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Abstract.
Marine Cloud Brightening (MCB) is one of several proposed solar radiation management geoengineering schemes designed to avert some of the undesirable effects of climate change (Latham et al. 2008). Such changes include ice loss, desertification and increased sea levels. MCB hypothesizes that seeding marine stratocumulus clouds with copious quantities of roughly monodisperse sub-micrometre seawater particles can enhance the cloud droplet number concentration and increase cloud albedo. Recent publications (Latham et al 2012) provide more specific details of the technology and the microphysical process, as well as proposing a set of field tests to critically assess the efficacy of the MCB geoengineering proposal over a limited area. In this paper we describe a set of climate simulations based on the fully coupled ocean atmosphere and ice Numerical Weather Prediction Model, HadGEM1, the UK Met Office Climate Model, V6.1. The model is used to project changes in land and sea surface temperatures as a result of increasing carbon dioxide and geoengineering using the MCB scenario. We show that that the effects of seeding the clouds in three relatively small and localised regions where there is significant stratocumulus cloud cover, produces significant global cooling of land surface and sea surface temperatures which could provide temporary ( ~ 50 years) amelioration of global temperature rise. Global land and sea surface temperature plots are shown. Further application to hurricane weakening and cooling of tropical regions to avoid Coral Bleaching is briefly suggested.
1. Background.
Marine Cloud Brightening (MCB) is a geoengineering idea and relies on the production of a global cooling to compensate for the warming associated with continuing fossil fuel burning. It was first postulated by Latham (1990, 2002), and the concepts, engineering requirements and some climate impacts associated with MCB may be found been in Bower et al. (2006), Salter et al. (2008), Latham et al. (2008), Rasch et al. (2009), Jones et al. (2011),and Bala et al. (2011).

The principle is to seed marine stratocumulus clouds with ocean generated surface seawater aerosol, with sufficiently large salt-mass to ensure their activation and subsequent growth within the clouds, but not so large as to encourage precipitation formation. These Cloud Condensation Nuclei, CCN, would be numerous enough to enhance the natural cloud droplet number concentrations in stratocumulus regions, thereby enhancing the cloud albedo ( Twomey, 1977). Increasing the cloud droplet number concentration is likely also to affect increase cloud cover, longevity, and cloud thickness, as a consequence of inhibiting precipitation formation (Albrecht 1989). 

The climate model simulations below suggest that if the droplet number concentration in marine stratocumulus could be increased to several hundred per cubic centimetre in a significant fraction of the stratocumulus sheets, then a negative forcing could be produced, sufficient to balance approximately the warming associated with CO2 doubling, and maintain the polar sea-ice coverage at roughly current values. There are several other consequences and issues regarding possible changes to the Earth’s climate but these are beyond the scope of this paper; some are discussed in Latham et al. (2012). However, the computations of Rasch et al (2009), indicate that the negative forcing required to hold the Earth’s average surface temperature at the current value would be different from that required for average sea-ice coverage maintenance (which would in fact be different at the two poles). Latham et al. (2008 and 2012) outlined observational studies which give some support for the viability of MCB, and suggests a possible international field campaign to test the hypothesis.

2. Model description and setup.
The Hadley Centre Global Environment Model (HadGEM1) is described in Johns et al. (2006) and Martin et al. (2006). It has an atmospheric resolution of 1.250 latitude by 1.8750 longitude with 38 levels ranging from 20 m at the surface to 7 km below the lid at 39 km, is non-hydrostatic and compressible, with a deep atmosphere formulation. It has a height based (z) terrain following co-ordinate system and uses a Charney Phillips staggered grid, and is based on version 6.1 of the UK Met Office Unified Numerical Weather Forecasting model. 

The ocean model, also described in Johns et al. (2006), is fully coupled to the atmosphere model with Sea Surface Temperature (SST) and Land sensible and Latent Heat Fluxes, as well as ocean and land ice feedbacks. It has a zonal resolution of 10 everywhere, and a meridional resolution of 10 between 300 and the poles, with an increasing resolution to 1/30 at the equator. There are 40 levels in the vertical, increasing from 10m at the surface to 345 m at 5.4 km.

A series of model case study scenarios have been completed, and are listed in Table 1 below. For brevity and the purpose of this paper, only three of the simulations have been used and new surface temperature results displayed in Figures 1 to 4. A nominal value of a cloud droplet number concentration, N = 375/cc is used in this case study. Three specific regions corresponding to maximum maritime stratocumulus cloud cover were chosen to be seeded, Latham et al. 2008 and Jones et al 2011. For further discussion of all seeding regimes and model set-ups see Latham et al. (2008), Rasch et al. (2009) and Bala et al. (2011). Carbon Dioxide is taken in these calculations as a proxy for all greenhouse gases, such as methane and water vapour, and is only chosen to represent the important long-wave radiative warming effect of all such gases, but one that can easily be quantified in the climate model. 

	
 Experiment
	
Carbon Dioxide concentration (ppm)
	
Seeding regime

	
Control ( CON )
	
Nominal 2020 concentration of 440 ppm
	
None

	
Double Carbon Dioxide ( 2CO2 )
	
Initial nominal 440 ppm at 2020, increasing a 1% p.a. and held at 560ppm, approximately 2045. A 20 year sample period for 2070 – 2090 is used for analysis.
	
None

	
Double Carbon Dioxide with three region seeding ( MCB3_2CO​2 )
	
Initial nominal 440 ppm at 2020, increasing a 1% p.a. and held at 560ppm, approximately 2045. A 20 year sample period for 2070 – 2090 is used for analysis.
	
Three regions as shown in Parkes et al 2012 and Latham et al 2012


Table 1. Table of climate scenario simulations using HaDGEM1. CON is the control run using a Carbon Dioxide concentration of 440ppm , 2CO2 is the “double Carbon Dioxide” simulation and MCB_2CO2 is the “double Carbon Dioxide” simulation with the three region seeding. 


It is appreciated that these results are essentially idealised experiments. Although the simulated increase of CO​2 of 1% p.a. until a “double Carbon Dioxide” ( 2CO2 ) based state is probably likely to be a reasonable forecast of atmospheric CO2 concentration increase, the dynamic ocean circulations are of such longer time scales, of the order of many decades, only allowing a 25 year period of 2045 - 2070 for the atmosphere ocean system to settle-down into a new equilibrium state is not sufficient. Further the 20 year analysis period of 2070 – 2090 is again insufficient. However, given limited supercomputer resources,  a balance between the model resolution, resources and analysis period is required and the set-up used is regarded as an optimal compromise.
Further simulations have been carried out using an “all–sea” seeding strategy, as well as changing the proposed cloud droplet number concentration, N, to 1000/cc , but the results are not presented here. Some of these other climate model results are produced in Latham et al. (2008, 2012) and other work submitted for publication.

3. Results and conclusions.  
Results from the three model simulations, as described section 2 and summarised in Table 1, demonstrate the impacts and differences between the model climate scenarios.

It is important to provide an initial background temperature field for comparison purposes. Figure 1 provides the base state scenario, with Carbon Dioxide concentrations at 440 ppm, which approximately corresponds to the CO2 values expected to be found in 2020. This plot presents the land and sea surface temperature values for the CON simulation. 

On increasing the CO2 concentrations as defined in Table 1 and using the setup as defined in section 2, the global 20 year ( 2070 – 2090 ) averaged temperature fields indicate a global average warming of 0.8K from present day “control” conditions. The differences between the 2CO2 annual averaged temperatures and the control values are shown in Figure 2 ( i.e. 2CO2 – CON ). This plot shows a significant warming over most of the globe, with only small maritime regions indicating some cooling. These cooling areas appear to be the result of changes in cloud cover, ocean circulations and cold water up-welling. The most significant warming regions, of +5 K are indicated in the Arctic regions, and to a lesser extent in Antarctica. For slightly different model scenario conditions, Bala et al (2011), Jones et al (2011) , Rasch et al. (2010) produce globally averaged warming values of +2.4 K , +0.5 K and +1.8 K. As each model was run with a slightly different set up, this makes a quantitative comparison difficult. However,our results are consistent with other work, provide the magnitude and geographical distribution of temperature changes and also provide a background state which can be used as a control state, CON to determine the size of the relative changes on application of Marine Cloud Brightening (MCB) 

Applying three-region seeding MCB3_2CO2 in a double CO2 atmosphere, there is significant cooling due to MCB which compensates for greenhouse gas warming of the planet. Figure 3 plots the difference in surface temperatures between this three-region seeding and the control (CON) scenario. For our three-region seeding, which covers 5 % of the maritime area, a globally averaged temperature cooling of 0.05 K is obtained. Jones et al (2011) produces a cooling of 0.02 K, Bala et et (2011) produces a warming of 0.06 K and Rasch et al (2010) produces a warming of 0.82 K if 20% of the maritime area is seeded, and -0.39 K if 70% is seeded. Again it should be emphasised that direct comparison can only be approximate in nature, as each model has a different set-up. Also it should be repeated that the three regional areas in our experiment are chosen specifically as those areas where stratocumulus clouds are most prevalent, and therefore where the cloud seeding would have maximum impact. This is why our results produce marginally more cooling. In the Arctic regions, there is significant cooling to the North of Siberia and Alaska, but there is also some warming in Northern Canada and Greenland. As with the rest of the planet, the MCB cooling and the double Carbon Dioxide radiative warming, approximately balance. It should be noted, however, that there is still warming in the Antarctic regions, with compensation of about 2/3rd of the warming of the ( 2C02 - CON ) results, as in Figure 2. In results not shown here, if we seed 100 % of maritime regions, a global averaged cooling of -6.5 K is produced. 

When we compare the double Carbon Dioxide with three region seeding ( MCB3_2CO2 ) with the double Carbon Dioxide atmosphere ( 2CO2 ) , as in Figure 4, we can see significant global cooling. In the Arctic regions turning on the seeding could cool the region by 5K, and this response is relatively rapid. The work of Parkes et al (2012) demonstrates that the enhancement of the meridional heat flux of the atmosphere ocean system is the way that the Earth System compensates for the MCB forcing. In Southern Amazonia, there is a little warming due to the change in the CCN number in the Namibia region. This is observable also in Figure 3. Off to the Eastern sea-board of the US and Japan, there is also some warming, and this is a consequence of changes in ocean circulation. However, as mentioned above, this is also observed in Figure 2 and since changes in ocean circulation may take decades to reach equilibrium, these results need further investigation. Over most of Antarctica, significant cooling occurs, but there are regions of warming. One aspect of this is that there is increased precipitation over some parts of the Antarctic region, and therefore greater cloud cover would exhibit a warming effect. 

In summary, these new results demonstrate that the MCB has a global cooling effect, especially in the Arctic regions, and could compensate for a double Carbon Dioxide climate warming, providing enough cooling for long term measures to be implemented. MCB has the advantage that the very short time constant, about one week, for the natural removal of any injected sea surface aerosol, could mean that the MCB scheme could be turned off very rapidly, if adverse side effects occurred. Further work is needed in this area, including high resolution cloud model simulations.  
It is possible that this MCB technique could (a) be applied to the weakening of hurricanes, as can be seen in the reduction of SST in the hurricane and typhoon generation regions (Figures 2, 3 and 4) and (b) could be actively used to prevent Coral Bleaching, especially off the North East coast of Australia (Figure 3) and preserve the coral reefs, which are facing extinction, in various regions. These two ideas are currently being investigated.
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Figure 1. The annual average surface temperatures (K) from the final 20 of a 70 year control simulation (2070 – 2090) where Carbon Dioxide Levels are held at 440 ppm.
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Figure 2. The difference in annual average surface temperature (K) between a double pre-industrial Carbon Dioxide (CO2) at 560 ppm and the control simulation at 440 ppm. The simulation was completed from a 2020 initialisation at 440 ppm CO2 concentrations, with a 1% p.a. increase until ~ 2045 at 560 ppm levels, and then using the 20 year sampling period from 2070 - 2090.
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Figure 3. The difference in annual surface temperatures (K) between a three region MCB seeding for a double CO2 pre-industrial (560 ppm) scenario and the control simulation. The experimental design is as defined in the legend in Figure 2. The three regions of seeding are off Namibia, of the West coasts of South and North America and can be seen in Latham et al. (2008) and in this Figure where the maritime regions of maximum cooling occur in the subtropical regions. The surface temperatures in the Arctic regions are on average cooler than present day conditions, but there are some areas of warming compared with present conditions. 
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Figure 4.

The difference in annual average surface temperature (K) between the simulations completed for a three region MCB seeding in a double pre-industrial CO2 (560 ppm) scenario and a double pre-industrial scenario, without seeding. The model set up is as described in the legend in Figure 2. There is significant cooling in the Arctic regions 
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