figure 5 shows the distribution of the cloudy- and clear-sky effects during the decades when they are at their maxima. For 195 

the cloudy-sky effect, this is 2061-2070 and Fig. 5(a) shows that the areas of greatest impact of clouds on net ToA SW 

correspond fairly closely with the injection regions (Fig. 1) with maxima over the sub-tropical stratocumulus regions. Even 

during its period of maximum impact on clouds, the change of ToA SW in G6MCB (-0.80 W m-2) is only 0.13 W m-2 stronger 

than the clear-sky effect during this same period (-0.67 W m-2; Fig. 5c). The decade of maximum clear-sky effect on ToA SW 

is 2091-2100 (Fig. 5d): the global-mean impact is -4.44 W m-2 with regional values in the NEP and SEP injection areas in 200 

excess of -40 W m-2. This large clear-sky effect also has to offset the fact that by 2091-2100 the global-mean cloudy-sky effect 

is now positive at +0.32 W m-2 (Fig. 5c). The areas where sea-salt is injected are still areas of negative CRESW changes, but 

dynamical feedbacks due to the large amounts of sea-salt being injected result in reductions in cloud cover and consequently 

positive CRESW impacts in other areas. Such a warming response of clouds in simulations of MCB has also been found in 

earlier studies using the same cloud droplet activation scheme as UKESM1 (e.g., Alterskjær and Kristjánsson, 2013) and also 205 

in more recent studies (Mahfouz et al., 2023) that use different parameterisations (Ming et al., 2006). 

 

     Although operating at different levels of the atmosphere, G6sulfur and G6MCB both affect the climate by increasing aerosol 

concentrations and therefore affect aerosol optical depth (AOD). Figure 6 shows the perturbations to AOD for 2081-2100 in 

G6sulfur and G6MCB compared with PD: Figs. 6(a) and 6(b) show the absolute differences compared with PD while Figs. 210 

6(c) and 6(d) show the ratio to PD. In global-mean terms the perturbation is largest for G6sulfur where AOD is more than 

tripled compared with the PD mean of 0.13. G6sulfur also has a more widespread distribution of geoengineering aerosol due 

to the transport in the stratosphere from the injection point in the tropics and the very much longer lifetime of aerosols in the 

stratosphere compared with the troposphere. These changes would lead to whiter skies globally, as noted by Robock (2008). 

Although smaller in global-mean terms, the AOD perturbation in G6MCB is very high in the areas of sea-salt injection, 215 

especially in the tropical east Pacific with a peak local AOD of 2.4, twice the peak value in G6sulfur, reaching values that 

exceed present day AOD values found over continental South East Asia (e.g., Zhao et al, 2018). The AOD perturbation in 

G6MCB is much more localised to the source compared with G6sulfur due to the sea-salt being injected close to the surface 

and the greater efficiency of aerosol removal processes in the lower troposphere which reduces the likelihood of long-range 

transport, especially for hygroscopic aerosol such as sea-salt. 220 

 

     A consequence of the greater inhomogeneity of the aerosol perturbation in G6MCB compared with G6sulfur can be seen 

in Fig. 7, which shows differences between PD temperatures and the experiments. Although global-mean temperatures in 

G6sulfur and G6MCB follow that of ssp245, the same is not true for the latitudinal distribution of temperature. By the end of 

the century, Fig. 7(a) shows cooler tropics in G6sulfur and warmer polar regions compared with ssp245, with a mean pole 225 

(66.5–90° N/S)–to–tropics (23.4° S – 23.4° N) difference of 1.27 °C for 2081-2100. This is perhaps unsurprising given that 

the SAI strategy in G6sulfur only injects between 10° N and 10° S and it might be assumed that G6MCB, which injects sea-
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salt up to latitudes of 50° N and S, would have a smaller difference between tropics and poles. However, Fig. 7(b) indicates 

that this is not the case, and indeed the pole–to–tropics difference is increased to 1.87 °C. While G6sulfur shows the expected 

maximum zonal mean residual warming for 2081-2100 between 60-90 °N which has been evident in GeoMIP simulations 230 

which inject aerosol at Equatorial latitudes (e.g., Kravitz et al., 2013a, 2015), Fig. 7(c) shows that G6MCB has another 

maximum at 30-60 °N. Just as for SAI, where considerable research has been performed into strategies to ameliorate residual 

temperature impacts by injecting at latitudes outside of the tropics (e.g., Kravitz et al., 2017; Henry et al., 2023), these details 

are likely to be a function of the deployment strategy. Increasing relative emissions in the NP region which spans 30-50 °N 

might rectify this issue.  235 

 

     The global distributions of the differences in near-surface air temperature between 2081-2100 and PD are shown in Fig. 8 

for June-August (JJA) and Fig. 9 for December-February (DJF) for ssp585, ssp245, G6sulfur and G6MCB. The general 

patterns of warming are similar in all cases (naturally more exaggerated in ssp585) with the greatest warming at high northern 

latitudes. However, there are some differences: there is obvious cooling over the eastern Pacific in G6MCB compared with 240 

the other experiments, as might be expected from the extremely high sea-salt AODs there, but in contrast North America is 

warmer in G6MCB than G6sulfur or ssp245 in both seasons. This is borne out by the probability density function of the 

changes which shows much wider distributions for G6MCB compared with G6sulfur (Figs. 8e and 9e). 

 

     Figures 10 (JJA) and 11 (DJF) show the changes in the precipitation rate over land between the same periods as the 245 

temperature changes. For JJA, G6sulfur and G6MCB show some similarities in the patterns of precipitation change, for 

example the reductions in precipitation over northern and western Eurasia and parts of North America, and increased rainfall 

over the Sahel region in Africa and over the Indian subcontinent. However, the changes in G6MCB are more intense than in 

G6sulfur: e.g., the area of increased precipitation over India is more extensive, and the precipitation reduction over North 

America is more even than in ssp585. There are also areas where G6MCB shows quite different changes to G6sulfur, the most 250 

obvious being the increased precipitation over Australia and the pattern of changes over South America. In both cases G6sulfur 

shows changes very similar to ssp245 and ssp585 while G6MCB is significantly different. The situation is similar in DJF (Fig. 

11) where ssp585, ssp245 and G6sulfur show broadly similar patterns of precipitation changes, while G6MCB is a clear outlier: 

the increased precipitation over Australia in both seasons is a noteworthy feature of G6MCB, as is the distinct increase in DJF 

precipitation over South America. The increase in precipitation over Australia has been diagnosed in both the GeoMIP G4cdnc 255 

(Stjern et al., 2018) and G4sea-salt (Ahlm et al., 2017) simulations with changes of the order of 10%. The simulations presented 

here show changes over northern Australia in JJA that exceed 500%.   

 

     The changes in annual-mean net primary productivity (NPP) over land in 2081-2100 compared with PD are shown in Fig. 

12. NPP schemes within Earth-system models generally show a strong dependence on atmospheric concentrations of carbon 260 

dioxide (the CO2 fertilisation effect) and a weaker dependence on soil moisture which is a function of both precipitation and 
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temperature: increasing precipitation increases NPP, while increasing temperature decreases NPP (e.g., O’Sullivan et al., 2020, 

2022). Figure 12(a) shows a general NPP increase in ssp585 compared with PD owing to increased photosynthesis under high 

CO2 concentrations. However, there is a significant decrease in NPP over parts of the Amazon rainforest that appears to be 

linked to higher temperatures and reduced precipitation (Figs. 8-11). These patterns are similar but less strong in ssp245 (Fig. 265 

12b). NPP is higher in G6sulfur than in ssp585 owing to plant productivity not being curtailed by the high temperatures evident 

in ssp585, and is also higher than in ssp245 owing to the CO2 fertilisation effect. The patterns of NPP change in G6MCB show 

rather different behaviour compared with the other experiments (Fig 12d). G6MCB shows a reduction in NPP below PD levels 

in the central regions of the USA, linked to the hotter and drier conditions compared with the other experiments. G6MCB also 

shows significant enhancement of NPP in the tropics. In contrast to the other experiments, NPP is notably increased over 270 

Amazonia, which is the opposite effect to that found in MCB studies where the south-east Atlantic stratocumulus cloud area 

was targeted (Jones et al., 2009; Jones and Haywood, 2012). This indicates a strong dependence of response on the chosen 

injection strategy and thus a lack of generalisability of results for MCB simulations.  

 

     The change in sea-level over this period is shown in Fig. 13. All three experiments with approximately the same temperature 275 

(ssp245, G6sulfur and G6MCB) have similar amounts of global-mean sea-level rise compared with PD. G6sulfur has a fairly 

similar distribution of sea-level rise to ssp245, but the distribution in G6MCB is rather different, although still showing local 

maxima in the North Atlantic and Southern Ocean. Compared with G6sulfur and ssp245, G6MCB shows less sea-level rise in 

the eastern Pacific where the sea-salt injection occurs and more in the western Pacific, around the Indonesian archipelago and 

to the west of Australia, where the sea-level rise in G6MCB in these areas exceeds that in ssp585.  280 

 

   Finally, the maximum (March) and minimum (September) Arctic sea-ice areas are shown in Figure 14. Both G6sulfur and 

G6MCB maintain the maximum sea-ice area very close to the ssp245 levels (Fig. 14a), contrasting starkly with the area in 

ssp585 which diverges strongly from the others after about 2060. In contrast, there is little difference between any of the 

experiments for minimum sea-ice area (Fig. 14b) with all four showing an essentially ice-free Arctic in September by 2050.   285 

4 Discussion and Conclusions 

The objective of the simulations presented in this study was to reduce global mean temperatures from those of the SSP5-8.5 

scenario to those of SSP2-4.5 using SAI (G6sulfur) and MCB (G6MCB). Such simulations have been performed by multiple 

models for the G6sulfur experiment (e.g., Visioni et al., 2021; Jones et al., 2022; Tilmes et al., 2022). These simulations 

generally show that such an approach reduces many detrimental impacts associated with climate change in SSP5-85 such as 290 

global and regional temperatures and high-latitude precipitation (Visioni et al., 2022), permafrost loss (Liu et al., 2023), or 

changes in sub-tropical atmospheric river activity (Liang and Haywood, 2023). However, there remain significant residual 

impacts on stratospheric dynamics and ozone (Jones et al., 2022; Tilmes et al., 2022) and on climate impacts at the surface 
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such as a general reduction in global precipitation, particularly in mid-latitude and tropical areas (Visioni et al., 2021) and 

increased drought over southern Europe (Jones et al., 2022). It is also thought that high aerosol concentrations from SO2 295 

injections into the lower stratosphere, in its non-neutralised form of sulfuric acid, could cause long-term issues for aircraft 

engines, airframes and other aviation components such as windows (e.g., Schmidt et al., 2014, and references therein), 

significantly reducing their servicing intervals and increased the associated operating costs. 

 

   The latitudinal distribution of aerosol optical depth in G6sulfur peaks in tropical regions which is due to the specified 300 

injection strategy of injecting between 10° N and 10° S. Significant work has been done examining the utility of alternative 

strategies using latitudinally variable injections (e.g., Kravitz et al., 2017; Bednarz et al., 2023; Visioni et al., 2023a; Henry et 

al., 2023) that reduce the tropical AOD peak and the associated over-cooling of tropical regions with continued warming at 

high latitudes (Fig. 7c). The magnitude of the peak in AOD for equatorial injections is also affected by the model-dependent 

strength of the tropical pipe which acts as a barrier to equator-to-pole transport. Compared with UKESM1, the CESM2 model 305 

for example displays less confinement of sulfate aerosol to the tropics for equatorial injections (Jones et al., 2021).  

 

   The G6MCB simulations presented here also deliver the primary objective of the climate intervention scenario. The strategy 

for achieving this is by targeting those areas where clouds are considered to be most susceptible to aerosol injection (e.g., 

Latham et al., 2008), as shown in Fig. 1. It was found that the optimal size for injection of sea-salt aerosols in UKESM1 was 310 

around 85 nm radius, considerably larger than that suggested by process-level modelling studies (e.g., Connolly et al., 2014; 

Wood, 2021), although this may be an artifact of the choice of aerosol activation parameterization as discussed below. The 

aerosol indirect effect (aerosol-cloud interaction) was found to saturate i.e., suffer significantly from diminishing returns, 

becoming secondary to the cooling impact of the aerosol direct effect (aerosol-radiation interaction), an effect which has been 

noted before (e.g., Ahlm et al., 2017). At sufficiently large injection rates, the forcing from aerosol-cloud interactions was 315 

found to swap sign from negative to positive, corroborating the result of Alterskjær and Kristjánsson (2013) and Mahfouz et 

al. (2023). Alterskjær and Kristjánsson (2013) suggest that deliberate injections into the nucleation mode can lead to a 

significant positive forcing (warming effect), because of the strong competition for water vapour between a large number of 

small sea-salt particles. This leads to many hydrated aerosols, but a reduction in the relative humidity and a reduction in the 

cloud fraction. The injection of coarse mode particles (Alterskjær and Kristjánsson, 2013) and over-seeding of accumulation 320 

mode aerosols in areas of high background aerosol concentrations (Alterskjær et al., 2012) have also been found to exert a 

significant positive forcing due to a decrease in the activation of background aerosols. These results contrast with those of 

Wood (2021) who used a heuristic model and large eddy simulations to suggest a maximum radiative forcing efficiency for 

much smaller aerosols in the range 15-30 nm radius (i.e. in the Aitken mode). Wood (2021) also notes that the results may be 

specific to climate models that utilise the parameterization of Abdul-Razzak and Ghan (2000; hereafter ARG) for aerosol 325 

activation and the positive radiative forcings reported by Alterskjær and Kristjánsson (2013) may be an artefact of the scheme’s 

incorrect representation for  water vapour competition at very high concentrations of small particles. Limitations of the ARG 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



11 

 

activation scheme are also highlighted by Ming et al. (2006) and by Nenes and Seinfeld (2003) who suggest that the scheme 

does not perform well for marine aerosol owing to biases introduced by empirical correlation. It is plausible that the ARG 

scheme may produce reasonable results when the injection rates of sea-salt are low, but that it becomes progressively less 330 

reasonable when the injection rates become very high. Thus the swap-over seen in G6MCB from the cooling being dominated 

by aerosol-cloud interactions to being dominated by aerosol-radiation interactions may be an artifact of pushing the ARG 

activation scheme beyond the conditions that it was designed for.  Work is ongoing to examine whether other activation 

schemes such as those based on Nenes and Seinfeld (2003) might produce significantly different results. 

 335 

   In G6MCB, the distribution of aerosol optical depths shown in Figure 6 suggests a semi-permanent MCB-induced ‘hydrated-

aerosol fog’ over the injection regions by 2100, particularly over the NEP and SEP regions. In these areas the AOD at 550nm 

reaches values of around 2, which would mean that even in cloud-free conditions, less than 2% of direct solar radiation would 

reach the surface of the Earth for a mean solar zenith angle of 60°. Impacts of changes in the diffuse/direct fraction of sunlight 

have been investigated for terrestrial ecosystems (e.g., Mercado et al., 2009) but less attention has been given to any potential 340 

impacts on marine ecosystems (e.g., Morel, 1991). Using an empirical relationship between the surface layer aerosol extinction 

coefficient and visibility (Koschmeider, 1924) suggests that, averaged over the injection regions, the annual mean atmospheric 

visibility is reduced to approximately 6 km. Whether such a permanent fog over the eastern Pacific could cause a hazard to 

shipping is beyond the scope of this study.  

 345 

   The fact that sea-level rise in areas such as western Australia and the maritime continent is more significant in G6MCB than 

in the baseline high-end global warming SSP5-8.5 scenario is a notable feature. This, and many of the features evident in the 

seasonal changes in precipitation, appears to be associated with the deployment strategy used in G6MCB inducing a La Niña-

like response. Given that G6MCB targets regions of low cloud associated with the upwelling of cold water off the western 

coasts of the North and South American continents, it is not surprising that the cooling pattern over the Pacific resembles that 350 

of La Niña. There is clear observational evidence from tide gauge and satellite altimetry data of enhanced sea-levels along the 

entirety of the western and northern Australian coasts during La Niña conditions (McInnes et al., 2016) while the opposite 

occurs during El Niño (e.g., Nerem et al., 2009; Widlansky et al., 2017). While the physical attribution of erosion of coastlines 

is complicated by the impacts of storm frequency and intensity and of rainfall, enhanced erosion has been attributed to La Niña 

in areas of the west Pacific including the north and west Australian coastlines (e.g., Vos et al., 2023). Sea-level variations of 355 

as much as +20-30cm have been observed over low lying islands of the Western Pacific during La Niña conditions and with 

similar magnitude negative anomalies during El Niño conditions (Becker et al., 2012). Given the vulnerability of these islands 

to sea-level rise, these implications clearly motivate additional study and further exploration of MCB emission scenario 

choices. 

 360 
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   In addition to the impacts of sea-level rise, La Niña is associated with increased precipitation over Australia, the maritime 

continent, north-eastern South America, the north of the Indian subcontinent and the Sahel region of Africa during JJA; La 

Niña is also associated with decreased precipitation over central and southern USA and southern areas of south America (e.g., 

Ropelewski and Halpert, 1989; Mason and Goddard, 2001). These patterns are all evident in the G6MCB simulations. While 

there has been much debate as to whether the cooling due to stratospheric aerosols from explosive volcanic eruptions induces 365 

an El Niño type of response, the analyses reveal no generalisable conclusions (Self et al., 1997; McGregor et al., 2020) and 

there is little evidence of a general El Niño-like induced response in G6sulfur. 

 

Taking the annual-mean difference in mean sea-level pressure (MSLP) between Tahiti and Darwin as a simple measure of the 

Southern Oscillation (Fig. 15a), neither ssp245 or ssp585 show any obvious trend, both having mean gradients of -0.02 hPa 370 

decade-1 over 2020-2100. Note that CMIP5 simulations suggest an increase in frequency of La Niña-like conditions under 

global warming scenarios (Cai et al., 2015), so UKESM1 results may not be representative of the multi-model response. Over 

the same period the gradient in G6sulfur is -0.13 hPa decade-1 indicating a slight tendency to more El Niño-like conditions, 

whereas in G6MCB the gradient is +1.02 hPa decade-1 indicating a marked increase in La Niña-like conditions. Considering 

the spatial distribution of the change in the MSLP pressure pattern (Fig. 15b) induced by MCB under this deployment strategy, 375 

there is a strong agreement with the observed spatial patterns evident in La- Niña conditions (e.g. Trenberth and Shea, 1987). 

Locking the future climate into La Niña-like conditions would have profound impacts on regional climate, with implications 

for climate resilience and adaptation. On a global basis, fish provides around 11% of human protein consumption (FAO, 2014). 

While Peruvian fisheries generally report increased yields under La-Niña conditions in the observational record (e.g. Bertrand 

et al., 2020), the La-Niña like conditions induced under this specific scenario and strategy are many times stronger than those 380 

that occur due to natural variability. Figure 15 reveals that the variability in the simple Southern Oscillation Index (SOI) in 

UKESM1 for the SSP2-4.5, is around ±2 hPa (2 standard deviations), while the mean change in SOI by the end of the century 

is around +8 hPa. It is possible, that such changes could lead to large-scale marine ecosystem collapse. Impacts of global 

warming on the productivity of regional fisheries are underway (Tittensor et al., 2018) but it would be prudent to examine 

impacts under any proposed future MCB strategies.      385 

 

   It needs to be emphasised that the MCB results presented here are strongly dependent on both the scenario (the amount of 

cooling required) and the deployment strategy (the regions where sea-salt is injected) being considered. The areas chosen for 

sea-salt injection here are simply plausible, i.e. they have large amounts of low-level cloud that are susceptible to cloud-

seeding. This is just one choice from any number of injection distributions which could be defined, especially in the absence 390 

of any real-world constraints because of the purely theoretical nature of large-scale marine cloud brightening technology. The 

results from G6MCB are therefore specific to this choice of injection strategy. The results suggest that MCB may indeed be 

relatively effective for this scenario and strategy during initial deployment: for example, Fig. 3(b) suggests a global-mean 

cooling of around 1.5 °C for an injection rate of ~100 Tg yr-1 of sea-salt. However, this cooling efficiency falls (Table 2) as 
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areas that were initially susceptible to modification become progressively less susceptible as injection rates increase, and the 395 

direct aerosol radiative effect starts to dominate. However, the clear evidence for a La Niña-like climate response produced by 

this and similar injection strategies (more cooling in the eastern compared to the western pacific, also found in Jones and 

Haywood (2009), Rasch et al (2009) and Hill and Ming (2012)) clearly needs to be considered. Designing a more nuanced 

strategy should be the focus of more research. Note also that MCB will be more susceptible than SAI to the termination effect 

if climate intervention is stopped abruptly (e.g., Jones et al., 2013) due to the different lifetimes of MCB aerosols in the 400 

troposphere (a few days) compared with SAI aerosols the stratosphere (around a year).   

 

   Despite the difficulty of generalising with regard to MCB, some factors are nevertheless likely to remain constant. For a 

given global-mean forcing, MCB will be characterised by smaller regions of high forcing compared with the larger (or global) 

areas of lower forcing characteristic of SAI, i.e. the forcing from MCB is always likely to be more inhomogeneous than that 405 

from SAI. There is always likely to be some ambiguity between MCB per se (effects on clouds) and MSB (direct aerosol 

radiative effects). It is therefore important that modelling studies should specifically simulate the injected sea-salt aerosol and 

not just modify CDNC values as was done in early investigations. Clearly much more research is needed if the complexities 

of aerosol-cloud-interactions are to be fully understood and if MCB strategies are to be represented with fidelity in future 

climate scenarios. 410 

Code and data availability 

UKESM1 model data for the ssp585, ssp245 and G6sulfur experiments are available from the Earth System Grid Federation 

(WCRP, 2021). Data from G6MCB are available on request from the authors. 

 

Author contributions 415 

JMH and AJ devised the G6MCB experiment with input from PJR, performed the analysis and wrote the paper. AJ performed 

the G6sulfur and G6MCB simulations. ACH and PJR provided comments on earlier versions of the manuscript.  

 

Financial support 

JMH, AJ, and PJR were supported by SilverLining through its Safe Climate Research Initiative. JMH and AJ were also 420 

supported by the Met Office Hadley Centre Climate Programme funded by DSIT. JMH was further supported by the NERC 

EXTEND project (NE/W003880/1).  

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



14 

 

 

Competing interests 

The authors declare that they have no competing interests. 425 

References 

Abdul-Razzak, H., and Ghan, S. J.: A parameterization of aerosol activation: 2. Multiple aerosol types, J. Geophys. Res.-

Atmos., 105, 6837–6844, https://doi.org/10.1029/1999JD901161, 2000. 

 

Ahlm, L., Jones, A., Stjern, C. W., Muri, H., Kravitz, B., and Kristjánsson, J. E.: Marine cloud brightening – as effective 430 

without clouds, Atmos. Chem. Phys., 17, 13071–13087, https://doi.org/10.5194/acp-17-13071-2017, 2017. 

 

Alterskjær, K., Kristjánsson, J. E., and Seland, Ø.: Sensitivity to deliberate sea salt seeding of marine clouds — Observations 

and model simulations, Atmos. Chem. Phys., 12, 2795–2807, https://doi.org/10.5194/acp-12-2795-2012, 2012. 

 435 

Alterskjær, K., and Kristjánsson, J. E.: The sign of the radiative forcing from marine cloud brightening depends on both particle 

size and emission amount, Geophys. Res. Lett., 40, 210– 215, https://doi.org/10.1029/2012GL054286, 2013. 

 

Alterskjaer, K., Kristjánsson, J. E., Boucher, O., Muri, H., Niemeier, U., Schmidt, H., Schulz, M., and Timmreck, C.: Sea-salt 

injections into the low-latitude marine boundary layer: The transient response in three Earth system models, J. Geophys. Res.-440 

Atmos., 118, 12,195–12,206, https://doi.org/10.1002/2013JD020432, 2013. 

 

Archibald, A. T., O’Connor, F. M., Abraham, N. L., Archer-Nicholls, S., Chipperfield, M. P., Dalvi, M., Folberth, G. A., 

Dennison, F., Dhomse, S. S., Griffiths, P. T., Hardacre, C., Hewitt, A. J., Hill, R. S., Johnson, C. E., Keeble, J., Köhler, M. O., 

Morgenstern, O., Mulcahy, J. P., Ordóñez, C., Pope, R. J., Rumbold, S. T., Russo, M. R., Savage, N. H., Sellar, A., Stringer, 445 

M., Turnock, S. T., Wild, O., and Zeng, G.: Description and evaluation of the UKCA stratosphere–troposphere chemistry 

scheme (Strat-Trop vn 1.0) implemented in UKESM1, Geosci. Model Dev., 13, 1223–1266, https://doi.org/10.5194/gmd-13-

1223-2020, 2020. 

 

Bednarz, E. M., Visioni, D., Kravitz, B., Jones, A., Haywood, J. M., Richter, J., MacMartin, D. G., and Braesicke, P.: Climate 450 

response to off-equatorial stratospheric sulfur injections in three Earth system models – Part 2: Stratospheric and free-

tropospheric response, Atmos. Chem. Phys., 23, 687–709, https://doi.org/10.5194/acp-23-687-2023, 2023. 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



15 

 

 

Becker, M., Meyssignac, B., Letetrel, C., Llovel, W., Cazenave, A. and Delcroix, T., 2012. Sea level variations at tropical 

Pacific islands since 1950. Global and Planetary Change, 80, pp.85-98.  455 

 

Bertrand, A., Lengaigne, M., Takahashi, K., Avadi, A., Poulain, F. and Harrod, C., 2020. El Niño Southern Oscillation (ENSO) 

effects on fisheries and aquaculture (Vol. 660). Food & Agriculture Org..  

 

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L. H., Ménard, C. B., Edwards, J. M., Hendry, M. A., Porson, 460 

A., Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O., Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The 

Joint UK Land Environment Simulator (JULES), model description – Part 1: Energy and water fluxes, Geosci. Model Dev., 

4, 677–699, https://doi.org/10.5194/gmd-4-677-2011, 2011. 

 

Cai, W., Wang, G., Santoso, A., McPhaden, M.J., Wu, L., Jin, F.F., Timmermann, A., Collins, M., Vecchi, G., Lengaigne, M. 465 

and England, M.H., 2015. Increased frequency of extreme La Niña events under greenhouse warming. Nature Climate 

Change, 5(2), pp.132-137, https://doi.org/10.1038/NCLIMATE2492.  

 

Collins, W. J., Bellouin, N., Doutriaux-Boucher, M., Gedney, N., Halloran, P., Hinton, T., Hughes, J., Jones, C. D., Joshi, M., 

Liddicoat, S., Martin, G., O'Connor, F., Rae, J., Senior, C., Sitch, S., Totterdell, I., Wiltshire, A., and Woodward, S.: 470 

Development and evaluation of an Earth-System model – HadGEM2, Geosci. Model Dev., 4, 1051–1075, 

https://doi.org/10.5194/gmd-4-1051-2011, 2011. 

 

Connolly, P. J., McFiggans, G. B., Wood, R., and Tsiamis, A.: Factors determining the most efficient spray distribution for 

marine cloud brightening, Phil. Trans. R. Soc. A, 372, 20140056, https://doi.org/10.1098/rsta.2014.0056, 2014. 475 

 

Dhomse, S. S., Mann, G. W., Antuña Marrero, J. C., Shallcross, S. E., Chipperfield, M. P., Carslaw, K. S., Marshall, L., 

Abraham, N. L. and Johnson, C. E.: Evaluating the simulated radiative forcings, aerosol properties, and stratospheric warmings 

from the 1963 Mt Agung, 1982 El Chichón, and 1991 Mt Pinatubo volcanic aerosol clouds, Atmos. Chem. Phys., 20, 13627–

13654, https://doi.org/10.5194/acp-20-13627-2020, 2020. 480 

 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled 

model Intercomparison Project Phase 6 (CMIP6) experimental design and organization, Geosci. Model Dev., 9, 1937–1958, 

https://doi.org/10.5194/gmd-9-1937-2016, 2016. 

 485 

FAO: The State of World Fisheries and Aquaculture 2014, Rome, United Nations Food and Agriculture Organization, 2014. 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



16 

 

 

Frierson, D. M., Hwang, Y.-T, Fučkar, N. S., Seager, R., Kang, S. M., Donohoe, A., Maroon, E. A., Liu, X., and Battisti, D. 

S.: Contribution of ocean overturning circulation to tropical rainfall peak in the Northern Hemisphere, Nature Geosci., 6, 940–

944, https://doi.org/10.1038/ngeo1987, 2013. 490 

 

Gong, S. L.: A parameterization of sea-salt aerosol source function for sub- and super-micron particles, Global Biogeochem. 

Cyc., 17, 1097, https://doi.org/10.1029/2003GB002079, 2003. 

 

Guo, S., Bluth, G. S., Rose, W. I., Watson, I. M., and Prata, A. J.: Re-evaluation of the SO2 release of the 15 June 1991 Pinatubo 495 

eruption using ultraviolet and infrared satellite sensors, Geochem. Geophys. Geosys., 5, Q04001, 

https://doi.org/10.1029/2003GC000654, 2004. 

 

Hastenrath, S.: The relationship of highly reflective clouds to tropical climate anomalies. Journal of Climate, 3(3), pp.353-365, 

1990. 500 

 

Haywood, J. M., Jones, A., Bellouin, N., and Stephenson, D.: Asymmetric forcing from stratospheric aerosols impacts Sahelian 

rainfall, Nature Clim. Change, 3, 660-665, https://doi.org/10.1038/nclimate1857, 2013. 

 

Haywood, J. M., Jones, A., Dunstone, N., Milton, S., Vellinga, M., Bodas-Salcedo, A., Hawcroft, M. K., Kravitz, B., Cole, J., 505 

Watanabe, S., and Stephens, G.: The impact of equilibrating hemispheric albedos on tropical performance in the HadGEM2-

ES coupled climate model, Geophys. Res. Lett., 43, 395–403, https://doi.org/10.1002/2015GL066903, 2016.  

 

Haywood, J. and S. Tilmes (Lead Authors), F. Keutsch, U. Niemeier, A. Schmidt, D. Visioni, and P. Yu, Stratospheric Aerosol 

Injection and its Potential Effect on the Stratospheric Ozone Layer, Chapter 6 in Scientific Assessment of Ozone Depletion: 510 

2022, Global Atmosphere Watch Report No. 278, 509 pp., World Meteorological Organization, Geneva, 2022.  

Henry, M., Haywood, J., Jones, A., Dalvi, M., Wells, A., Visioni, D., Bednarz, E., MacMartin, D., Lee, W., and Tye, M.: 

Comparison of UKESM1 and CESM2 simulations using the same multi-target stratospheric aerosol injection strategy, 

EGUsphere [preprint], https://doi.org/10.5194/egusphere-2023-980, 2023. 

Hill, S. and Ming, Y., 2012. Nonlinear climate response to regional brightening of tropical marine stratocumulus. Geophysical 515 

Research Letters, 39(15), https://doi.org/10.1029/2012GL052064. 

IPCC: Global warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5 °C above pre-industrial 

levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



17 

 

of climate change, sustainable development, and efforts to eradicate poverty, Masson-Delmotte, V., Zhai, P., Pörtner, H. O., 

Roberts, D., Skea, J., Shukla, P. R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews, J. B. R., 520 

Chen, Y., Zhou, X., Gomis, M. I., Lonnoy, E., Maycock, T., Tignor, M., & Waterfield, T. (eds.), https://www.ipcc.ch/sr15/ 

(last access: 16 May 2023), 2018. 

 

Johnson, C. E.: Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the UKCA 

composition-climate model, Geosci. Model Dev., 3, 519–551, https://doi.org/10.5194/gmd-3-519-2010, 2010. 525 

 

Jones, A., Roberts, D. L., Woodage, M. J., and Johnson, C. E.: Indirect sulfate aerosol forcing in a climate model with an 

interactive sulphur cycle, J. Geophys. Res.-Atmos., 106, 20293–20310, https://doi.org/10.1029/2000JD000089, 2001. 

 

Jones, A., Haywood, J., and Boucher, O.: Climate impacts of geoengineering marine stratocumulus clouds, J. Geophys. Res.-530 

Atmos., 114, D10106, https://doi.org/10.1029/2008JD011450, 2009.  

 

Jones, A., Haywood, J., and Boucher, O.: A comparison of the climate impacts of geoengineering by stratospheric SO2 injection 

and by brightening of marine stratocumulus cloud, Atmos. Sci. Lett., 12, 176-183, https://doi.org/10.1002/asl.291, 2011. 

 535 

Jones, A., and Haywood, J. M.: Sea-spray geoengineering in the HadGEM2-ES Earth-system model: radiative impact and 

climate response, Atmos. Chem. Phys., 12, 10887–10898, https://doi.org/10.5194/acp-12-10887-2012, 2012. 

 

Jones, A., Haywood, J. M., Alterskjær, K., Boucher, O., Cole, J. N. S., Curry, C. L., Irvine, P. J., Ji, D., Kravitz, B., 

Kristjánsson, J. E., Moore, J. C., Niemeier, U., Robock, A., Schmidt, H., Singh, B., Tilmes, S., Watanabe, S., & Yoon, J.-H.: 540 

The impact of abrupt suspension of solar radiation management (termination effect) in experiment G2 of the Geoengineering  

Model Intercomparison Project (GeoMIP), J. Geophys. Res.-Atmos., 118, 9743-9752, https://doi.org/10.1002/jgrd.50762, 

2013. 

 

Jones, A., Haywood, J. M., Jones, A. C., Tilmes, S., Kravitz, B., and Robock, A.: North Atlantic Oscillation response in 545 

GeoMIP experiments G6solar and G6sulfur: why detailed modelling is needed for understanding regional implications of solar 

radiation management, Atmos. Chem. Phys., 21, 1287-1304, https://doi.org/10.5194/acp-21-1287-2021, 2021. 

 

Jones, A., Haywood, J. M., Scaife, A. A., Boucher, O., Henry, M., Kravitz, B., Nabat, P., Niemeier, U., Séférian, R., and 

Visioni, D.: The impact of stratospheric aerosol intervention on the North Atlantic and Quasi-Biennial Oscillations in the 550 

Geoengineering Model Intercomparison Project (GeoMIP) G6sulfur experiment, Atmos. Chem. Phys., 22, 2999-3016, 

https://doi.org/10.5194/acp-22-2999-2022. 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



18 

 

 

Koschmeider H.: Therie der horizontalen sichtweite, Beitr. Phys. Freien Atmos., 12, 33–35, 1924. 

 555 

Kravitz, B., Robock, A., Boucher, O., Schmidt, H., Taylor, K. E., Stenchikov, G., and Schulz, M.: The geoengineering model 

intercomparison project (GeoMIP), Atmos. Sci. Lett., 12, 162–167, https://doi.org/10.1002/asl.316, 2011. 

 

Kravitz, B., Caldeira, K., Boucher, O., Robock, A., Rasch, P. J., Alterskjær, K., Bou Karam, D., Cole, J. N. S., Curry, C. L., 

Haywood, J. M., Irvine, P. J., Ji, D., Jones, A., Kristjánsson, J. E., Lunt, D. J., Moore, J. C., Niemeier, U., Schmidt, H., Schulz, 560 

M., Singh, B., Tilmes, S., Watanabe, S., Yang, S., and Yoon, J.-H.: Climate model response from the geoengineering model 

intercomparison project (GeoMIP), J. Geophys. Res.-Atmos., 118, 8320–8332, https://doi.org/10.1002/jgrd.50646, 2013a. 

 

Kravitz, B., , Forster, P. M., Jones, A., Robock, A., Alterskjær, K., Boucher, O., Jenkins, A. K. L., Korhonen, H., Kristjánsson, 

J. E., Muri, H., Niemeier, U., Partanen, A.-I., Rasch, P. J., Wang, H., and Watanabe, S.: Sea spray geoengineering experiments 565 

in the geoengineering model intercomparison project (GeoMIP): Experimental design and preliminary results, J. Geophys. 

Res.-Atmos., 118, 11,175–11,186, https://doi.org/10.1002/jgrd.50856, 2013b. 

 

Kravitz, B., Robock, A., Tilmes, S., Boucher, O., English, J. M., Irvine, P. J., Jones, A., Lawrence, M. G., MacCracken, M., 

Muri, H., Moore, J. C., Niemeier, U., Phipps, S. J., Sillmann, J., Storelvmo, T., Wang, H., and Watanabe, S.: The 570 

Geoengineering Model Intercomparison Project Phase 6 (GeoMIP6): simulation design and preliminary results, Geosci. Model 

Dev., 8, 3379–3392, https://doi.org/10.5194/gmd-8-3379-2015, 2015. 

 

Kravitz, B., MacMartin, D. G., Mills, M. J., Richter, J. H., Tilmes, S., Lamarque, J.-F., Tribbia, J. J., and Vitt, F.: First 

simulations of designing stratospheric sulfate aerosol geoengineering to meet multiple simultaneous climate objectives, J. 575 

Geophys. Res.-Atmos., 122, 12616-12634, https://doi.org/10.1002/2017JD026874, 2017. 

 

Kravitz, B., MacMartin, D. G., Visioni, D., Boucher, O., Cole, J. N. S., Haywood, J., Jones, A., Lurton, T., Nabat, P., Niemeier, 

U., Robock, A., Séférian, R., and Tilmes, S.: Comparing different generations of idealized solar geoengineering simulations 

in the Geoengineering Model Intercomparison Project (GeoMIP), Atmos. Chem. Phys., 21, 4231–4247, 580 

https://doi.org/10.5194/acp-21-4231-2021, 2021. 

 

Latham, J., Rasch, P., Chen, C. C., Kettles, L., Gadian, A., Gettelman, A., Morrison, H., Bower, K. and Choularton, T.: Global 

temperature stabilization via controlled albedo enhancement of low-level maritime clouds, Phil. Trans. R. Soc. A, 366, 3969–

3987, http://doi.org/10.1098/rsta.2008.0137, 2008. 585 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



19 

 

Lawrence, M. G., Schäfer, S., Muri, H., Scott, V., Oschlies, A., Vaughan, N. E., Boucher, O., Schmidt, H., Haywood, J. and 

Scheffran, J.: Evaluating climate geoengineering proposals in the context of the Paris Agreement temperature goals, Nature 

Commun., 9, 3734, https://doi.org/10.1038/s41467-018-05938-3, 2018. 

 

Lewis, E. R., and Schwartz, S. E., Sea salt aerosol production: mechanisms, methods, measurements and models – a critical 590 

review, American Geophysical Union, Washington DC, ISBN 087590-417-3, 2004. 

 

Liang, J., and Haywood, J.: Future changes in atmospheric rivers over East Asia under stratospheric aerosol intervention, 

Atmos. Chem. Phys., 23, 1687–1703, https://doi.org/10.5194/acp-23-1687-2023, 2023. 

 595 

Liu, A., Moore, J. C., and Chen, Y.: PInc-PanTher estimates of Arctic permafrost soil carbon under the GeoMIP G6solar and 

G6sulfur experiments, Earth Syst. Dynam., 14, 39–53, https://doi.org/10.5194/esd-14-39-2023, 2023. 

 

Mahfouz, N. G. A., Hill, S. A., Guo, H., and Ming, Y.: The radiative and cloud responses to sea salt aerosol engineering in 

GFDL models, Geophys. Res. Lett., 50, e2022GL102340, https://doi. org/10.1029/2022GL102340, 2023. 600 

 

Mann, G. W., Carslaw, K. S., Spracklen, D. V., Ridley, D. A., Manktelow, P. T., Chipperfield, M. P., Pickering, S. J., and 

Johnson, C. E.: Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the UKCA 

composition-climate model, Geosci. Model Dev., 3, 519–551, https://doi.org/10.5194/gmd-3-519-2010, 2010. 

 605 

Martin, G. M., Johnson, D. W., and Spice, A.: The measurement and parameterisation of effective radius of droplets in warm 

stratocumulus clouds, J. Atmos. Sci., 51, 1823-1842, https://doi.org/10.1175/1520-

0469(1994)051<1823:TMAPOE>2.0.CO;2, 1994. 

 

Mason, S. J., and Goddard, L.: Probabilistic precipitation anomalies associated with ENSO, Bull. Am. Meteorol. Soc., 82, 619-610 

638, https://doi.org/10.1175/1520-0477(2001)082<0619:PPAAWE>2.3.CO;2, 2001. 

 

McGregor, S., Khodri, M., Maher, N., Ohba, M., Pausata, F. S., and Stevenson, S.: The effect of strong volcanic eruptions on 

ENSO, in El Niño Southern Oscillation in a changing climate, Eds: McPhaden, M. J., Santoso, and Cai, W., John Wiley and 

Sons, Geophysical Monograph Series, vol. 253, pp.267-287, ISBN 1119548128, 2020. 615 

 

McInnes, K. L., White, C. J., Haigh, I. D., Hemer, M. A., Hoeke, R. K., Holbrook, N. J., Kiem, A. S., Oliver, E. C. J., 

Ranasinghe, R., Walsh, K. J. E., Westra, S. and Cox, R.: Natural hazards in Australia: sea level and coastal extremes, Clim. 

Change, 139, 69–83, https://doi.org/10.1007/s10584-016-1647-8, 2016. 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



20 

 

 620 

Mercado, L. M., Bellouin, N., Sitch, S., Boucher, O., Huntingford, C., Wild, M., and Cox, P. M.: Impact of changes in diffuse 

radiation on the global land carbon sink, Nature, 458, 1014-1017, https://doi.org/10.1038/nature07949, 2009. 

 

Millar, R. J., Fuglestvedt, J. S., Friedlingstein, P., Rogelj, J., Grubb, M. J., Matthews, H. D., Skeie, R. B., Forster, P. M., Frame, 

D. J. and Allen, M. R.: Emission budgets and pathways consistent with limiting warming to 1.5 °C, Nature Geosci., 10, 741-625 

747, https://doi.org/10.1038/ngeo3031, 2017. 

 

Ming, Y., Ramaswamy, V., Donner, L. J., and Phillips, V. T. J.: A new parameterization of cloud droplet activation applicable 

to general circulation models, J. Atmos. Sci., 63, 1348–1356, https://doi.org/10.1175/JAS3686.1, 2006. 

 630 

Morel, A.: Light and marine photosynthesis: a spectral model with geochemical and climatological implications, Progress in 

Oceanography, 26, 263-306, https://doi.org/10.1016/0079-6611(91)90004-6, 1991. 

 

Mulcahy, J. P., Jones, C., Sellar, A., Johnson, B., Boutle, I. A., Jones, A., Andrews, T., Rumbold, S. T., Mollard, J., Bellouin, 

N., Johnson, C. E., Williams, K. D., Grosvenor, D. P., and McCoy, D. T.: Improved aerosol processes and effective radiative 635 

forcing in HadGEM3 and UKESM1, J. Adv. Model. Earth Sy., 10, 2786–2805, https://doi.org/10.1029/2018MS001464, 2018. 

 

Muri, H., Niemeier, U., and Kristjánsson, J. E.: Tropical rainforest response to marine sky brightening climate engineering, 

Geophys. Res. Lett., 42, 2951-2960, https://doi.org/10.1002/2015GL063363, 2015. 

 640 

Nenes, A., and Seinfeld, J. H.: Parameterization of cloud droplet formation in global climate models, J. Geophys. Res.-

Atmos., 108, 4415, https://doi.org/10.1029/2002JD002911, 2003. 

 

Nerem, R. S., Chambers, D. P., Leuliette, E. W., Mitchum, G. T., and Giese, B. S.: Variations in global mean sea level 

associated with the 1997–1998 ENSO event: Implications for measuring long term sea level change, Geophys. Res. Lett., 26, 645 

3005-3008, https://doi.org/10.1029/1999GL002311, 1999.  

 

Niemeier, U., and Timmreck, C.: What is the limit of climate engineering by stratospheric SO2? Atmos. Chem. Phys., 15, 

9129-9141, https://doi.org/10.5194/acp-15-9129-2015, 2015. 

 650 

O’Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P., Hurtt, G., Knutti, R., Kriegler, E., Lamarque , J.-

F., Lowe, J., Meehl, G. A., Moss, R., Riahi, K., and Sanderson, B. M.: The Scenario Model Intercomparison Project 

(ScenarioMIP) for CMIP6, Geosci. Model Dev., 9, 3461–3482, https://doi.org/10.5194/gmd-9-3461-2016, 2016. 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



21 

 

 

O'Sullivan, M., Smith, W. K., Sitch, S., Friedlingstein, P., Arora, V. K., Haverd, V., Jain, A. K., Kato, E., Kautz, M., 655 

Lombardozzi, D., Nabel, J. E. M. S., Tian, H., Vuichard, N., Wiltshire, A., Zhu, D., and Buermann, W.: Climate‐driven 

variability and trends in plant productivity over recent decades based on three global products, Global Biogeochem. Cycles, 

34, e2020GB006613, https://doi.org/10.1029/2020GB006613, 2020. 

 

O’Sullivan, M., Friedlingstein, P., Sitch, S., Anthoni, P., Arneth, A., Arora, V. K., Bastrikov, V., Delire, C., Goll, D. S., Jain, 660 

A., Kato, E., Kennedy, D., Knauer, J., Lienert, S., Lombardozzi, D., McGuire, P. C., Melton, J. R., Nabel, J. E. M. S., Pongratz, 

J., Poulter, B., Séférian, R., Tian, H., Vuichard, N., Walker, A. P., Yuan, W., Yue, X., and Zaehle, S.: Process-oriented analysis 

of dominant sources of uncertainty in the land carbon sink, Nature Commun., 13, 4781, https://doi.org/10.1038/s41467-022-

32416-8, 2022. 

 665 

Partanen, A. I., Kokkola, H., Romakkaniemi, S., Kerminen, V. M., Lehtinen, K. E. J., Bergman, T., Arola, A., and Korhonen. 

H.: Direct and indirect effects of sea spray geoengineering and the role of injected particle size, J. Geophys. Res.–Atmos., 117, 

D02203, https://doi.org/10.1029/2011JD016428, 2012. 

 

Rasch, P. J., Tilmes, S., Turco, R. P., Robock, A., Oman, L., Chen, C. C., Stenchikov, G. L. and Garcia, R. R.: An overview 670 

of geoengineering of climate using stratospheric sulphate aerosols, Phil. Trans. R. Soc. A, 366, 4007-4037, 

http://doi.org/10.1098/rsta.2008.0131, 2008. 

 

Rasch, P. J, J. Latham, and C-C. Chen. “Geoengineering by Cloud Seeding: Influence on Sea Ice and Climate System.” 

Environmental Research Letters 4, no. 4 (October 2009): 045112. https://doi.org/10.1088/1748-9326/4/4/045112. 675 

 

Ridley, J. K., Blockley, E. W., Keen, A. B., Rae, J. G. L., West, A. E., and Schroeder, D.: The sea ice model component of 

HadGEM3-GC3.1, Geosci. Model Dev., 11, 713–723, https://doi.org/10.5194/gmd-11-713-2018, 2018. 

 

Robock, A.: 20 reasons why geoengineering may be a bad idea, Bull. Atom. Sci., 64, 14-18, https://doi.org/ 680 

10.2968/064002006, 2008. 

 

Rogelj, J., Den Elzen, M., Höhne, N., Fransen, T., Fekete, H., Winkler, H., Schaeffer, R., Sha, F., Riahi, K., and Meinshausen, 

M.: Paris Agreement climate proposals need a boost to keep warming well below 2 °C, Nature, 534, 631-639, 

https://doi.org/10.1038/nature18307, 2016. 685 

 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



22 

 

Ropelewski, C. F., and Halpert, M. S.: Precipitation patterns associated with the high index phase of the Southern Oscillation, 

J. Clim., 2, 268-284, https://doi.org/10.1175/1520-0442(1989)002<0268:PPAWTH>2.0.CO;2, 1989. 

Royal Society: Geoengineering the Climate: Science, Governance and Uncertainty, RS Policy Document 10/09 RS1636, The 

Royal Society, London, UK, https://eprints.soton.ac.uk/156647/1/Geoengineering_the_climate.pdf (last access: 16 May 2023), 690 

2009. 

Salter, S., Sortino, G., and Latham, J.: Sea-going hardware for the cloud albedo method of reversing global warming, Phil. 

Trans. R. Soc. A., 366, 3989–4006, http://doi.org/10.1098/rsta.2008.0136, 2008. 

 

Schmidt, A., Witham, C. S., Theys, N., Richards, N. A. D., Thordarson, T., Szpek, K., Feng, W., Hort, M. C., Woolley, A. M., 695 

Jones, A. R., Redington, A. L., Johnson, B. T., Hayward, C. L., and Carslaw, K. S.: Assessing hazards to aviation from sulfur 

dioxide emitted by explosive Icelandic eruptions, J. Geophys. Res.-Atmos., 119, 14180–14196, 

https://doi.org/10.1002/2014JD022070, 2014. 

 

Self, S., Rampino, M. R., Zhao, J., and Katz, M. G.: Volcanic aerosol perturbations and strong El Niño events: No general 700 

correlation, Geophys. Res. Lett., 24, 1247-1250, https://doi.org/10.1029/97GL01127, 1997. 

 

Sellar, A., Jones, C. G., Mulcahy, J. P., Tang, Y., Yool, A., Wiltshire, A., O’Connor, F. M., Stringer, M., Hill, R., Palmieri, J., 

Woodward, S., de Mora, L., Kuhlbrodt, T., Rumbold, S., Kelley, D. I., Ellis, R., Johnson, C. E., Walton, J., Abraham, N. L., 

Andrews, M. B., Andrews, T., Archibald, A. T., Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi, M., Edwards, J., 705 

Folberth, G. A., Gedney, N., Griffiths, P. T., Harper, A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones, A., Jones, C. D., 

Keeble, J., Liddicoat, S., Morgenstern, O., Parker, R. J., Predoi, V., Robertson, E., Siahaan, A., Smith, R. S., Swaminathan, 

R., Woodhouse, M., Zeng, G., and Zerroukat, M.: UKESM1: Description and evaluation of the UK Earth System Model, J. 

Adv. Model. Earth Sy., 11, 4513–4558, https://doi.org/10.1029/2019MS001739, 2019. 

 710 

Stjern, C. W., Muri, H., Ahlm, L., Boucher, O.,  Cole, J. N. S., Ji, D., Jones, A., Haywood, J., Kravitz, B., Lenton, A., Moore, 

J. C., Niemeier, U., Phipps, S. J., Schmidt, H., Watanabe, S., and Kristjánsson, J. E.: Response to marine cloud brightening in 

a multi-model ensemble, Atmos. Chem. Phys., 18, 621-634, https://doi.org/10.5194/acp-18-621-2018, 2018. 

 

Storkey, D., Blaker, A. T., Mathiot, P., Megann, A., Aksenov, Y., Blockley, E. W., Calvert, D., Graham, T., Hewitt, H. T., 715 

Hyder, P., Kuhlbrodt, T., Rae, J. G. L., and Sinha, B.: UK Global Ocean GO6 and GO7: a traceable hierarchy of model 

resolutions, Geosci. Model Dev., 11, 3187–3213, https://doi.org/10.5194/gmd-11-3187-2018, 2018. 

 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



23 

 

Tilmes, S., Visioni, D., Jones, A., Haywood, J., Séférian, R., Nabat, P., Boucher, O., Bednarz, E. M., and Niemeier, U.:  

Stratospheric ozone response to sulfate aerosol and solar dimming climate interventions based on the G6 Geoengineering 720 

Model Intercomparison Project (GeoMIP) simulations, Atmos. Chem. Phys., 22, 4557–4579, https://doi.org/10.5194/acp-22-

4557-2022, 2022. 

 

Tittensor, D. P., Eddy, T. D., Lotze, H. K., Galbraith, E. D., Cheung, W., Barange, M., Blanchard, J. L., Bopp, L., Bryndum-

Buchholz, A., Büchner, M., Bulman, C., Carozza, D. A., Christensen, V., Coll, M., Dunne, J. P., Fernandes, J. A., Fulton, E. 725 

A., Hobday, A. J., Huber, V., Jennings, S., Jones, M., Lehodey, P., Link, J. S., Mackinson, S., Maury, O., Niiranen, S., 

Oliveros-Ramos, R., Roy, T., Schewe, J., Shin, Y.-J., Silva, T., Stock, C. A., Steenbeek, J., Underwood, P. J., Volkholz, J., 

Watson, J. R., and Walker, N. D.: A protocol for the intercomparison of marine fishery and ecosystem models: Fish-MIP v1.0, 

Geosci. Model Dev., 11, 1421–1442, https://doi.org/10.5194/gmd-11-1421-2018, 2018. 

  730 

Tollefson, J.: IPCC says limiting global warming to 1.5 °C will require drastic action, Nature, 562, 172-173, 

https://doi.org/10.1038/d41586-018-06876-2, 2018. 

 

UNEP (United Nations Environment Programme): One Atmosphere: An independent expert review on Solar Radiation 

Modification research and deployment, Bala, G., Caldeira, K., Camolloni, I., de Coninck, H., Fahey, D.W., Haywood, J., 735 

Hurrell, J., Ricke, K., Trisos, C., A., (Eds): Hinwood, A., and Jabbour, J., United Nations Environment Programme Kenya, 

Nairobi, https://wedocs.unep.org/handle/20.500.11822/41903, 2023. 

 

Utida, G., Cruz, F.W., Etourneau, J., Bouloubassi, I., Schefuß, E., Vuille, M., Novello, V.F., Prado, L.F., Sifeddine, A., Klein, 

V. and Zular, A., 2019. Tropical South Atlantic influence on Northeastern Brazil precipitation and ITCZ displacement during 740 

the past 2300 years. Scientific Reports, 9(1), p.1698. 

 

Visioni, D., MacMartin, D. G., Kravitz, B., Boucher, O., Jones, A., Lurton, T., Martine, M., Mills., M. J., Nabat, P., Niemeier, 

U., Séférian, R., and Tilmes, S.: Identifying the sources of uncertainty in climate model simulations of solar radiation 

modification with the G6sulfur and G6solar Geoengineering Model Intercomparison Project (GeoMIP) simulations, Atmos. 745 

Chem. Phys., 21, 10039-10063, https://doi.org/10.5194/acp-21-10039-2021, 2021. 

 

Visioni, D., Bednarz, E. M., Lee, W. R., Kravitz, B., Jones, A., Haywood, J. M., and MacMartin, D. G.: Climate response to 

off-equatorial stratospheric sulfur injections in three Earth system models – Part 1: Experimental protocols and surface 

changes, Atmos. Chem. Phys., 23, 663–685, https://doi.org/10.5194/acp-23-663-2023, 2023a. 750 

 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



24 

 

Visioni, D., Kravitz, B., Robock, A., Tilmes, S., Haywood, J., Boucher, O., Lawrence, M., Irvine, P., Niemeier, U., Xia, L., 

Chiodo, G., Lennard, C., Watanabe, S., Moore, J. C., and Muri, H.: Opinion: The scientific and community-building roles of 

the Geoengineering Model Intercomparison Project (GeoMIP) – past, present, and future, Atmos. Chem. Phys., 23, 5149–

5176, https://doi.org/10.5194/acp-23-5149-2023, 2023b. 755 

 

Vos, K., Harley, M. D., Turner, I. L., and Splinter, K. D.: Pacific shoreline erosion and accretion patterns controller by El 

Niño/Southern Oscillation, Nature Geosci., 16, 140-146, https://doi.org/10.1038/s41561-022-01117-8, 2023. 

 

Walters, D., Baran, A. J., Boutle, I., Brooks, M., Earnshaw, P., Edwards, J., Furtado, K., Hill, P., Lock, A., Manners, J., 760 

Morcrette, C., Mulcahy, J., Sanchez, C., Smith, C., Stratton, R., Tennant, W., Tomassini, L., Van Weverberg, K., Vosper, S., 

Willett, M., Browse, J., Bushell, A., Carslaw, K., Dalvi, M., Essery, R., Gedney, N., Hardiman, S., Johnson, B., Johnson, C., 

Jones, A., Jones, C., Mann, G., Milton, S., Rumbold, H., Sellar, A., Ujiie, M., Whitall, M., Williams, K., and Zerroukat, M.: 

The Met Office Unified Model Global Atmosphere 7.0/7.1 and JULES Global Land 7.0 configurations, Geosci. Model Dev., 

12, 1909–1963, https://doi.org/10.5194/gmd-12-1909-2019, 2019. 765 

 

WCRP (World Climate Research Programme): WCRP Coupled Model Intercomparison Project (Phase 6), https://esgf-

node.llnl.gov/projects/cmip6 (last access: 18 May 2023), 2021. 

 

West, R. E. L., Stier, P., Jones, A., Johnson, C. E., Mann, G. W., Bellouin, N., Partridge, D. G., and Kipling, Z.: The importance 770 

of vertical velocity variability for estimates of the indirect aerosol effects, Atmos. Chem. Phys., 14, 6369–6393, 

https://doi.org/10.5194/acp-14-6369-2014, 2014. 

 

Widlansky, M. J., Marra, J. J., Chowdhury, M. R., Stephens, S. A., Miles, E. R., Fauchereau, N., Spillman, C. M., Smith, G., 

Beard, G., and Wells, J.: Multimodel ensemble sea level forecasts for tropical Pacific islands, J. Appl. Meteorol. and 775 

Clim., 56, 849– 862, https://doi.org/10.1175/JAMC-D-16-0284.1, 2017. 

 

Wood, R.: Assessing the potential efficacy of marine cloud brightening for cooling Earth using a simple heuristic 

model, Atmos. Chem. Phys., 21, 14507-14533, https://doi.org/10.5194/acp-21-14507-2021, 2021. 

 780 

Yool, A., Popova, E. E., and Anderson, T. R.: MEDUSA-2.0: an intermediate complexity biogeochemical model of the marine 

carbon cycle for climate change and ocean acidification studies, Geosci. Model Dev., 6, 1767–1811, 

https://doi.org/10.5194/gmd-6-1767-2013, 2013. 

 

https://doi.org/10.5194/egusphere-2023-1611
Preprint. Discussion started: 17 July 2023
c© Author(s) 2023. CC BY 4.0 License.



25 

 

Zhao, B., J. H. Jiang, D. J. Diner, H. Su, Y. Gu, K-N. Liou, Z. Jiang, et al. “Intra-Annual Variations of Regional Aerosol 785 

Optical Depth, Vertical Distribution, and Particle Types from Multiple Satellite and Ground-Based Observational Datasets.” 

Atmospheric Chemistry and Physics 18, no. 15 (August 13, 2018): 11247–60. https://doi.org/10.5194/acp-18-11247-2018. 

 

 

 790 

 

 

 

 

 795 

 

 

 

 

 800 

 

 

 

Tables 

Table 1. The sea-salt emission scheme bin sizes tested for G6MCB (nm). 805 

Bin number Mid-bin dry radius 

(nm) 

7 22 

8 36 

9 55 

10 86 

11 133 

12 207 
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Table 2. The average efficiency of sea-salt injection in changing global-mean near-surface temperature as a function of the 810 

rate of sea-salt injection in G6MCB. 

Injection rate (Tg yr-1) Efficiency (mK Tg-1 yr) 

<100 -19.4 

100 – 200 -12.3 

200 – 300 -8.5 

300 – 400 -7.3 

>400 -6.5 

 

 

 

 815 

Figures 

 

Figure 1: The regions used for sea-salt injection in G6MCB; only ocean points within each region were used. 
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Figure 2: 10-year mean changes with respect to a non-perturbed control as a function of sea-salt injection rate in UKESM1 

simulations using different sea-salt emission size bins: (a) cloud-top CDNC averaged over the four injection regions (cm-3), 

(b) cloud fraction averaged over the four injection regions, (c) global-mean ToA net radiation (W m-2), (d) global-mean near-825 

surface air temperature (°C). The sizes of bins 7-12 are given in Table 1. 

 

 

 

Figure 3: (a) Ensemble mean decadal injection rates of SO2 and dry sea-salt mass in G6sulfur and G6MCB (Tg yr-1); note 830 

the different scales. (b) Decadal-mean temperature changes due to SO2 and sea-salt injections as a function of injection rate 
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(°C). (c) The same as (b) but rescaled to only show SO2 with a least-squares straight line fit added. Panels (b) and (c) show 

data from individual G6sulfur and G6MCB ensemble members. Panel (b) also includes G6MCB data from attempts which 

did not meet the G6 protocol’s temperature criterion but are included as they are still indicative of the relation between sea-

salt injection rate and temperature change. 835 
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Figure 4: Ensemble-mean estimates of the cloudy and clear-sky contributions to the difference in decadal-mean ToA net 

downwards SW radiation between G6MCB and ssp245 (W m-2). 
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Figure 5: The decades of maximum contribution from the cloudy- and clear-sky effects of MCB in terms of ToA net SW 

(G6MCB minus ssp245; W m-2): 2061-2070 is the decade of maximum cloudy-sky effect (panels (a) and (c): left column) 

and 2091-2100 the maximum for the clear-sky effect (panels (b) and (d): right column). Stippled areas show where the 850 

differences are not significant at the 5% level in a two-tailed t-test. 
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Figure 6: (a) The difference in AOD at 550 nm for 2081-2100 in G6sulfur compared with present-day. (b) Same as (a) but 

for G6MCB. (c) The ratio of AOD between G6sulfur (2081-2100) and PD. (d) Same as (c) but for G6MCB. 
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Figure 7: (a) Time-latitude evolution of the difference in near-surface air temperature (°C) between G6sulfur and ssp245. (b) 

The same as (a) but for the difference between G6MCB and ssp245. (c) Zonal means of the temperature differences for 865 

2081-2100. 
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Figure 8: Change in JJA near-surface air temperature (°C) for 2081-2100 compared with PD in (a) ssp585, (b) ssp245, (c) 

G6sulfur and (d) G6MCB. Stippled areas show where the differences are not significant at the 5% level in a two-tailed t-test. 

(e) Probability density function of the changes. 
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 880 

Figure 9: Same as Fig. 8 but for DJF. 
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Figure 10: Same as Fig. 8 but for JJA land precipitation rate (mm day-1). 890 
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Figure 11: Same as Fig. 10 but for DJF. 
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Figure 12: Change in annual-mean NPP (kg of carbon m-2 yr-1) for 2081-2100 compared with PD in (a) ssp585, (b) ssp245, 910 

(c) G6sulfur and (d) G6MCB. Stippled areas show where the differences are not significant at the 5% level in a two-tailed t-

test. 
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Figure 13: Change in sea-level for 2081-2100 compared with PD in (a) ssp585, (b) ssp245, (c) G6sulfur and (d) G6MCB. 

Stippled areas show where the differences are not significant at the 5% level in a two-tailed t-test. 
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Figure 14: Arctic sea-ice area (106 km2) for (a) March, showing the maximum sea-ice extent, and for (b) September, 

showing the minimum extent. 
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Figure 15: a) The SOI (hPa) derived as the simple difference in pressure between Tahiti and Darwin as a function of time 

for the simulations described in the text. b) The spatial distribution of the change in the pressure pattern (hPa) determined for 

2081-2100 for G6MCB compared with present day (PD). 
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