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Abstract 

Among the portfolio of options to reduce climate damage, solar geoengineering (SG) is a high-risk 

and highly uncertain method that is also the most economical in reducing global mean temperature. 

With the goal of eventually making decisions on deployment (or no deployment), research in the field 

covers a range of topics including the bounds of efficacy, potential impacts, and stakeholder 

perspectives. In addition, the risks and efficacies of SG must be positioned in the context of mitigation 

and adaption methods. This thesis addresses specific issues on each of these topics and evaluates one 

mitigation policy. The first part of the thesis discusses limitations on the spatial and temporal patterns 

that can be achieved using stratospheric sulfate injection. We find that globally uniform radiative forcing 

(RF) can be achieved and that there is a trade-off between the degree of spatial control and RF efficacy. 

The second part of the thesis studies the ozone impact of stratospheric injection of CaCO3 particles by 

experimentally determining the uptake coefficients of important gaseous ozone depleting species on 

CaCO3. It shows that previous assumptions of these reaction rates were too high and that the net impact 

of CaCO3 was over-estimated. The third part of the thesis shows results from detailed semi-structured 

interviews with US and Chinese experts on their views towards SG. We found that US and Chinese 

experts agree on a wide range of issues covering research and deployment of SG. The fourth part of the 

thesis investigates the effectiveness of Leadership of Energy and Environmental Design standards in 

improving building energy efficiencies using building energy benchmarking data from 1565 buildings in 

10 US cities. Finally, the last part of the thesis discusses issues that might be important to SG research 

under a stochastic dynamic decision-making framework.  
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Chapter 1: Introduction 
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There is a project for the sun. The sun 
Must bear no name, gold flourisher, but be 

In the difficulty of what it is to be. 
- Wallace Stevens. Notes Toward a Supreme Fiction 

 

Geoengineering refers to a range of large scale, deliberate activities to reduce damages caused by 

climate change (Keith, 2000). Two branches of methods exist: carbon geoengineering comprises of 

methods that decrease atmospheric CO2 content, while solar geoengineering (SG) includes methods that 

manipulates the planet’s long wave and shortwave radiation. Among a handful of SG methods, 

stratospheric aerosol injection (SAI), the focus of this thesis, is one of the most economical method in 

reducing global mean temperature. It also has the potential to affect global temperature to the largest 

degree (Lenton & Vaughan, 2009; McClellan et al., 2012) and is arguably the method that has the 

highest uncertainties in risks and efficacies. Since Nobel Prize Laureate Paul Crutzen published a paper 

contemplating the use of SG to modify the planet albedo and reduce the global mean temperature in 

2006 (Crutzen, 2006), SG has received attention by the public and the climate science research 

community as a high risk proposal to counter some of the adverse effects of global warming (Rasch et 

al., 2008).  

SG is a field developed out of practicality, but the massive spatial scale of intervention on nature 

inevitably renders much of its conception metaphysical. A project for the sun, as Wallace Stevens put it, 

finds its epistemological root in humans’ anxieties over conflicts between the physical realities of nature 

and our imaginaries. Interestingly, the same anxieties motivate various aspects of SG research: part of 

the difficulty is about knowing the physical reality, and part of the difficulty is about what the sun is to 

be.  As such, SG research encompasses a range of issues including science, technology, governance and 

so on (Keith, 2000; RoyalSociety, 2009). In my view, these questions revolve around the central issue of 

deployment decisions, and eventually any rational deployment decision would depend on evaluation of 

known risks and benefits as well as consideration for uncertainties that might be difficult or impossible 
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to address. Elucidating these factors requires input on the range of possible SG methods, impact 

mechanisms, and limitations of SG. In addition, there is a need to understand the efficacy of SG 

compared with other methods (mitigation and adaptation) that reduce climate damage. One way to 

organize these questions and explore how they feed into the eventual deployment decision (including a 

possible decision of no deployment) is shown in Figure 1. Research questions listed in the “single 

decision maker” section follow the input to a stochastic dynamic decision-making framework further 

scrutinized in Chapter 5.  

Because of the broad range of potential topics of interest, a wide spectrum of techniques is necessary to 

study these topics. Common tools used in the field include modelling methods that studies the impact of 

various scenarios, experimental methods that probe parameters unknown outside of SG, statistical 

analysis tools that scrutinize empirical data, and qualitative social science methods that bridge between 

technical contents and human perspectives.  

As shown in Figure 1, this thesis includes topics that contribute to three core research questions in SG: 

what the available SG options are, what the impacts are, and what the diverse interests from various 

stakeholders might be. In addition, in the spirit of treating SG as one option in a portfolio of methods to 

address damages of climate change, I also look at one option outside of SG aimed at mitigating CO2 

emissions from the building sector. Various research methods are employed in these studies. Results 

from chapter 1 depend on simulation results from a chemical transport model. Chapter 2 utilizes 

experimental techniques as well outcomes from this model. Results from Chapter 3 and 4 depend on the 

use of qualitative social science methods as well as statistical analyses.  

Even though this thesis covers a wide range of topics, each chapter focuses on a specific issue. The rest 

of the introduction will describe broader issues within SG and climate change that bring these results 
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together. Background and introduction to the more specific topics can be found at the beginning of each 

chapter.  

 

Figure 1: How chapters in this thesis fit into SG and the broader climate change research with the goal of 
making SG deployment decisions. 

 

Options and Risks of SAI 

SAI is an engineering project that gives human beings some level of control over earth’s radiative forcing 

(RF). The engineering aspect cannot be dissociated from the method, and it is important to understand 

both the range of possibilities for RF offset and what the potential impacts are. 

Many SAI studies use volcanic eruption as a proxy for SAI projects. For example, stratospheric sulfate 

injection scenarios from the geoengineering model intercomparison project (Kravitz et al., 2011) (an 

effort by modelling groups around the world to study climate impacts of SG using the same forcing or 

aerosol injection scenarios) were specified as injection by a point source on the equator. This is similar 
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to the scenario of Mount Pinatubo eruption, and past volcanic eruptions were used to validate model 

results. The reason might be that observational data exist for the RF and temperature impacts due to 

natural injection of aerosol into the stratosphere from past volcanic eruptions. In addition, since large-

scale SAI experiments is only a faint and distant possibility, studying data collected after volcanic 

eruptions might be the only empirical method to examine the effect of changing RF on a planetary scale.  

SAI scenarios, however, differ from volcanic eruption in that SAI projects are pre-meditated and 

controlled. The difference is analogous to the varied effects on agricultural output from storms and 

irrigation. It is therefore important to consider SAI from a design perspective where various degrees of 

freedom are allowed to vary to achieve a desired outcome. 

Chapter 1 addresses one design issue for SAI with sulfate. It explores the achievable RF patterns by 

systematically studying the locations of sulfate injection and modeling the RF outcome. Injection 

location is one important degree of freedom in controlling SAI schemes, and RF reduction is the most 

direct measure of SAI efficacy beyond the aerosol distribution. Knowing how well RF spatial patterns can 

be controlled is a fundamental step towards understanding the range of climatological outcome from 

SAI projects. The high variance of RF spatial outcome also highlights the fact that flexibility in injection 

strategies will be helpful to satisfy the unknown but potentially diverse sets of interests in SG.  

Changing RF using SAI brings many downstream impacts (Irvine et al., 2016). Decreasing global mean 

temperature and temperature extremes is often cited as the first order, sometimes only, impact of SG. 

However, other earth system impacts including precipitation changes, vegetation response, changes to 

the carbon cycle and impacts on sea level and arctic ice can also be important. A range of socio-

economic impacts would also result from these changes, but incorporation of impacts beyond 

temperature has been scarce (A. Harding & Moreno-Cruz, 2016). 
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Risks arise not only from the magnitude of these impacts, but also from the high degree of uncertainties. 

From a decision maker’s point of view, the uncertainties might play a bigger role in decreasing the 

attractiveness of SAI as a policy option than the magnitude of the impacts. Understanding these impacts 

and uncertainties is therefore crucial to the evaluation of SAI’s effectiveness. 

Chapter 2 focuses on studying the ozone impact of SG using stratospheric injection of non-sulfate 

material by combining experimental and modelling output. While ozone loss is the most frequently cited 

risk of stratospheric aerosol geoengineering (>300 papers cite this risk), previous evaluations have relied 

on 1) impact modelling of solar geoengineering strategies developed without actively addressing this 

risk and 2) existing experimental results often lacking in aspects novel to solar geoengineering. These 

studies are extremely important in elucidating the risks of solar geoengineering, but reducing the risks 

also requires novel proposals and experimental measurements to decrease uncertainties in impact 

estimates. This study shows the crucial role laboratory experiments could play in SG research in concert 

with modelling efforts. This role has been unheralded: very few laboratory studies exist that address 

unknowns novel to solar geoengineering, and the debate on empirical research focuses largely on 

outdoor experimentation. For decision makers who are developing a research agenda for SG research 

programs, this work highlights the importance of including laboratory research and encouraging 

collaboration between the modelling and experimental communities.   

 

Stakeholder Perspectives 

A single decision maker might be able to come up with a deployment decision given enough information 

on a set of coherent goals, deployment options, and the associated impacts, but SG decisions influence a 

wide array of stakeholders that might have a diverse set of interests. Understanding these interests and 

potential methods to govern them is crucial for managing SG from an engineering and operations 
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research point of view. Expert elicitation methods such as formal interviews are a part of engineering 

practice to elucidate these factors. Opinions learned from formal elicitation are often helpful to 

establish confidence bounds for decisions and incorporate knowledge that are not incorporated into 

peer-reviewed literature (Bedford et al., 2006; Morgan & Henrion, 1990). This section focuses on the 

importance of public engagement in SG and discusses the role of expert and opinion leaders in SG 

before explaining the rationale behind the expert elicitation work in this thesis.   

Public engagement in the discussion of SG is important for a few reasons. Lloyd and Oppenheimer listed 

five normative governance principles for SG (Lloyd & Oppenheimer, 2014). Two of them are directly 

affected by public and stakeholder perspectives. These are “broad public participation in SRM decision-

making” and “notification, consultation, and informed consent from the affected population as a 

prerequisite to experimentation and deployment”. However, despite being a method with immense 

implications for the climate, SG has little public recognition. Corner et al. mentioned that surveys in UK 

and US during 2010 reported that about 75% of respondents “said they knew ‘nothing’ about 

geoengineering as a possible response to climate change”, and that only 8% of people among a 3000+ 

sample could correctly define the term “geoengineering” as shown by another report in 2010. This 

survey covered participants from US, Canada, and UK. The lack of recognition of SG outside of 

developed countries is perhaps more alarming. For example, public recognition of SG is low in China 

(Edney & Symons, 2014), which is one of the most important players in international climate policy and 

hosts the only government-funded SG research program outside of developed countries.   

The lack of public recognition for SG means that public opinions are malleable and can be vulnerable to 

misinformation. For example, one survey of online mentions of SG over the past decade found that most 

public discussions of SG center around chemtrail, a conspiracy theory where airplanes spray toxic 

chemicals in their contrails to modify the weather or control minds (Tingley & Wagner, 2017). Opinion 

leaders who are not responsible for providing references to accurate scientific information or remaining 
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impartial to personal bias can also shape the views of the general public.  For example, Naomi Klein’s 

depiction of SG (Klein, 2014) might be biased with little scientific substance, but it constituted a 

powerful narrative where SG is portrayed as a government conspiracy to further fossil fuel interests. It 

contributed to her immensely popular New York Times bestseller and continues to shape many people’s 

opinions on SG.  

Climate experts and policy makers are another group who have the potential to shape public discourse 

on SG. Chapter 5 taps into the scarcely studied issue of expert judgement on SG.  By eliciting a wide 

range of opinions from Chinese and US climate experts on SG, this work helps clarify both similar and 

divergent judgements of experts from two countries that are vastly different but perhaps the most 

important in international climate change policy. Beyond extending the understanding of stakeholder 

perspective outside of western countries, results from this work can also facilitate conversations 

between experts from different cultures. These conversations could help promote cooporation and 

avoid conflict in future negotiations. Given the rise of contentious geopolitical issues between US and 

China in the world today, such conversations might have strategic importance outside of SG to promote 

mutual understanding and foster the will to collaborate amid competition.  

Just One in a Portfolio of Options 

Besides issues inside the field of geoengineering, decisions must also be made on how SG works in 

concert with mitigation and adaptation.  

Various studies have treated SG as an emergency measure or the last resort to address climate damage 

when it becomes too late to avoid disastrous outcomes using mitigation and/or adaptation (Horton, 

2015). Treating SG this way inherently poses it as a strategy that is separate from mitigation and 

adaptation options. There are many problems with this approach. For example, climate emergency is 

difficult to define. In addition, using SG at a high intensity might incur large costs. Furthermore, ramping 
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up the scale of SG hastily poses logistic and governance challenges. It also decreases the overall welfare 

achievable with SG measures (more details in Chapter 5). Instead, it is better to view SG as just one in a 

portfolio of options to combat climate damage.  

Chapter 4 looks at one options outside of SG in this portfolio. Specifically, I study the impact of one 

popular policy in limiting emissions from the building sector using energy use data collected from more 

than a thousand buildings in the US. One difficulty in this study is simply the paucity of data and the 

varying quality of data collection. This analysis highlights intricacies and difficulties in understanding the 

impacts of even policies that have a limited and well-defined scope of application compared with SG. It 

also highlights the importance of result monitoring and feedback to decision makers once a policy is 

instituted. This is analogous to the rightmost feedback loop shown in Figure 1 and will be necessary if SG 

is deployed in the future.  

Finally, chapter 5 summarizes issues discussed in this thesis in a stochastic dynamic decision-making 

framework and discusses important issues in SG research under this framework and beyond.  
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Chapter 2: Tailoring meridional and seasonal radiative forcing by sulfate aerosol solar 

geoengineering1 

  

 
1 This work was published as Dai, Z., Weisenstein, D. K., & Keith, D. W. (2018). Tailoring meridional and seasonal 
radiative forcing by sulfate aerosol solar geoengineering. Geophysical Research Letters, 1030–1039. 
https://doi.org/10.1002/2017GL076472 
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Introduction 

Climate modification by solar geoengineering, or solar radiation management (SRM), is the large-scale 

intentional manipulation of radiative forcing (RF) to partially and temporarily reduce anthropogenic 

climate change (Keith, 2000; National Research Council, 2015). A diverse set of studies have explored 

climate response to variations in meridional or seasonal patterns of SRM RF. Deliberate tailoring of the 

RF pattern could improve the ability of SRM to achieve specific climate objectives and might allow the 

reduction of risks or side effects (Keith and MacMartin, 2015; Kravitz et al., 2016). Using a two-

dimensional (2D) chemistry-transport model (CTM) with an aerosol module, we inject SO2 or 

accumulation-mode particles at different latitudes, altitudes, and seasons, and then explore the ability 

to achieve a specific meridional RF profile (“controllability”) with linear combinations of these basic 

scenarios to provide guidance for further experiments with 3D high-resolution dynamical models.   

Many studies on the controllability of SRM schemes have focused on modelling with theoretical top-of-

atmosphere RF adjustments. Using meridional and seasonal alteration of top-of-atmosphere RF, 

MacMartin et al. (2012) showed that regional variations in residual climate change could be reduced, 

and Kravitz et al., (2016) showed that climate uncertainties could be mitigated through dynamic 

adjustment of SRM schemes with feedback control. Other studies addressed polar regions, finding, for 

example, that high latitude RF could be effective in preserving the Greenland ice sheet (Caldeira & 

Wood, 2008). Modelling of polar RF reduction showed enhanced cooling at high latitude compared with 

effects at lower latitude (MacCracken et al., 2013). Regional dimming experiments near the poles 

revealed that appropriately designed regional solar radiation reduction was needed to preserve arctic 

sea ice and control northward heat transport (MacMartin et al., 2012; S Tilmes et al., 2014).  

Most research on specific SRM implementations has focused on increasing the stratospheric sulfate 

aerosol burden, in part because it is (arguably) the only SRM method with a strong natural analog that 
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can produce relatively uniform global RF of several Wm-2 using existing technologies (National Research 

Council, 2015). A few studies have varied SO2 injections or sulfate loading choosing specific meridional 

or seasonal variations (Ban-Weiss & Caldeira, 2010; Haywood et al., 2013; Jackson et al., 2015; Laakso et 

al., 2017; Niemeier et al., 2011; Robock et al., 2008; Simone Tilmes et al., 2017). An early study 

demonstrated that injection of SO2 into arctic or equatorial regions resulted in RF changes that extended 

beyond the regions of injection, causing temperature decrease as well as changes in general circulation 

pattern and the hydrological cycle (Robock et al., 2008). SO2 injection above Svalbard with injection 

amount adjusted annually based on a model predictive control algorithm was shown to preserve the 

arctic sea ice (Jackson et al., 2015), and SO2 injection into the stratosphere of either the entire northern 

or southern hemisphere was shown to cause different impacts on Sahel vegetation (Haywood et al., 

2013). Other studies explored global impacts, finding, for example, that specified poleward-peaked 

aerosol loading was necessary to achieve a climate more similar to the pre-industrial one (Ban-Weiss & 

Caldeira, 2010). Exploration of SO2 injections into various meridional, zonal, and altitudinal bands found 

that RF efficacy (RF per unit injection rate) could be increased by decreasing injection rate, limiting the 

zonal and meridional extent of the injection band, and increasing the injection altitude (Heckendorn et 

al., 2009; Niemeier & Timmreck, 2015), but these studies did not try to achieve specific control of RF 

spatial profiles consistent with those used in studies described in the preceding paragraph. Recent 

WACCM studies did address this issue, albeit with injections at a limited number of locations (Kravitz et 

al., 2017; MacMartin et al., 2017; Simone Tilmes et al., 2017).  

The uncertainty in predicting RF for a given SO2 injection scenario is highlighted by results from the 

geoengineering model intercomparison project (GeoMIP). Kashimura et al. (2017) found substantial 

inter-model disagreement when they examined results from the GeoMIP G4 simulations which specify a 

5 Mt yr-1 SO2 injection, finding that the globally and temporally averaged forcing varied widely from 

about -3.6 to -1.6 Wm−2 for the six models studied. Large inter-model disagreement in aerosol optical 
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depth also existed due to differences in model transport and different aerosol size distributions (Pitari et 

al., 2014). It’s possible that intra-model disagreement would be reduced using state-of-the-art 3D high-

resolution dynamical models. Such models are, however, computationally expensive, so that it is not 

practical to simulate the wide range of injection scenarios relevant to assessing the controllability of RF. 

The injection of H2SO4 vapor into an aircraft wake was proposed by Pierce et al. (2010) to avoid 

inefficiently large particles produced by SO2 injection. Pierce et al. used a plume model to account for 

the rapid nucleation and coagulation of aerosol particles in an expanding aircraft plume, finding that this 

method could keep the global aerosol size distribution closer to optimal, reducing the flux of sulfur 

required for a given RF and producing a more linear response of RF to injection flux. English et al. (2012) 

modeled injection of H2SO4 evenly mixed over a GCM grid box and found no benefit over SO2 injection, a 

result that does not contradict Pierce et al. (2010) because the production of new appropriately-sized 

accumulation-mode particles depends on the rapid formation of new aerosols in the high-concentration 

conditions of an expanding plume. Benduhn et al. (2016) modeled possible stratospheric aircraft 

injection conditions and confirmed that conditions used by Pierce et al. (2010) could produce a 

radiatively-effective aerosol size distribution. Yet, no studies have tested the Pierce et al. H2SO4  scheme 

in a GCM. For convenience, we will hereafter refer to injection of accumulation-mode particles that 

might be produced by injecting H2SO4 into an aircraft wake simply as “accumulation mode sulfate (AM-

H2SO4)” injection.  

The controllability of SRM RF using injections of either SO2 or AM-H2SO4, is therefore a vital but 

inadequately understood link between studies of the climate’s response to specified changes in RF and 

understanding of stratospheric aerosol evolution based on observations and models. Despite the 

importance of this link, there are no systematic parametric studies of the controllability of RF using 

sulfate aerosol including in the recent WACCM study (Simone Tilmes et al., 2017). We suspect that this 
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is, in part, because GCMs with comprehensive treatments of aerosols and chemistry are computationally 

expensive. 

We choose to use a 2D CTM with treatment of sulfate chemistry and aerosol microphysics. Its 

computational efficiency allows us to systematically explore the injection parameter space, mapping the 

model response function in latitudinal, altitudinal, and seasonal dimensions. Our intent is to (a) provide 

a first systematic estimate of the controllability of RF through SO2 injections, (b) explore AM-H2SO4 

injection to avoid the approximate 30-day chemical conversion time of SO2 into H2SO4 to achieve finer 

temporal and spatial control in RF management, and (c) provide guidance for future modeling efforts 

using 3D high-resolution dynamical models. Our goal is not to prescribe the “right” answer but to 

provide guidance to future 3D numerical experiments. 

The range of desirable RF objectives could include achieving globally uniform RF, balancing 

hemispherical RF to minimize movement of the ITCZ and adjust the precipitation centroid, creating more 

RF reductions around the polar or tropical regions, and creating peak RF during polar summers to 

maximize the ice-albedo response and preserve sea ice with minimal total RF (Kravitz et al., 2016). Our 

goal is not to address the appropriate goal of RF manipulation, but rather to understand the feasibility 

and limits to RF control.  

Methods 

We use the Atmospheric and Environmental Research (AER) 2D CTM (D. K. Weisenstein et al., 2007; D K 

Weisenstein et al., 2004; Debra K. Weisenstein et al., 1997) simplified to include only chemistries that 

contribute to sulfate formation, employing O3 and OH concentrations from previous model calculations. 

The model uses a sectional representation of the sulfate particle size distribution, with 40 

logarithmically-spaced bins from 0.4 nm to 3.2 µm. Microphysical processes including homogeneous 

nucleation, coagulation, and condensation/evaporation are included in the model, as well as 
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sedimentation and wet deposition. The model has a global domain with 19 latitudinal and 51 altitudinal 

bins ranging from pole to pole and from the surface to 60 km, with resolution of ~9.5o latitude and ~1.2 

km in the vertical. The transport and temperature fields (Fleming et al., 1999) are prescribed based on a 

climatology from 1978 to 2004, and employ a monthly-varying temperature distribution to account for 

differences from the zonal and monthly means.  

We simulate continuous and spatially homogeneous injections of SO2 or AM-H2SO4 in each of the 19 

latitudinal bins and 4 vertical layers (10-14 km, 14-17.5 km, 17.5-21 km, and 21-24 km). Only bins 

completely above the tropopause were chosen (62 total injection cases modelled). The injection flux 

varied with latitude to achieve a constant flux per unit surface area equivalent to 1 Mt-S yr-1/4πRearth
2, 

chosen so that coagulation rates would not depend strongly on latitude. Injections into single latitudinal 

bands were less than 0.1 Mt-S yr-1 in all cases to study the response at the limit of reduced non-linearity. 

We then explored linearity with a set of simulation at the highest and lowest altitudes with higher 

injection rates (1, 2.5, 5, and 10 Mt-S yr-1) at the equator, 66oN and 66oS. The AM-H2SO4 injection 

methodology follows that in Pierce et al. (2010). Sulfur was injected as hydrated sulfate particles with a 

dry mode radius of 0.095 µm and lognormal distribution width σ=1.5 (the result of plume processing of 

H2SO4 gas following injection by aircraft). The model was run for about 10 years in each case to closely 

approximate steady-state.  

Instantaneous radiative forcing at the top of atmosphere was computed using Mie theory and published 

refractive index data for 1400 spectral channels with the method of Charlson et al. (1991).  The diurnal 

solar illumination geometry for each model time step and latitudinal bin are used with monthly zonal 

observations of surface albedo, all-sky albedo, and cloud fraction (CERES Science Team, 2017) to 

calculate the hemispherically integrated reflected radiation.  

Results 
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RF Distribution  

Figure 2 summarizes the annually averaged RF efficacy for each SO2 injection altitude. Injections at 

higher altitudes result in higher steady state RF. This is mainly due to longer stratospheric residence time 

of aerosols before they reach the troposphere where removal by cloud scavenging and wet deposition 

become efficient. The distribution of RF is similar for all injection altitudes, with the highest RF values 

near the injection latitude for injections near the equator (~±15o), whereas the RF peaks shift poleward 

relative to injection latitude for extratropical injections. The peaks in the tropics are caused by injections 

into the upward branch of the Brewer-Dobson circulation and by weak meridional transport caused by 

the tropical pipe isolation (Plumb, 1996). The poleward shift of RF peaks for midlatitude injection results 

from poleward Brewer-Dobson transport combined with delay between SO2 injection and aerosol 

formation. This shift is complicated for injection at higher latitudes because of low solar insolation closer 

to the pole. RF efficacies for injections in the southern hemisphere are lower than those in the northern 

hemisphere due to a stronger polar vortex that enhances down-welling deposition.  Injecting AM-H2SO4 

results in similar RF distribution patterns (see Supplementary Figure S1). However, higher RF values are 

obtained with the same sulfur injection rate due to the smaller aerosol size distribution and slower 

sedimentation speed of aerosols produced from AM-H2SO4 injection. In addition, RF peaks occur much 

closer to their latitudes of injection because there is no delay in forming aerosol and show deviations 

mostly because of the latitudinally-varying solar insolation. These differences are consistent with the 

results in Pierce et al. (2010) and English et al. (2012). 

Globally and annually averaged RF efficacy and corresponding calculated RF are shown in Figure 3. 

Injections at higher altitudes and tropical latitudes produce the highest RF efficacy. AM-H2SO4 injections 

result in greater RF efficacy than SO2 injections. Microphysical evolution influenced by aerosol injection 

strategy and injection location affects RF efficacies. Sulfate aerosols that are 0.3 µm in radius scatter 

more effectively than ones in the nucleation mode or larger than 0.5 µm (Dykema et al., 2016). Due to 
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the inefficient meridional transport, particles are more confined in the tropical region, giving them time 

to grow by coagulation and condensation to sizes that scatter light more efficiently for SO2 injections.  

Injection of SO2 is more likely to produce both particles too small (by nucleation) and too large (by 

coagulation and condensation onto background particles) for efficient scattering, while injection of AM-

H2SO4, which we model as injection of particles with mode radius 0.095 µm, produces more particles 

near 0.3 µm (see Pierce et al. (2010), Figure 4).  

It should be emphasized that the RF efficacies in this section were derived from small RF values (Figure 

3(b)) as we are interested in first-order responses at small injection rates. These values would decrease 

significantly at high injections rates. For example, equatorial 5 Mt-S yr-1 SO2 injection at 21-24.5 km 

results in 0.72 Wm-2/Mt-S yr-1, roughly 20% of the radiative efficacy shown in Figure 3(a). Such efficacies 

are comparable to recent WACCM results (Kravitz et al., 2017), and within the range of GCM results in 

literature (Pitari et al., 2014). Section 3.3 includes more discussion of expected non-linearity. 
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Figure 2: Annually averaged RF efficacies for SO2 injections at various latitudes as a function of latitude. 
For every injection latitude on the ordinate, the RF efficacies at corresponding latitudes on the abscissa 
are represented on the contour plot. Text on each plot represents the injection height. RF values were 
normalized by injection rates. Dashed black lines on each subplot are added to guide the eye in locating 
RF peak latitude relative to SO2 injection latitude. Latitudinal bands below the tropopause where no 
modeling of injection was performed are shown in white in (a) and (b). 
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Figure 3: Globally averaged (a) RF efficacies and (b) RF resulting from SO2 (black) and AM-H2SO4 (red) 
injections. Text represents altitudinal band of injection. The interpolation lines are broken for injections 
at 10-14 km and 14-17.5 km because no simulations are performed for these low latitude cases. 

 

3.2 Results from Seasonal Injections  

We explore temporal control using a few idealized seasonal injection experiments. One motivating 

scenario is the possibility of concentrating the SRM perturbation during polar summer to preserve the 

arctic sea ice while minimizing the global perturbation (MacCracken et al., 2013; MacMartin et al., 

2012).   

Figure 4 illustrates results from injection scenarios at 66.3oN and two different altitudes for one month 

per year, in June or December. Higher injection altitude produces higher RF for both SO2 and AM-H2SO4 

due to longer aerosol residence time while also allowing the plume more time to spread, resulting in a 

less spatially and temporally-confined distribution. SO2 injections in winter produce peak RF 

distributions in spring due to minimal SO2 oxidation and low solar insolation in the polar winter. In 

contrast, with AM-H2SO4 injections, the differences between seasonal or spatial oxidation rates play 
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little role in plume formation. Therefore, RF peaks occur closer to the point of injection both spatially 

and temporally except when the solar insolation is low (polar winter). Thus, better temporal and spatial 

control is achieved. 

3.3 Fitting of injections to achieve specified RF profiles 

We explore the possibility of generating specified RF profiles with linear combinations of injection cases.  

We use a least-square fitting process constraining injection rates to be positive. The model results act as 

an operator that maps from linear combination coefficients to RF profiles. After diagonalization through 

singular value decomposition (SVD), this operator can be expressed as 

                                            𝑂𝑂 =  ∑ |𝑗𝑗,𝑈𝑈⟩𝜎𝜎𝑗𝑗⟨𝑗𝑗,𝑉𝑉|𝑗𝑗                                                        (1) 

where O is a matrix whose column vectors are annually-averaged RF efficacies at the 19 latitudinal 

bands used in the model. It maps from the “injection rate space” (V) to the “zonally averaged RF value 

space” (U). (Note that left singular vectors were not weighted by zonal areas, as we did not want to 

discount the importance of achieving polar RF targets.) ⟨𝑗𝑗,𝑉𝑉| and |𝑗𝑗,𝑈𝑈⟩ are singular vectors in the 

respective spaces, and 𝜎𝜎𝑗𝑗 is the corresponding singular value. |𝑗𝑗,𝑈𝑈⟩⟨𝑗𝑗,𝑉𝑉| then represents a rank-one 

approximation of O whose weight scales with 𝜎𝜎𝑗𝑗. |𝑗𝑗,𝑈𝑈⟩ and 1
𝜎𝜎𝑗𝑗

|𝑗𝑗,𝑉𝑉⟩ are the associated RF pattern and 

the injection rates needed from individual cases to achieve this pattern. Since ⟨𝑗𝑗,𝑉𝑉| and |𝑗𝑗,𝑈𝑈⟩ are unit 

vectors, large 𝜎𝜎𝑗𝑗 represents high root-mean-square (RMS) efficacy (RMS RF/ RMS injection rates) in 

achieving |𝑗𝑗,𝑈𝑈⟩. The SVD results for SO2 injection are shown in Figure 5. The AM-H2SO4 injection cases 

show similar patterns (see Supplementary Figure S2). The first singular vector |1,𝑈𝑈⟩ (Figure 5 (a)) shows 

an upward trend to the north, consistent with our discussion of the north/south comparison in Section 

3.1. The second singular value is relatively large, signifying relative ease of generating hemispherical 

contrasts, while higher singular values are substantially smaller, signifying the difficulty of generating 

higher order variations such as polar peak and equatorial minima or the converse.  
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Figure 4: RF distribution from seasonal injections (30 days per year) at the latitudinal band centered at 
66.3oN with an injection rate of 0.0028 Mt-S yr-1. Text represents altitudinal band and month of the 
injection. Black boxes mark the time and latitude of injection. 
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Figure 5: Results from singular value decomposition of the RF efficacy matrix showing the first five 
singular vectors for results from SO2 injections. Text on (a), (c), (e), (g), and (i) are the corresponding 
singular values. The nth singular value corresponds to n-1 latitudinal nodes on the nth left singular 
vector. 
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Figure 6: Least square fitting results for various possibly desirable global RF profiles that achieve globally 
averaged RF of 1.5 W/m2. Dashed lines represent the desired profiles, and solid lines represent the best 
fit by scaling RF distribution results from injections with SO2 at a single latitudinal and altitudinal band. 
Subplots in the second column (b, d, f, h, j) represent injection rates (in Mt-S yr-1) for injections at a 
latitudinal and altitudinal band to achieve the best fit RF distribution. Bands where no modeling was 
performed are represented by white squares. Total injection rates to achieve the profiles in (a), (c), (e), 
(g), (i) are 1.51, 1.37, 1.65, 1.93, and 1.08 Mt-S yr-1. 
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We tested linearity by comparing direct calculations with predicted distributions assuming linear 
additivity of RF (see Supplementary Figure S3). The RF response to both SO2 and AM-H2SO4 injection is 
more linear for injections at high latitude and low altitude due to the shorter sulfur lifetime here 
compared to tropical and high altitude injections, which minimizes coagulation into large particles that 
have lower radiative efficacy and faster sedimentation rate. AM-H2SO4 injection results in better 
linearity in general. This effect is especially apparent comparing the equatorial high altitude injection 
cases (Figure S3 (b)). The low RF efficacies for injections below the tropopause (Figure S3 (a)) also 
highlights the drawbacks of tropospheric injection schemes that might achieve precise spatial control 
(Bernstein et al., 2013).  The RF from SO2 injections at several different locations are close to the linear 
combination of the individual RF’s (Figure S3 (c), (d)). 

Our study shows that injection schemes can be linearly combined to achieve a specific RF objective 

especially for small magnitude injections outside of the equatorial region consistent with results from 

MacMartin et al. (2017). This complements previous studies that assessed tuning of prescribed RF 

profiles to achieve specific climate objectives (MacMartin et al., 2012; Kravitz et al., 2016; Kravitz et al., 

2017), suggesting RF adjustments required in such tuning can indeed be achieved with sulfur injections.  

Figure 6 shows results from least-square fitting to desirable profiles commonly mentioned in literature 

using SO2 injections (Ban-Weiss and Caldeira, 2010; MacMartin et al., 2012; Kravitz et al., 2016; Kravitz 

et al., 2017). We achieved reasonable fits to target profiles. Fits using AM-H2SO4 injection show similar 

patterns (see Supplementary Figure S4). These results are consistent with the SVD analysis, as 

prominent features from the first and second singular vectors can be seen in all fitting results. Due to 

low solar insolation in polar regions, large injection rates are required to achieve target RF at the poles. 

If latitudinal-dependent RF (including polar RF) targets are not essential, errors in the least-square fitting 

can be weighted by area at each latitudinal bin. Results with this weighting are shown in Figure S5 and 

S6. 

These results are first-order approximations without correction for deviations from linearity. However, 

since injection rates required are generally low (< 0.2 MtS yr-1) except at the poles, we expect small 

deviations from the profiles except in polar regions. They provide strong evidence regarding the relative 
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difficulty of achieving various profiles and a starting point for studies using more computationally 

expensive models. 

4 Discussion and Conclusions 

The challenge of adjusting SO2 injection to achieve some climate objective is being tackled by a group 

using the WACCM high-resolution GCM with a modal aerosol scheme combined with dynamic 

adjustment of SO2 injection to demonstrate that feedback can improve control of surface temperature 

(Kravitz et al., 2017). This result is a major step forward, but would be computational challenging for 

broad parametric explorations such as in this paper.   

We suspect that it may be more effective to separate feedback control of RF and climate because they 

operate on very different timescales. Control of SRM might be approached by adjusting aerosol injection 

using observations and feedback to “close the loop” and produce an actual aerosol RF distribution that 

is close to some target (MacMartin et al., 2014). Rather than using surface temperature as a feedback 

objective as in the WACCM studies, a target RF distribution could be the feedback objective, with that RF 

target then adjusted much more slowly based on climate response or other factors.  

Here, we take a complementary approach to systematically explore the RF response to injection of both 

SO2 and AM-H2SO4 as a function of latitude, altitude, and season. Unlike the WACCM effort, we use a 

sectional aerosol scheme for accurate simulation of the evolution of aerosol size distributions. We also 

explore the use of AM-H2SO4 injection to improve the control of particle size. Our 2D CTM cannot 

capture dynamical feedback to radiative forcing or zonal variability. However, calibration results suggest 

that the AER 2D model provides accurate representation of the response to volcanic injections. 

Therefore, it is appropriate for a parametric exploration of injection schemes.  

Our results demonstrate a clear trade-off between spatial control and RF efficacy. As injection altitudes 

move from stratosphere to troposphere, spatial control at small scales may be possible but at the cost of 
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extremely low efficacy (Bernstein et al., 2013). This trade-off has important consequences for human 

health and the environment, as sulfate aerosols in the boundary layer pose acute health risks and acidic 

precipitation causes environmental harm. In considering the consequences of low altitude injections, we 

note that in 2010, emission of 50 Mt-S yr-1 was likely responsible for more than a million premature 

deaths per year (Cohen et al., 2017; Crippa et al., 2016).   

This study is among the first to show the potential of achieving desirable RF profiles including an 

equatorial minimum and linear meridional gradients of either sign. These results are particularly 

relevant as an equatorial minimum is useful in offsetting the tendency to overcool the equator which is 

a common feature of the response to uniform RF (Govindasamy & Caldeira, 2000; Irvine et al., 2016), 

and the linear gradient is useful in balancing hemispheric forcing to maintain the location of the ITCZ 

(Kravitz et al., 2016). Our optimization failed to produce a strong equatorial maximum in RF, but this 

scenario has less practical relevance. We find that linear combinations of injection cases at different 

latitudes provide a good estimate of the imperfectly linear RF response. Results from AM-H2SO4 

injections show better linearity when scaling up injection rates than those from SO2 injections. These 

results provide a clear basis for experiments with 3D GCMs and more realistic injection schemes to 

quantify the possibility of achieving specific RF profiles using feedback control while minimizing 

environmental side effects of sulfur injection.  

  



27 
 

Chapter 3: Tying lab studies to geoengineering: empirical reaction rates show model-

only results overestimated O3 response to CaCO3 geoengineering  
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Introduction 

The deliberate introduction of aerosols into the stratosphere as a means of solar geoengineering (SG) 

might reduce some climate risks. Yet physical risks and efficacy of stratospheric aerosol geoengineering 

are poorly constrained due to uncertainty in the climate’s response to aerosol radiative forcing and to 

local stratospheric processes that include stratospheric chemistry, heating, and aerosol microphysics. 

Uncertainties about local process can be reduced by experiments. A prior modelling study(Keith et al., 

2016) from our group suggested that calcium carbonate (CaCO3) might enable stratospheric 

geoengineering with reduced ozone loss or even ozone increase, but that study lacked measurements of 

important CaCO3-specific reaction rates. Here, we report laboratory measurements of uptake 

coefficients on calcium carbonate aerosols. We find that exposure to gas-phase acids causes CaCO3 

particles to age rapidly, reducing their reactivity. This is in stark contrast to liquid sulfuric acid particles 

with surfaces that are unaffected by aging. We use these data to constrain a chemical transport model 

of stratospheric chemistry and aerosol microphysics and find that the prior model results overestimated 

ozone response.  

The use of empirical tools to study solar geoengineering has been limited. Field experiments are 

contentious(Macnaghten & Owen, 2011). Modelling studies use existing experimental results for sulfate, 

but there have been very few laboratory studies to address uncertainties of SG using non-sulfate 

particles(Cziczo et al., 2019; Tang et al., 2014). This work is among the first efforts(Molina et al., 1997) to 

measure uptake coefficients on solid particles at stratospheric temperatures. Our purpose is reducing 

uncertainty about SG.  

Sulfate is the most widely-studied material for stratospheric SG because of the prominence of natural 

sulfate aerosols in the stratosphere and the long history exploring their links to climate(Robock et al., 

2013). In addition, there appear to be ways to inject SO2 and likely H2SO4 based on existing 
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technologies(J. P. Smith et al., 2018; W. Smith & Wagner, 2018). However, sulfate aerosols pose well-

known risks such as ozone depletion and stratospheric heating. CaCO3 particles have been proposed as 

an alternative to sulfate, and major motivations include the potential to reduce both risks(Dykema et al., 

2016; Ferraro et al., 2011; Jones et al., 2016; Keith et al., 2016; Pope et al., 2012). This work addresses 

the ozone depletion aspect. Many modelling studies that explore chemical impacts of potential SG 

deployment have shown ozone depletion effects from a range of sulfate distribution scenarios, chiefly 

due to their impacts on NOx (NO and NO2) and halogen species(Heckendorn et al., 2009; Pitari et al., 

2014; Richter et al., 2017; Simone Tilmes et al., 2008). These effects could counteract the recovery of 

ozone under the Montreal Protocol and increase risks of SG scenarios designed to mitigate impacts of 

climate change. 

Non-sulfate materials have been proposed to address various risks of SG. Nearly two decades ago, Teller 

and Wood(Teller et al., 1997) proposed the use of alumina nanoparticles based on scattering 

considerations while cautioning about environmental impacts. Other solid particles including TiO2, SiC, 

ZrO2, diamond, and CaCO3 have been explored(Dykema et al., 2016; Ferraro et al., 2011; Jones et al., 

2016; Pope et al., 2012). Diamond and alumina might reduce ozone depletion compared with sulfate 

when producing the same radiative forcing(D. K. Weisenstein et al., 2015). 

CaCO3 produces much less stratospheric heating than does sulfate(D. K. Weisenstein et al., 2015), and is 

a plausible material given the extensive industrial-scale manufacture of micron-scale calcite particles(F. 

P. Carr & Frederick, 2014; Keith et al., 2016) CaCO3 could also address the risks of ozone depletion by 

reactive uptake of acidic species containing halogens, sulfur, and nitrogen, effectively scrubbing ozone-

depleting species from the stratosphere. However, due to the competition between denoxification and 

dehalogenation, it is difficult to know the net effect on ozone a priori. 
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One important shortcoming of Keith et al.(Keith et al., 2016) is uncertainty of the uptake coefficients 

due to lack of experimental data. Here we measure the uptake coefficients of four reactions: 

CaCO3 + 2 HCl → CaCl2 + H2O + CO2                                                        (1) 

CaCO3 + 2 HNO3 → Ca(NO3)2 + H2O + CO2                                              (2) 

CaCl2 + HNO3 → Ca(NO3)2 + 2 HCl                                                           (3) 

CaCl2 + 2 ClONO2 → Ca(NO3)2 + 2 Cl2                                                      (4) 

We did not include heterogeneous reactions of gaseous HBr, BrONO2 and H2SO4 with CaCO3 particles 

because Keith et al. showed that these reactions caused little change in background mixing ratios of 

BrOx or H2SO4. Uptake coefficients of Reaction 1 and 2 have been experimentally determined, but not 

under stratospheric conditions(Crowley et al., 2010; Santschi & Rossi, 2006). Uptake coefficients of 

Reaction 3 and 4 have not been studied previously. In addition, Keith et al. didn’t include heterogeneous 

catalysis on CaCO3 surfaces such as ClONO2+HCl. Here we assess the potential impacts of these 

reactions.  

Experimental Determination of Uptake Coefficients 

Flow tube experiments have been widely used to study heterogeneous uptake coefficients for gas-solid 

reactions relevant to the stratosphere. For example, Molina et al. studied the uptake of ClONO2 on silica 

and alumina in the presence of HCl(Molina et al., 1997). Davies and Cox(Davies & Cox, 1998) studied the 

reaction between HNO3 and NaCl. Schmidt et al.(Schmidt et al., 2006) studied reaction between acetone 

and TiO2. Figure 7 (a) shows the schematic of our flow tube experiment, it is similar to Molina et al. with 

slight modifications. We synthesized ClONO2 inline using plasmonic dissociation of Cl2 and cryogenically 

purified it inline (more details in the method section). As there are no literature values for the uptake 

coefficient of ClONO2 on CaCl2, we first compare our results for the uptake coefficients of ClONO2 on 
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NaCl with existing literature values to validate our synthesis and measurement methods. The results 

confirm that our experimental and analysis approach as well as our ClONO2 synthesis method produce 

valid results: the uptake coefficient of ClONO2 on NaCl was determined to be 5 ± 3×10-3 at room 

temperature, which is close to the values reported in literature (Gebel et al.(Gebel & Finlayson-Pitts, 

2001) reported 6.5 ± 3×10-3).  

Uptake coefficients were calculated using the method of Knopf et al.(Knopf et al., 2015) (details in the 

method section). Typical time series for an uptake experiment for Reaction 1 and 4 are shown in Figure 

7 (c) and (d). The reactions all show large initial uptake, which gradually decays to a slowly varying semi 

steady state value (uptake signal changes by <5%/min), consistent with previous literature.  

Uptake coefficients at the semi steady state are shown in Table 1. For Reaction 1, this level occurs after 

about 10 minutes. Immediately after the insert is retracted upstream of the injector following the 

uptake experiment, a small increase in the HCl signal corresponding to reversibly adsorbed HCl on the 

surface is observed, consistent with the uptake experiment results in literature and the observation that 

HCl is reversibly adsorbed on the calcite surface before irreversible uptake occurs(Santschi & Rossi, 

2006). For Reaction 2, the semi steady state level occurs after about 3 minutes. In contrast to Reaction 

1, there is no desorption peak after the insert is pulled upstream of the injector, signaling that this 

reaction proceeded without the adsorption step as in Reaction 1. For the HNO3 uptake reactions, the 

initial rapid changes in uptake could not be observed because of the background uptake by the quartz 

insert. The uptake coefficient was calculated based on the difference in mass spectrometer (MS) signal 

between the background value and after the signal reaches a steady value.  

Flow tube experiments measure rates of surface reactions but are not suited to explore continuous 

changes in the uptake coefficients after exposures on the order of days or weeks as the uptake signal 
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decreases below the detection limit. To explore the long-duration regime we conducted a set of long-

term uptake “flask experiments” to measuring reaction rates between CaCO3 particles and HCl.  

Flask experiments are conducted for Reaction 1 with three HCl concentrations, and the results are 

shown in Figure 7 (e). The result from one flow tube experiment is also displayed for comparison. The 

concentrations span six orders of magnitude, and for each HCl concentration, we see that the reacted 

layer thickness growth rates decrease with reaction time, representing decreasing reactive uptake 

coefficients as a function of reaction extent.  

Estimating thickness-dependent uptake coefficients 

Unlike liquid sulfate particles, whose surface chemical composition are not affected by gas-phase 

uptake, CaCO3 particles age under gaseous exposure as products accumulate on their surfaces. As a 

result, the uptake coefficients change with exposure. We incorporate these changes by formulating 

uptake coefficients that depend on the product layer thickness. This is challenging because uptake 

coefficient changes are affected by many processes including the changes of available CaCO3 reaction 

sites as a function of reaction extent, adsorption and equilibration of water on the particle 

surface(Santschi & Rossi, 2006), diffusion of gaseous species to available reaction sites, crystallization of 

reaction products(Al-Hosney & Grassian, 2005), and steric changes that might cause fractures in the 

product layer. Various empirical models were used to account for these changes including a shrinking-

core model(Kirkby et al., 2017), a Crystallization and Fracture modelling framework(Antonioni et al., 

2016), a kinetic model(Vlasenko et al., 2009), and a surface solvation model(Huthwelker, Malmström, et 

al., 2004). None of these processes have been studied extensively under stratospheric conditions.  
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Table 1: parameterization of thickness-dependent uptake coefficients. All flow tube experiments were 
done at 215 K and long-term uptake experiments were done at 200 K. Mass spectrometer (MS) 
experiments were done at 1.6 Torr and long-term uptake experiments were done at ambient pressure. 

Reaction 𝜸𝜸 value 
Thickness-
dependent 
parameterization* 

Notes 

HCl + Calcite  
(7.2 ± 5) × 10−5 

2.66 × 10−2

√𝐶𝐶 d
 

3 flow tube experiment 
measurement cycles 

(3.3 ± 0.6) × 10−7 
to (3.0 ± 0.6) × 10−12 ** 

16 long-term uptake 
measurements at 3 different 
HCl concentrations 

HNO3 + Calcite  (2.5 ± 1.8) × 10−4 
 

1.43 × 10−6

d
 

or 
3.41
√𝐶𝐶𝑑𝑑

 

3 flow tube experiment 
measurement cycles, error 
increased by background 
adsorption from HNO3 

 HNO3 + CaCl2  (2.5 ± 1.5) × 10−4 

1.43 × 10−6

d
 

or 
3.41
√𝐶𝐶𝑑𝑑

 

3 measurement cycles by MS, 
error increased by 
background adsorption from 
HNO3 

ClONO2 + CaCl2  (9.8 ± 9) × 10−5 6.26 × 10−6

d
 3 measurement cycles by MS 

*Fit to Equation 𝑛𝑛𝑝𝑝 = 𝐴𝐴(𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝑛𝑛 𝑡𝑡)
1
2 given the measurements from long-term uptake experiments. For the 

parameterizations, the dimensions for the concentration (C) and product layer thickness (d) are /cm3 
and Å respectively.  

**The values listed were calculated from experiments with 𝐶𝐶 = 5.4 × 1014/𝑐𝑐𝑚𝑚3,𝑑𝑑 = 0.05 Å and 𝐶𝐶 =
3.6 × 1017/𝑐𝑐𝑚𝑚3,𝑑𝑑 = 33.3 Å respectively.  
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Figure 7: Flow tube experimental setup and experimental results. (a) schematics of the flow tube and 
mass spectrometer used for the flow tube experiments (b) schematics of the important physical and 
chemical interactions during heterogeneous uptake of gaseous molecules. (c), (d) typical uptake signal 
from the flow tube experiments for HCl + calcite and ClONO2 + CaCl2 reactions respectively. The baseline 
was subtracted and signal normalized to the background level.  (e), (f) results from long-term uptake 
experiments and parametric fit results for HCl + Calcite and ClONO2 + CaCl2 respectively. Thickness-
dependent uptake coefficients listed in Table 1 are extracted from these fits. Error bars in the data 
points in (e) represent systematic error from the experiment. Results from the mass spectrometer 
measurements are overlaid on the plots. The shadowed regions show 95% confidence intervals of the 
parametric fit extracted using bootstrap as outline in the experimental section.
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We therefore posit a semi-empirical model that assumes that the gas phase uptake rate is proportional 

to the diffusion rate of reactive species into CaCO3 particles. The physical intuition is that the reaction 

rate is dominated by a diffusion-like process where the availability of the reactant plays a dominant role. 

The corresponding form of the cumulative product per unit area is 𝑛𝑛𝑝𝑝 = 𝐴𝐴(𝐶𝐶𝑛𝑛𝑡𝑡)
1
2, where A is the fitting 

parameter to the empirical data, C is the concentration of the gas phase reactive species, and n is an 

empirical constant chosen differently for various reactions based on their uptake mechanisms. As 

discussed in the experimental result section, R1 proceeds following an initial reversible surface 

adsorption and dissociation of HCl on CaCO3, and n was chosen as ½, consistent with the argument of 

Huthwelker et al.(Huthwelker, Malmstro, et al., 2004); R4 proceeds without the initial reversible 

adsorption, and n was set to be 1. For R1, ½ is also the best fit for the data when n floats in the fitting 

routine. The uptake mechanisms for R2 and R3 are unknown, and we formulated the reactions based on 

both the ½th and 1st order assumptions. This expression of np was chosen as it parsimoniously captures 

the reaction and diffusion processes. The corresponding thickness-dependent parameterizations are 

shown in Table 1. We selected this model because it fits our data well and is parsimonious with low 

model variances considering the high uncertainties due to various kinetic processes. We attempted a 

few other fitting models that are either more complicated or don’t explain the experimental trends as 

well (SI Figure 7). The 95% confidence interval shown in Figure 7 (e) and (f) are calculated using 

bootstrapping (Diciccio & Efron, 1996).  

 

Modelling Global Ozone Impact 

In addition to the scenario using the full thickness-dependent parameterization (thk-dep) and the 2040 

baseline scenario without solar geoengineering, we studied five other scenarios: (i) thk-ind, with 

thickness-independent 𝛾𝛾 values from the second column in Table 1, (ii) no psc, with the same 𝛾𝛾 values as 
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in the thk-dep case but with PSC reactions turned off, (iii) 0× 𝛾𝛾, with 𝛾𝛾 values for Reaction 1-4 set to 0, 

(iv) thk-dep+conc-dep, with thickness-dependent 𝛾𝛾 values using the alternative concentration-

dependent 𝛾𝛾 values for R2 and R3 (this captures uncertainties in the uptake mechanism of R2 and R3 as 

described in the previous section), and (v) 10× 𝛾𝛾, with 𝛾𝛾 values set to 10 times the thk-dep case. The 

0× 𝛾𝛾 and 10× 𝛾𝛾 scenarios capture the uncertainties of calcite particle surface area density since 

changing the uptake coefficient is equivalent to changing the surface area density available for gas-

phase uptake. 

Fig. 8 (a) shows the impact of CaCO3 emissions on ozone loss rates caused by important ozone depleting 

species compared with Keith et al. The NOx cycles play a much more important role than ClOx for all 

cases, and the thk-dep case shows an increase over the baseline in the NOx-related loss rates in contrast 

to the results from the thk-ind scenario and Keith et. al. This is consistent with the decrease in ClO and 

increase in NOx mixing ratio for the thk-dep case in Figure S8. The impact on column ozone as a function 

of time and latitude is shown in Fig. 2 (b) and (c). The thk-ind scenario predicts an increase in ozone 

columns over the baseline similar to results from Keith et al., while the thk-dep scenario negates most of 

these increases.  

Annually averaged meridional ozone changes over the baseline from these scenarios are shown in Figure 

3. The thk-ind scenario results in a globally averaged column ozone increase of 5%, while the thk-dep 

scenario shows a 1% decrease. For both cases, the largest ozone changes occur in the southern 

hemisphere. The thk-ind scenario shows column ozone increase of as high as 24%, while the thk-dep 

scenario shows a much smaller change of up to 3% reduction.  
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Figure 8: Changes in important ozone depleting species compared with Keith et al. (2016) estimates. (a) 
annually averaged rate of ozone loss caused by NOx and ClOx catalytic cycles as a function of altitude, 
averaged from 60oS to 60oN. (b) changes (percent) in ozone column estimates using the thk-dep 
parameterization compared with the baseline scenario with no solar geoengineering. Positive values 
indicate ozone increases. (c) differences in ozone column estimates (percent) between the thk-ind 
scenario and the thk-dep scenario compared to the baseline outcomes. Positive values mean higher 
ozone estimates using the thk-ind parameterization.  

 

 

 

Figure 9: meridional ozone changes compared to 2040 baseline assuming varius parameterizations of 
the uptake coefficients. The range of results obtained from Keith et. al. (2016) are shown in the shaded 
region. These correspond to thickness-independent uptake coefficients for Reactions 1-4 with values 
between 10-4 and 1. In the case of 10 times of the physical surface area (10× 𝛾𝛾), only heterogeneous 
reaction rates were varied, and not the physical coagulation processes.   
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This ozone change in the thk-dep scenario below the baseline are caused primarily by NOx. As Figure 8 

shows, the changes in the NOx and ClOx cycles are smaller and in the opposite direction compared with 

the Keith et al. estimates, and the overall effect is a decrease in the ozone column compared to the 

baseline. Comparing the results from the thk-dep scenario with the 0 × 𝛾𝛾 results, it is evident that these 

impacts are predominantly a result of the decrease in background sulfate from coagulation with CaCO3 

particles. This causes a decrease in Cl activation and ClO concentration, which in turn results in less 

ClONO2. It also leads to less heterogeneous hydrolysis of N2O5. Both lead to increased NOx levels that 

drive ozone loss around the altitude of CaCO3 injection. Another impact of the decreased sulfate is a 

slight decrease in PSCs. However, the comparison between the thk-dep result and the no psc result 

shows that the column changes due to PSC variations do not offset the ozone decrease caused by NOx 

increase.  

Discussion  

Most narrowly, this study shows that our prior work overestimated the impact of CaCO3 aerosol on 

ozone chemistry. The aged CaCO3 aerosol is close to unreactive with respect to gas-phase uptake 

reactions. As a result, these uptake coefficients produce smaller ozone response in the opposite 

direction than predicted in Keith et al., and thus no contribution to the restoration of column ozone. 

However, since CaCO3 reduces stratospheric heating and ozone depletion compared to sulfate aerosols, 

and since there may be methods of increasing the ozone benefit of CaCO3 by increasing surface 

reactivity, it is still a viable candidate for SG.  

The reduced ozone response is robust under a wide range of uncertainties. To assess the impact of 

uncertainties in the thickness-dependent 𝛾𝛾 parameterizations, we conduct model runs assuming upper 

and lower limits of the thickness-dependent uptake coefficient confidence intervals shown in Fig. 1 (e) 
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and (f). In addition, we capture uncertainties in surface area density of the CaCO3 particles with the 10-𝛾𝛾 

and 0-𝛾𝛾 scenarios. Neither this scenario nor the inclusion of gas-phase concentration-dependent 𝛾𝛾 for 

R2 and R3 (thk-dep+conc-dep) produce more than 1% ozone column differences anywhere as shown in 

Figure 9. This is explained by the fact that the ozone response is dominated by changes in sulfate surface 

area, not uptake reactions of gas-phase species on CaCO3.   

More generally, these results highlight the importance of considering changes in uptake coefficients due 

to gas-phase exposure when determining the impacts of solid reactive particles. Further studies should 

explore the uptake coefficients of other ozone related gases. The details of the physical and chemical 

changes from reaction with sulfate aerosols, including those that contain organics(Murphy et al., 2014) 

are also important. Finally, there is uncertainty about how reactivity depends on the details of 

morphology and surface chemistry, which is important because CaCO3 aerosol could be produced by a 

variety of technologies(Boyjoo et al., 2014).   

Our work illustrates how laboratory research can address uncertainties in stratospheric aerosol 

geoengineering. It is likely that there will be many other examples of novel measurements that can be 

accomplished with well-established experimental methods and are crucial in evaluating novel proposals 

that address risks posed by SG. As an illustration, the following experiments are straightforward 

applications of existing methods yet could be important to assessing SG risks: 

Other heterogeneous reactions on CaCO3. Heterogeneous reactions of ClONO2 and HOCl with water and 

HCl on particle surfaces present key uncertainties of ozone response to CaCO3 geoengineering. Among 

these, reactions with HCl could be more important since the uptake coefficients of ClONO2 in the 

presence of HCl was shown to be two orders of magnitude greater than in the presence of water on 

solid surfaces(Molina et al., 1997; Tang et al., 2016). Including an uptake coefficient of 0.02 for ClONO2 + 

HCl (the value measured on alumina surface(Molina et al., 1997)) for both the thk-dep and thk-ind cases 
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decreases global ozone column by 2-3% compared to cases without this reaction (Figure S9). Ozone 

decreases up to 15% below the baseline over the south pole in the thk-dep case. Further including an 

uptake coefficient of 0.1 for HOCl+HCl did not change the ozone columns by more than 0.5%. To 

determine the ozone response to CaCO3 more accurately, it is crucial to conduct experiments to 

determine reaction rates of ClONO2+HCl on fresh and aged CaCO3 surfaces.    

Optical properties of CaCO3 aerosol. The major proposed advantage of CaCO3 over sulfuric acid aerosol is 

that it causes less radiative heating due to less solar and IR-band absorption and thus could pose lower 

risk with respect to changes in dynamics, which are poorly understood(Dykema et al., 2016). Yet, this 

hypothesis is based on bulk optical properties of pure CaCO3 that may differ from aged CaCO3 aerosols 

in the stratosphere (e.g. surface salts could form hydrates that shift the absorption of terrestrial 

radiation and Ca(NO3)2 may absorb in the UV). Well-established methods could be used to measure the 

real and imaginary index of refraction of aged CaCO3 powder. The aging process should include a range 

of stratospherically relevant processes including gas-phase reactions (as we explored in the flask 

experiments) and exposure to UV radiations.  

Ice nucleating properties. Aerosols used in SG may impact cirrus cloud formation once they descend into 

the upper troposphere(Kuebbeler et al., 2012; Muri et al., 2014).  The ice nucleating properties are 

important in determining impacts of the sedimented aerosols on cirrus clouds. In addition, ice may 

nucleate onto the CaCO3 particles in the Antarctic winter under PSC conditions, affecting PSC formation. 

Experiments using a variety of laboratory experimental techniques(Hoose & Möhler, 2012) could test ice 

nucleating properties on CaCO3 powder that had been prepared under the range of conditions described 

in the prior paragraph. For example, Cziczo et al(Cziczo et al., 2019). has tested ice nucleating properties 

of CaCO3, CaSO4, and Ca(NO3)2 and found that they can cause significant changes to cirrus clouds absent 

of natural ice nucleating particles(Cziczo et al., 2019). 
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This study may have lessons for management of solar geoengineering research. Sound estimates of SG’s 

risks and efficacy will require experiments and models. Current estimates are almost entirely based on 

large-scale modelling. Models are crucial, but overreliance on models may encourage overconfidence 

when users ignore the simplifications hidden in their assumptions. Empirical methods are needed to 

help reduce uncertainty. Models can explore how results depend on uncertainty in parameters to 

motivate experimental research which, in turn, can provide better constraints on parameters used in 

models. The back-and-forth between the experimental and modeling communities is essential for 

environmental science. The complexity of experimental results like these may serve as a useful reminder 

of the deep uncertainties underlying predictions about the consequences of solar geoengineering.  

 

Methods 

Gas Flow System and Flow tube 

All gas tanks are purchased from Airgas except for the SF6 gas (Praxair, research grade). The nitrogen gas 

is ultra-high purity, and the HCl gas is a 1% blend in nitrogen. The nitric acid is generated from a 

permeation tube (KIN-TEK Trace Source Refillable permeation tube with a target emission rate of 20000 

ng/min at 50 oC). When doing experiments, we operate the permeation tube at 20 oC and calibrated the 

emission rate using the mass spectrometer. 

The flow tube is jacketed with a length of 1 m and an inner diameter of 26 mm. The insert has an inner 

diameter of 22 mm, wall thickness of 1 mm, and length of 22 cm. The cooling was done by circulating an 

ethanol-dry ice mixture through the jacket. The temperature of the gas stream is monitored by three K-

type thermocouples at the two ends and the middle of the flow tube. The temperature gradient of a 

typical experiment through the flow tube is 1-2 K. For all the flowtube experiments, the flowtube 

temperature was controlled at 215 K and 1.7 Torr. Since only dry gas streams are used in the flowtube 
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experiments, and the reactive gas streams pass through a ~20 cm quartz tubing at 215 K before reacting 

with particles, we treat the water vapor content in the experimental region to be 0.  

 

ClONO2 Synthesis 

The ClONO2 synthesis consists of three steps:  

Cl2
RF plasma
�⎯⎯⎯⎯⎯⎯� 2Cl 

Cl + O3 → ClO 

ClO + NO2 → ClONO2 

The gas tanks are all purchased from Airgas (Ar: HP grade, O2: UHP grade, Cl2 and NO2: 1% blend in 

nitrogen).  The RF plasma is generated by a Technical Research and Manufacturing Inc. DBS301 RF 

generator with a frequency range of 0.125-0.25GHz. The Power output is measured by a Bird 43 General 

Purpose Wattmeter and is tuned to be between 15 to 40 W during operation. The ozone is generated 

from an A2Z Ozone MP 1000 ozone generator. The ozone concentration as measured by an ozone meter 

is 1.5%.  

The synthesis conditions were simulated in a box model to guide selections of design parameters that 

resulted in the highest ClONO2 yield. A quartz tube acts both as an RF cavity for generating the chlorine 

radical and as a mixing region for the combination of ClO and NO2. The length of the quartz tube is 70 

cm. The distance between the two vertical flanges is 40 cm. The outer diameter is ½” and the inner 

diameter is 1.01 cm. We assumed no radical remains after the cold trap because the quartz wool in the 

cold trap provides a large surface area for them to recombine or otherwise react.  



43 
 

After ClONO2 is synthesized, it is collected and purified in a cold trap cooled by a cold jacket where 

chilled nitrogen gas flows through. The concentration of the effluent ClONO2 is measured through 

absorption spectroscopy in a quartz cell with an absorption length of 99.14 cm. Absorption spectra in 

the 200-295 nm region were acquired using a fiber-coupled Ocean Optics USB4000 UV-Vis spectrometer 

(10-µm slit width, 200 – 400 nm 5 grating) illuminated by a Hamamatsu L2D2 deuterium lamp. The 

concentration of ClONO2 is then calculated based on the absorption cross section data in the JPL 

database (Sander et al., 2006). It is determined to be about 75 ppm under typical synthesis conditions.   

 

Material and preparation for the flow tube experiment 

The calcite particles is purchased from American Elements with a manufacture-reported average 

diameter of 200 nm. The BET surface area of these particles is measured by a Quantacrome Monosorb 

instrument using N2 as the adsorption gas. The BET surface area reported was 14.8 ± 0.5 m2/g. We also 

measured the BET surface area of samples after processing by isopropyl alcohol (IPA) and found that IPA 

processing did not change the BET surface area. The NaCl particles (puriss. p.a., ≥99.5% (AT), powder or 

crystals) used are purchased from Sigma Aldrich. To increase the amount of surface area per unit mass, 

the particles are then processed in a Retsch PM100 planetary ball mill. The BET surface area of the 

resulting NaCl particles is measured by a Beckman Coulter SA 3100 Surface Area Analyzer using He as 

the absorption gas. The BET surface area is 0.051 ± 0.005 m2/g for NaCl before milling, and 0.38 ± 0.05 

m2/g after milling.  

Before the experiment, the CaCO3 particles are deposited on the insert from a suspension of CaCO3 in 

IPA. A known volume of a suspension with known mass concentration of CaCO3 is pipetted into the 

insert. The insert is heated at roughly 60oC and rotated to spread the particles evenly over the insert 

while the IPA evaporates. This process is repeated until a desired amount of CaCO3 is deposited on the 
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insert. The insert is then heated in an oven at 250oC for roughly 30 minutes to drive off any excess IPA. A 

similar deposition method has been used to prepare inserts for other flow tube experiments(Schmidt et 

al., 2006). Typically, the insert is deposited with ~ 2.5 layers of particles. For uptake experiments on 

CaCl2, the CaCO3 insert is exposed to about 70 Torr of HCl vapor in the flow tube for at least 8 hrs at 

room temperature forming a layer of CaCl2. The insert is then used directly for the uptake experiment 

without being exposed to room air after the flow tube is pumped down. This method is used because 

CaCl2 is hygroscopic and cannot be purchased in its dehydrated form. We confirmed that this produced 

at least 2 nm of CaCl2 using the same procedure for determining chloride content as for the long-term 

uptake experiment. The NaCl particle insert was prepared in the same way as the CaCO3 insert. Before 

each uptake experiment, the insert is placed into the flow tube which is pumped down to ~60 mTorr for 

at least 2 hrs before an uptake experiment starts. According to Santschi and Rossi(Santschi & Rossi, 

2006), this is sufficient to drive off all but strongly-bound surface water. It is possible that some IPA 

molecules could adsorb to the CaCO3 surface even after the oven and vacuum processing. However, we 

expect this effect to be small since heating has been shown to be effective at removing adsorbed water 

from CaCO3 surfaces by Santchi and Rossi, and IPA is more volatile than water.  

 

Flow tube experiment 

The uptake experiment design follows Molina et al. but differs in two respects. First, instead of moving 

the injector with respect to the stationary insert and flow tube, the insert is moved relative to the 

stationary injector and flow tube. Four magnets attached to the injector rod and the insert allow for this 

configuration. This eliminates condensation on the injector when it retracts from the low temperature 

region of the flow tube without having to heat the injector. It also eliminates the possibility of gas leaks 

into the flow tube due to mechanical movement of the injector relative to the vacuum seal. Second, 
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instead of electron impact ionization, ions are produced by chemical ionization by SF6
- as outlined in 

Huey et al.(Huey et al., 1995).  

An alternative method used in the literature to measure heterogeneous uptake coefficients is the 

aerosol flow tube experiment, where the aerosols are dispersed in a gas stream and flow with the 

carrier gas(Kolb et al., 2010). This method eliminates issues with gas-phase diffusion limitations and gas-

transfer limitations within the particle layers. However, one key disadvantage of aerosol flow tube 

experiment compared to our coated wall flow tube experiment is that it is difficult to extend the 

residence time of particles in the reaction region beyond tens of seconds. As shown in the results 

section, reactive uptake coefficients on CaCO3 particles continue to change for more than 10 minutes 

due to gradual surface saturation. Aerosol flow tube experiments cannot capture changes in this 

process. To overcome the issue with gas phase diffusion limitation with the coated wall flow tube 

experiments, we applied a correction to the uptake coefficients as outlined in the following section. This 

correction was small due to the low uptake coefficients measured in our experiments. In addition, to 

probe the effect of gas transfer limitations within the particle layers, we measured uptake coefficients of 

R1 for different CaCO3 layer thickness and found that the uptake coefficients measured at the semi 

steady state were 2±1.5×10-4, 4±2×10-4, and 3±2×10-4 for 0.5, 1.5, and 2.5 layers of coated CaCO3 

thickness on the insert. These are similar to values reported by Santschi and Rossi(Santschi & Rossi, 

2006) for cleaved CaCO3 marbles and did not differ with layer thickness, showing that the diffusion 

limitations within the particle layer was not a concern for our experiments. Another way to validate this 

result is to calculate the diffusion-reaction length scale. Assuming a pseudo first-order reaction and 

using Fick’s Second Law, we can write out the reactive concentration at steady state as ∂C
∂t

= 𝐷𝐷∇2𝐶𝐶 −

𝑘𝑘 𝐶𝐶 = 0, where C is the concentration of the reactive gas, t is the reaction time, D is the inter-diffusion 

constant (45.44 cm2/s for HCl in N2 at 213 K and 1.67 Torr), and k is the pseudo first-order reaction 

constant. For the purpose of this calculation, k is related to the uptake coefficient γ by k = γAv𝜔𝜔, where 
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Av is the volume-normalized particle surface area (for calcite, 4.02×107 m2/m3 based on the BET surface 

area measurement), and ω is the average molecular velocity. Taking γ to be 5×10-3 (high end of the 

values in our measurement), the diffusion length scale is then �D
k

, and is calculated as 45 µm. Correcting 

for the porosity of the particle stack does not change the order of magnitude of this length. The length is 

much larger than the average particle layer thickness (<1 µm) and provides a theoretical justification for 

why the measured γ is not influenced by the thickness of the particle layer. 

 

Uptake coefficient calculation 

The uptake coefficients are calculated based on methods in Knopf et al. (Knopf et al., 2015). First, 𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒, 

the effective uptake coefficient, is calculated from the experimental observations assuming first-order 

reaction kinetics as: 

𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒 =
𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜔𝜔𝑥𝑥𝑡𝑡

ln (
[𝑋𝑋]𝑔𝑔,0

[𝑋𝑋]𝑔𝑔
) 

where Dtube is the tube diameter, 𝜔𝜔𝑥𝑥 is the thermal molecular velocity, t is interaction time between gas 

and particles, [X]g,0 and [X]g are concentrations of the uptaken gas X at the entrance and exit of the inset 

respectively. In the experiments these are measured as concentrations before and after the insert is 

exposed to the reactive gas stream. [X]g,0/[X]g is the penetration ratio. The gas phase diffusion effects 

are then corrected to calculate the actual uptake coefficient 𝛾𝛾 as: 

𝛾𝛾 = 𝐶𝐶
𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒

1 − 𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒
3

2𝑁𝑁𝑆𝑆ℎ𝑤𝑤
𝑒𝑒𝑒𝑒𝑒𝑒𝐾𝐾𝑛𝑛𝑋𝑋

 

where C is the ratio between the geometric area of the insert and the BET surface area of the particles, 

𝑁𝑁𝑆𝑆ℎ𝑤𝑤
𝑒𝑒𝑒𝑒𝑒𝑒  is the effective Sherwood number, and 𝐾𝐾𝑛𝑛𝑋𝑋 is the Knudsen number following the definition in 
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Knopf et al.. As outlined in Knopf et al., the gas phase correction factor (𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒/𝛾𝛾) decreases with 

increasing uptake coefficients. Under our experimental conditions, this correction factor ranges from 1-

5%. 

Uptake experiments were first performed on a blank quartz insert using the same procedure as for the 

uptake experiments to determine the baseline uptake. No significant uptake was observed for HCl and 

ClONO2. However, HNO3 showed a large uptake signature. The uptake signal of this baseline uptake at 

steady state was extracted from these experiments and subtracted from the uptake signals when 

calculating the uptake coefficients. 

 

Flask Experiment Procedures 

0.1 g of CaCO3 particles are deposited at the bottom of a glass vessel. A mixture of HCl gas and N2 gas 

controlled by upstream mass flow controllers flows through the bottle, allowing HCl vapor to react with 

the particles. The pressure of the bottle is controlled by a check valve at roughly ambient pressure. 

Before reaction starts, the vessel is secured in a box of dry ice for roughly 10 minutes, so its temperature 

equilibrates. During this time, dry nitrogen gas flows through the bottle to drive away room air left in 

the bottle. After the reaction process completes and the HCl gas flow is turned off, the N2 gas flow 

continues for an extra 10 minutes to allow all HCl gas metered into the flow system to pass through the 

reaction vessel. For longer-term reactions, the dry ice is replenished roughly twice per day to maintain 

the temperature of the bottle. After the reaction, the particles are suspended in 10 mL of milli-q water 

so the CaCl2 on the surface would dissolve in the water. The suspension is then filtered through a 20 nm 

syringe filter. The Cl- concentration in the resulting solution is measured by a Cole-Parmer Combination 

Ion-Selective Electrode for chloride ions. The electrode is calibrated each time before a measurement 

using known concentrations of CaCl2 solutions that bracket the measured Cl- concentration range. The 
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thickness of the CaCl2 layer formed is calculated using the BET surface area, the bulk density of CaCl2, 

and the total amount of Cl ions reacted with the CaCO3 particles. 

 

Error characterization 

For the flow tube experiments, random errors in the uptake coefficients arise from uncertainties in 

various physical measurements and the MS signal noise. To first order, random errors correspond to the 

partial differential of uptake coefficient (𝛾𝛾) with respect to uncertainties of the respective factors. We 

considered uncertainties arising from measurements based on instrument specifications (temperature: 

± 5 K, pressure: ± 5 mTorr, flow: ± 3 sccm, and BET surface area: ± 0.5 m2/g). These uncertainties 

correspond to roughly 30% of total uncertainties across the range of 𝛾𝛾 values we measured (the BET 

surface area measurements account for 90% of this uncertainty), and the MS signal noise account for 

the remaining 70%.  

For the flask experiment measurements, random errors come mainly from the precision of the ion-

selective electrode used to measure the chloride ion concentration (2% of the measured voltage). 

Another source of error is the dead volume in the glass vessel, which takes time for the influent HCl-N2 

mixture to displace at the start of the reaction. To account for this effect, we included an uncertainty 

term that is equivalent to the time that the influent gas fully displaces the dead volume (~10 s). This 

effect is negligible for longer period reactions (> 1 min) but has a significant effect for the shorter-term 

reactions. 

 

Modelling method 
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In order to probe the impact on global stratospheric ozone, we conduct similar simulations as Keith et al. 

(2016) using the AER 2-D chemical transport-aerosol model. We investigate the highest CaCO3 emission 

rate in that study with 5.6 Tg·yr-1 of uniform CaCO3 emission between 30oS and 30oN and between 20 km 

and 25 km. This produces roughly 2 Wm-2 of global radiative forcing (RF). CaCO3-related reactions that 

are included in the model consist of Reaction 1-4 and coagulation of sulfate aerosols with CaCO3 

particles.  The coagulation was treated in the same way as Keith et al., assuming liquid sulfate converts 

to CaSO4 on calcite particles without limitation due to particle surface processes. Future atmosphere 

trace gases for 2040 conditions are taken from RPC 6.0, providing 2.3 ppbv of Cly in the upper 

stratosphere but with temperature and circulation from a 1978-2004 climatology. 
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Chapter 4: Detailed elicitation on solar geoengineering: a comparative study between US and 

Chinese climate experts 
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Introduction 

Solar geoengineering (SG), the large-scale deliberate manipulation of earth’s radiative forcing (RF) to 

reduce climate hazard, has received increasing attention in climate science and policy. SG is politically 

contentious, and there are many uncertainties regarding research, governance, and potential 

deployment scenarios of SG. Decisions on SG depend crucially on how it’s viewed by stakeholders with 

varying degrees of knowledge and diverse sets of interest (Wright et al., 2014). While there have been at 

least 45 empirical studies probing the public opinion about SG, only 6 have probed the opinions of 

experts (SI Table 1) and none used detailed elicitation procedures to reveal complex underpinnings of 

the judgments. This imbalance is arguably inappropriate. While informed public opinion should carry the 

ultimate weight in SG decision-making, there is strong evidence that the public does not have stable 

views on emerging technologies in contrast to topics with long-running public debate (Zaller, 1992). In 

addition, expert opinions weigh disproportionately because experts have advisory power to policy 

makers and their issue framing influences the eventual emergence of more robust public opinions 

(Spruijt et al., 2014). Furthermore, experts have knowledge that are not captured in literature. This 

knowledge is invaluable to guide the development of the field and design of future research programs. 

Cross-national comparison of expert opinions could provide additional insight on both the degree of 

consensus and potential points of conflict given that the climatic impacts of SG are unlikely to be 

confined within national borders. For countries with divergent political systems and histories, 

conversations among experts outside official political processes could enhance collaborations and 

understanding and help promote diplomatic relationships (Stone, 2013). 

No expert elicitation work in SG has focused on comparing experts from US and China, the highest 

carbon emitters whose roles are paramount in international climate policies (Wuebbles et al., 2017). 

With no official policy on SG in either country, expert opinions are opaque, perhaps more so in China 
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(Edney & Symons, 2014). Studies on Chinese views have focused on factors that could lead to divergent 

decisions towards SG deployment from the west. These include philosophical traditions(Moore et al., 

2016; Wong, 2013) and history with large engineering projects (Bluemling et al., 2019; Moore et al., 

2016), but it’s difficult to gauge the importance of these factors in empirical decision-making processes.  

In this work, we focus on two questions: 1) what views US and Chinese climate experts hold on SG, and 

2) how different these views are. We conducted semi-structured interviews with 13 US and 13 Chinese 

climate experts using a structured expert elicitation protocol that combined quantitative and qualitative 

questions. Some quantitative questions probed probabilistic judgments. Such formal methods provide 

information that cannot be derived from published literature and can be useful for policymaking about 

SG research program design and governance (Morgan & Henrion, 1990). The interviews cover three 

interrelated topics: (1) climate risks and emissions or radiative forcing (RF) trajectories, (2) the risks, 

benefits, and governance of SG deployment, and, (3) the scale and management of SG research.  

Experts were recruited by random draw from a list of each countries’ IPCC authors. The overall response 

rate was 19%. Given the difficulty of recruiting IPCC authors in China we used snowball sampling from 

the IPCC author list to recruit participants. Information on Chinese participants is listed in Table 1, and 

US participants are listed in Table 2. 
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Table 2: Information on Chinese experts interviewed. N/A represents sections where experts did not fill 
out an informative answer.  

 

 

Table 3: Names and affiliations of US experts. Experts who have authored peer reviewed articles on SG 
are marked with ‘*’. 

Expert Affiliation 
Alan Robock* Rutgers University 
Richard Norgaard Berkeley University 
Haroon Kheshgi Exxon Mobil 
Patrick Kinney Boston University 
Jonathan Wiener Duke University 
Christopher Sabine Hawaii University 
Karen Fisher-Vanden Pennsylvania State University 
Chris Forest Pennsylvania State University 
Phil Duffy Woods Hole Research Center 
Virginia Burkett United States Geological Servey 
Geoff Heal Columbia University 
Robert Lempert* Rand Corporation 
David Victor* University of California at San Diego 
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Figure 10: Answers to quantitative questions and variations between US and Chinese experts. (Right) 
scatter plots of quantitative answers and (left) bar plots of absolute values of t statistics showing 
differences between US and Chinese experts’ answers. Scatter plots show the average answer of US and 
Chinese experts.  The error bars represent standard deviations of the sample mean estimated from 
experts’ answers. Answers with statistically significant differences between US and Chinese experts are 
highlighted in olive on the bar plots. Answers within each question are arranged by descending values of 
the mean of pooled answers.   
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Figure 10 (Continued).
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Climate change: risks and prospects 

Figure 10 summarizes answers to quantitative questions with some exclusions.  Questions about funding 

for SG research are included in Figure 11, which compares our results to a prior survey of SG experts 

who were asked identical questions. We first explored differences between Chinese and US judgments 

about the relative importance of climate hazards. These questions also served to prime the experts to 

think about specific hazards they identified as important when answering later questions about SG. On 

average, experts ranked increasing frequency and intensity of extreme heat as the most important, and 

sea level/ sea ice changes as the least important climate hazard to their respective countries. Experts 

pointed to the ubiquity and degree of the impact to justify the ranking. For the latter, experts indicated 

that these factors might be important globally, but not to US or China this century. However, experts 

were generally uncertain with the ranking. Many pointed out that the hazards overlap and affected each 

other. The only statistically significant difference between the rankings were for “extreme precipitation 

and inland flooding” which was ranked as the most important by Chinese experts but the least 

important by US experts. Chinese experts referred to the lack of inland infrastructure to properly divert 

away floods as well as large impact on economic activity and loss of human lives for the high rank. On 

the US side, experts pointed to the higher population density and property value in coastal regions as 

reasons to downrank inland flooding. Accordingly, US experts ranked coastal flooding higher than did 

Chinese experts.  

When estimating China’s carbon emissions, Chinese experts estimated lower emission values for 2075, 

lower peak emissions, and faster peaking for China, but only the upper bound emission estimates are 

statistically significantly different from the US answers. Chinese experts expressed trust in the 

government’s stated goals in the Nationally Determined Contribution to the Paris Agreement (emissions 

peaking by 2030) while US experts emphasized economic and population growths as factors that might 
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contribute to delayed CO2 emissions peaking. US experts also showed more uncertainties in these 

estimations.  

The estimates for radiative forcing (RF) at 2075 are broadly consistent between US and Chinese experts. 

The mean estimate of 4.3 W/m2 is close to the mean of the Representative Climate Pathways (RCP) 4.5 

scenario. Since the RCP scenarios were presented during the interview when experts made their 

estimates, many experts mentioned that they based their answers on the RCP scenarios (e.g. “I think we 

are doing better than RCP 4.5 and the worst case scenario would not exceed RCP 8.5”). One important 

difference is that US experts had a broader range of estimates than Chinese experts: their 10th percentile 

to 90th percentile estimates were both inside of the US experts’ range.  

Deployment: strategy, risks, governance, and nationality 

We asked experts to specify their desired 2075 RF assuming they were designing a climate policy while 

considering realistic tradeoffs between socio-economic outcomes and climate impacts. In contrast to 

the broadly consistent estimates of future climate change between experts from the two countries, US 

experts’ desired RF is statistically significantly lower than Chinese experts’ by 1.3 W/m2. As a result, the 

difference between the expected and the desired RF is statistically significantly higher in the US case, 

signifying a more aggressive climate goal. However, neither groups were willing to use SG to achieve 

their goals: only two US and two Chinese experts were willing to consider using SG to offset RF by 2075. 

However, two US experts said that they were willing to use SG in some capacity before 2075 but thought 

SG RF should decrease to 0 by 2075.  

US and Chinese experts generally agree on the most important risks of SG. On average, more than 50% 

of experts think that impact on regional climate (including monsoon) is the most important uncertainty 

in physical impact. For the most important physical hazard, stratospheric ozone impact was chosen by 

Chinese experts, while other environmental impact of implementation was chosen by US experts. 
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Experts were told to include “unknown unknowns” in this category. For the most important socio-

economic risks, US and Chinese experts differ in opinion. US experts think that difficulty in governance is 

the most important risk, while Chinese experts think that conflicts caused by varied regional outcomes 

is.  

US and Chinese experts generally agree on international governance as the preferred governance 

structure. Among ones who chose from the options given, Chinese experts agreed unanimously on 

governance by extension to the United Nations Framework Convention on Climate Change (UNFCCC), 

while US experts prefer governance by a new formal UN treaty structure. US experts point to the slow 

decision process and difficulties in achieving consensus as reasons to move away from the current 

UNFCCC structure. One Chinese expert and one US expert didn’t choose from the provided options. One 

expert suggested that it was premature to choose a governance option right now, and that international 

scientific collaborations similar to CERN should be promoted first. Another expert suggested “norm-

driven responsive use or tacit governance”. That expert explained it as “cooperation by observing each 

other’s behavior and adjusting our behavior accordingly” and stressed that “if decisions made by 

countries reflect norms, then that’s not non-governance”.  

There is little certainty on the probability of US and China to be among the first nations to deploy SG if 

technical issues related to deployment were resolved. Experts from both countries think it’s a coin flip 

(~50% probability). Neither are very sure (34% standard deviation). Experts arguing for the possibility of 

deployment suggested reasons including desire to be included in an international SG effort, 

technological capability, and climate emergency framing. Experts arguing against it suggested reasons 

including distrust in SG technology and risk aversion. However, many experts said that they simply did 

not know. 
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No expert expected the difference between eastern and western cultures to have significant impact on 

the probability of SG deployment by their country. However, experts defined the term “culture” in 

different ways and offered a range of potentially important factors as shown in SI Table 2.  The cultural 

factors identified by the two groups of experts had little overlap. Most prominently, US experts gave a 

less diverse range of answers and mostly pointed to the difference in political processes, while only one 

Chinese expert mentioned this aspect. Three experts in each country said that culture would have no 

impact on SG deployment.  

Experts also responded differently regarding the impact of past engineering projects on SG deployment. 

They were first asked to list projects that reminded them of SG in an open-ended question. 7 Chinese 

experts referred to domestic engineering projects, while US experts exclusively mentioned international 

projects. We then gave them a list of past domestic engineering projects and asked if any would affect 

SG deployment.12 Chinese experts selected at least one domestic engineering projects, while only 5 US 

experts did. 

Research: funding, structure, and regulation  

Experts were asked qualitatively what SG research they’d like to see and given the option to support “no 

research” before we presented them with more details on research activities and asked them to make 

quantitative judgements on funding. A summary of research ideas from the qualitative question is 

shown in SI Table 3. From the quantitative questions, experts assigned 5.4% of funding for climate 

research to a loosely coordinated SG research program by 2030 on average. The median value is 3%. 

When asked about funding assignment for specific research activities, experts in US and China both 

assigned more funding to natural science research activities (66% on average) compared with social 

science research activities for a loosely coordinated international research program. The fraction of 

funding assigned ranges from 7% for ethics research to 21% for modelling studies of SG impact. In 
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addition to the funding, we also asked experts to assign importance to research activities, recognizing 

that some research activities would cost more, even if they were similarly important. This effect was not 

large: on average, natural science research was assigned 62% of importance.  

In terms of roles that US and China should play in SG research, only one expert suggested that no SG 

research should be done. Most US experts selected “significant research leading the development of the 

field” while most Chinese experts selected “some original research contributing to the development of 

the field”.  

IPCC was the most preferred information source for SG on average, but US experts prefer domestic 

academics to the IPCC. The UN was the least preferred information source for both US and Chinese 

experts. US experts trusted domestic academics significantly more than the UN. 

9 US experts and 6 Chinese experts said no regulation is needed for SG research if standard health and 

safety rules were already considered. Experts from both countries mentioned that there should be some 

rules that require experiments to be contained (e.g. within the laboratory) wherever possible. Other 

regulations experts proposed are shown in SI Table 4.  

 

Discussion 

Perhaps the most striking single result was the broad agreement between US and Chinese experts. 

Results in Figures 10 and 11 show strong overall agreement between US and Chinese experts. We also 

explore the distinction between experts more systematically using a hierarchical agglomerative 

clustering analyses applied across all quantitative questions (methods). While we find clustering among 

sub-questions (as expected) we find no clustering of experts by nationality (Figure S10). This empirical 

result is at odds with most of the prior literature that has speculated on the diversions between US and 
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Chinese SG policy. For example, Moore et al. suggested that China is unlikely to be the first to deploy SG 

because of its philosophical tradition. Wong explored Confucianism text related to public engagement 

and emphasized the lack of liberal democratic values in Chinese culture.  Experts have strikingly 

consistent judgements on the trends of climate change, funding and makeup of SG research program, 

and potential deployment scenarios.  

 

 

 

Figure 11: Expert judgement on SG research program funding and radiative forcing. The results are 
shown in comparison to ones obtained by Irvine et. al. (2020) who presented the same questions to a 
group of 78 SG experts. (Top) A schematic of the Box-Whisker plot shown in this work. Plots are made 
with pooled answers from both US and Chinese experts. Outliers are identified as data outside of the 
10th and 90th percentile values. Answers from US (blue) and Chinese (orange) experts are plotted as 
individual data points. The vertical displacements of these data points are introduced only to avoid 
overlap. (Bottom) Distribution of participant answers to question 6: “How much should be spent on the 
loosely coordinated solar geoengineering research program by 2030 as a percentage of current climate 
funding?” as well as question 3 and 10 addressing participants’ estimated, desired, and SG radiative 
forcing in 2075. The fraction of RF offset by SG is calculated based on participants’ desired SG RF and 
their best-guess expected RF estimate in 2075. Results from Irvine et al. (2019) are shown in the right 
column for comparison.  The fraction of RF offset by SG is calculated based on participants’ desired SG 
RF and the difference between their best-guess expected RF and desired RF estimate in 2075. The 
fraction represents the amount of SG participants are willing to deploy to achieve their RF goals when 
their desired RF is lower than their expected RF. 
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While these findings disagree with some prior theoretical literature, they accord with a growing 

literature on public and expert opinions on SG which show that experts and lay people in developing 

countries are open to the idea of SG (Dannenberg & Zitzelsberger, n.d.; Sugiyama et al., 2020; Visschers 

et al., 2017). If judgements from experts we interviewed reflect or predict emerging judgments among 

broader policy elites in each country, there would be reasonable common ground for collaboration and 

potential negotiations between US and China on SG on both research and potential deployment.  

Correlation analyses (Figure 12) allow us to explore the self-consistency of responses in cases where 

reasoning suggests that there should be strong correlations. We find, for example, that China’s expected 

CO2 emission in 2075 correlates positively with the expected RF in 2075. Only one statistically significant 

correlation doesn’t make intuitive sense: experts’ desired RF in 2075 negatively correlates with their 

estimates for China’s peak CO2 emission year. Yet, if experts determined their desired RF by trading off 

climate benefits against overall costs, then we would expect higher desired RF if emissions control is 

harder as suggested by later peaking of China’s emissions. 

Experts from both countries support higher levels of funding for SG research than current values. The 

amount of funding experts assigned to SG research as a fraction of global climate research funding has a 

mean value of 5.4% and a median value is 3.5%. Only one Chinese expert preferred no research, but also 

indicated that they wouldn’t block funding and assigned 1% of total climate research funding to SG 

research. In comparison, global funding for SG was roughly $8 million 2018 (Necheles et al., 2018), 

which accounted for less than 0.3% of climate science funding in the US (US Government Accountability 

Office, 2018). The comparison between our result and a previous one that surveyed self-identified SG 

experts (Irvine, 2019) is shown in Figure 11. The two sets of results are not statistically significantly 

different, although both the mean and median funding levels from our study are 2% lower than Irvine 

et. al. (2019). A recent study found that roughly half of climate experts in IPCC and UNFCCC support 

more investment in SG research (Dannenberg & Zitzelsberger, n.d.). One explanation for the discrepancy 
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could be that experts were generally unaware of the current low level of funding for SG without more 

information. Experts from our study who indicated that they prefer low funding levels for SG research 

nevertheless assigned at least 1% of climate research funding to SG.  

Despite broad support for research, experts in both countries indicated reluctance and uncertainty for 

SG deployment. Only 4 experts saw any prospect for SG deployment by 2075. This is consistent with 

prior unpublished expert elicitation of IPCC authors showing that there was broad agreement that SG 

might reduce risk but experts were reluctant to consider its deployment (W. A. Carr et al., 2013). Desired 

SG RF in 2075 has a slight correlation with China’s expected CO2 emissions level in 2075 and expected RF 

in 2075, indicating that there could be a higher level of SG deployment if climate impact worsens. 

However, SG RF does not correlate with the difference between desired and expected RF in 2075, 

showing that the low direct cost of SG is not a key factor in experts’ consideration. This result contrasts 

starkly with findings in Irvine et al. as shown in Figure 11. This is consistent with the view that the SG 

expert community is biased towards deployment compared to their peers in other fields of climate 

science. Despite the general agreement on most issues, experts showed some disagreement on the 

aggressiveness of climate goals and preferred governance structure. US experts showed a more 

aggressive stance towards climate action and trust the current UNFCCC processes less in coordinating SG 

research activities. These might create contention in future negotiation. Differences also exist between 

US and China caused by cultural factors and past experiences with engineering projects, but experts 

thought they would only play a minor role in SG deployment.  
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Figure 12: Correlation between answers to questions on China’s CO2 emissions, RF, and SG research 
program funding. Heatmap showing Pearson’s correlation coefficients for participant answers to 
question 2 regarding China’s carbon emissions, questions 3 regarding expected RF in 2075, question 10 
regarding participants’ desired RF in 2075, and question 6 regarding fraction of global climate funding 
that should be assigned to an SG research program. Statistically significant correlation coefficients are 
marked by “*”.  
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Methods 

Expert selection process 

For Chinese experts, we sent interview invitation emails to 43 experts whose affiliation was listed as 

“China” in IPCC AR5 report author list. Because of the relatively small number of total IPCC authors in 

China, we did not expect to obtain consent from more than 10 authors. Therefore, in these emails, we 

asked experts to recommend additional experts who might be eligible to participate in the interview 

project. We then sent invitations to these recommended experts. We also sent at least one round of 

follow-up emails to experts who did not reply initially. We were able to interview 8 experts who are IPCC 

authors and 5 experts who are not IPCC authors. Information about these experts is listed in Table 1. We 

do not include names and institutions for Chinese experts to protect these experts’ privacy and ensure 

their willingness to give truthful answers without worry of repercussions. This is also a common practice 

among elicitation projects. 

The recruitment process for the US experts are the same as in the Chinese case with one difference: we 

sent invitations to a subset of 70 randomly selected US IPCC AR5 authors without accepting 

recommendations for non-IPCC authors. This is because there are 182 US IPCC authors – a much larger 

number than in the China case, and the acceptance rate is high enough that we did not have to reach 

out to experts outside of the IPCC author list. We initially sent out invitations to 50 randomly selected 

IPCC authors, followed by batches of 10 invitations until we obtained consent to interview 13 IPCC 

authors.  

Interview format 

Interviews were conducted in sessions that ranged between 1 hour and 2.5 hours. Interviews in China 

were conducted by Zhen Dai and Jianhua Xu in Chinese Language between June and August 2018, and 

interviews in the US were conducted by Zhen Dai and Elizabeth Burns in English between October 2018 
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and May 2019. The interviewers took extensive notes during the interviews, and the interview 

recordings were transcribed for further analysis.  

Data Analysis 

To compare the answers between US and Chinese experts, we conduct hypothesis testing where the null 

hypothesis is that US and Chinese experts have the same opinions. Student T-tests were conducted for 

all questions with quantitative answers. One other statistical test was also conducted for each question 

to validate the results. Mann-Whitney rank-order tests were conducted for questions that required 

numerical answers (Questions 2, 3, 5, 6, 10) or rankings (Question 1, 9, 11), and z-tests were conducted 

for questions that required selections of one or more items from given options (Question 8, 14, 15, 15). 

For answers to ranking questions, equal rankings were rescaled to preserve the rank-sum (e.g. if a 

participant was asked to rank four items, a ranking of 1,2,2,3 would be rescaled as 1, 2.5, 2.5, 4 so that 

the rankings from any one participant would sum to 10). For selection questions, answers were 

converted to one-hot encodings. We set the significance threshold for a two-tailed p value of 0.05.  

Simpson’s correlation coefficients were also calculated for questions with quantitative answers using the 

same data encoding. For Hierarchical Agglomerative Clustering (HAC) analysis, answers for each 

question were standardized to a mean of 0 and a standard deviation of 1. Group-averaged Euclidean 

distances were used to calculate cluster similarities.  

Occasionally, experts did not provide an answer to a question either because they found the question 

too hard to answer or because none of the options provided by us seemed viable. These answers were 

treated as missing values and omitted from the statistical tests and when calculating Simpson’s 

correlation coefficients. For HAC, missing values were imputed as the sample mean.  

Appropriate corrections to statistical significance levels are typically needed for multiple comparisons. 

We did not apply these corrections for hypothesis testing because our central finding was that the two 



67 
 

groups of experts agree (the null hypothesis), and we want to highlight potentially divergent judgements 

and minimize Type II error. Neither did we apply corrections in the correlation analysis, because we 

want to scrutinize potentially inconsistent judgements.  
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Chapter 5: Impacts of LEED standards on the energy performance of large buildings inferred 

from city-level building energy benchmarking data 
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Abstract—Certification by the Leadership in Energy and Environmental Design (LEED) program is widely 

used by institutions who wish to reduce their buildings’ energy use and carbon footprints. Yet past 

studies that often focused on a few buildings from a single city found weak or inconsistent links between 

LEED status and energy performance. We provide the first examination of LEED’s performance using a 

cross-city dataset in the US. We use building energy use data from 1565 buildings in a sample of 10 large 

US cities and examine the correlation between LEED certification and building energy efficiency 

measured by site energy use intensity, source energy use intensity, and greenhouse gas emissions. In 

addition, we used natural language processing methods to study patterns in the acquisition of specific 

credits by LEED-certified buildings. We find that LEED-certified buildings have lower site and source 

energy use intensities but not GHG emissions intensity. In addition, the Energy and Atmosphere credits 

could be a better metric for improving building energy efficiency, but it also doesn’t correlate with 

emissions intensity. Our results suggest that while LEED certificates might help building developers 

achieve better energy efficiency, but policy makers wishing to reduce GHG emissions in the building 

sector should reconsider the use of LEED certification as a metric. 

 

Introduction  

The Leadership in Energy and Environmental Design (LEED) program has often been proposed as a 

potential third-party standard to benchmark and improve the energy efficiency of buildings. Since its 

introduction in 1993, LEED certification has been awarded. LEED standards has been used in an 

increasing number of municipal policies aimed at reducing building energy consumption and greenhouse 

gas (GHG) emissions. Together with Energy Star, it is one of the two building standards designed to 

increase building energy efficiencies in the US. 
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However, the empirical relationship between LEED certification and building energy use on a national 

level is not clearly understood. This issue has received increased scrutiny in recent years as concerns 

over climate change increase. In the United States, the building sector is responsible for 40% of the 

primary energy and 72% of electricity use (US Energy Information Admininstration, 2020). It is therefore 

crucial to determine the effectiveness of LEED standards in improving building energy performance 

considering the prevalence of energy and climate policies citing LEED certification (Durkay, 2013).  

In recent years, municipalities have enacted energy use benchmarking codes for large buildings to better 

track the energy consumption and footprint of city buildings (American Council for an Energy-Efficient 

Economy, 2020). Generally, these codes apply only to commercial and residential buildings above a 

particular square footage cutoff. These codes, and the public data associated with them, provide a 

valuable opportunity for evaluating the efficacy of LEED building standards in improving building energy 

performances nationwide. Several previous studies have examined city level benchmarking data for 

Chicago (Scofield & Doane, 2018) and New York City (Scofield, 2013), and concluded that in those 

municipalities, overall LEED certification level does not correlate with lower overall energy consumption. 

In this study, we expand this approach to a nationwide set of ten cities. In addition, we provide the first 

examination of LEED sub-credit scores that specifically address energy efficiency and utilization. 

Background 

From the perspective of building owners or operators, the primary motivation for investment in green 

building certifications is to signal quality and other tangible benefits (increased rents, lower operating 

costs, etc.) to stakeholders (Flowers et al., 2019; Mason, 2013), while policy makers frequently use LEED 

certification to decrease CO2 emissions. LEED is one of the most popular rating schemes, and utilizes a 

credit-based approach, where specific investments in construction or building design are rewarded with 

a corresponding number of credits. While credits are used to evaluate different aspects of building 
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design, the overall LEED certification is only based on the total number of credits buildings achieve and 

not mandate the achievement of specific credits. As a result, there is a wide range of possible credit 

composition for a certain LEED certification.  

This heterogeneity in credit naturally leads to variance in energy efficiencies between identically 

certified buildings. This is of interest due to the proliferation of municipal building codes specifically 

mandating LEED certification with the express intention of reducing energy consumption. As a result, 

there has been significant interest in evaluating whether certified buildings indeed consume less energy 

than similarly uncertified counterparts. Previous work tends to focus on restricted samples without a 

clear conclusion. An analysis of 100 LEED certified buildings found that relative to type and occupancy 

matched controls, LEED certified buildings used less energy per floor area, but more energy overall 

(Newsham et al., 2009). A separate analysis of the same buildings using updated definitions of energy 

usage failed to identify a LEED certification effect (Scofield, 2009). Examination of 21 LEED certified 

buildings in New York City and 132 certified buildings in Chicago found that these certified buildings did 

not consume less energy than similar non-certified buildings. A LEED certification treatment effect was 

observed in a study of 134 LEED buildings in Los Angeles, but the observation was on the edge of 

statistical significance (p > 0.05) (Asensio & Delmas, 2017).  

Materials and Methods 

We surveyed cities with energy consumption reporting policies in the US according to published lists 

from the American Council for Energy Efficiency Economy (American Council for an Energy-Efficient 

Economy, 2020) . We found 27 cities that have such policies. Among these, 12 publish the collected data 

publicly. We found that the reported data from Austin, Texas and Cambridge, Massachusetts were of 

particularly poor quality (containing data from few buildings or containing only outdated data), and 

excluded them from our analysis. The datasets included building-identifying information (address, zip 
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code, project name) and building-level site energy use intensity. In general, three sets of energy use 

intensities are reported. First, site energy use intensity (site EUI) measures electricity, natural gas, and 

steam use directly metered from the buildings. All cities reported this information. Second, source 

energy use intensity (source EUI, also commonly referred to as primary energy intensity) measures 

energy use from the energy generation source while additionally taking into account generation and 

transmission losses. Uniform conversion factors are used across US for electricity, natural gas, and 

steam respectively to convert from site EUI to source EUI. All cities except for Boston reported this 

information. However, since Boston reported gas and electricity uses separately, we were able to 

calculate source energy use for Boston based on conversion factors provided by EPA. Third, greenhouse 

gas (GHG) emissions measure the amount of GHG emitted as a result of building energy uses. Different 

conversion factors are used to calculate GHG emissions from electricity usage across the US to account 

for different GHG emission efficiencies of regional electricity grids. All cities except for Los Angeles 

reported this metric. For most cities, building energy use as a percentage of gas, electricity, steam, and 

renewable sources are also available, but Los Angeles did not, and we therefore could not calculate its 

carbon intensity. Furthermore, Energy Star scores (an alternative energy efficiency reporting standard) 

are reported in many cities. In summary, we obtained building energy use data from 10 cities in the US. 

Details on these policies are listed in Table 3.  

These databases represent policies put into place at different times and provide information from 

different years. To facilitate the cross-city comparison, we used data from 2016, which is the latest year 

that all cities made reported data available.  

We obtained LEED data from the U.S. Green Building Council (USGBC) website. LEED-certified buildings 

are classified into a four-tier system, Certified, Silver, Gold, or Platinum, in increasing stringency of 

requirement. The levels are awarded based on the number of credits that a project claimed from a pre-

defined checklist of standards covering energy use, water use, choice of building materials and methods, 
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indoor environmental quality, and so on. One dataset directly downloadable from the LEED website 

included building identifying information (a unique ID, project name, street address, city, state, zip code, 

and country). It also listed the version name of the LEED system under which the building was certified, 

the level and date of certification, and total LEED points achieved by the building. We also obtained 

subcategory-level credit distributions from individual building webpages. These included the specific 

name of the category that buildings obtained credit for, the number of credits awarded, and the total 

achievable number of credits.  

Table 4: Summary of Building Energy Reporting and Benchmarking Policies. 

City Policy Name Data Collected for Buildings 

Boston Building Energy Reporting and Disclosure 
Ordinance 

Nonresidential, >35,000 sf;  
Residential, >35,000 sf or > 35 units;  
Parcel (multiple buildings) > 100,000 sf or > 
100 units in sum 

Portland, OR Building Energy Performance Commercial, >20,000 sf 

Seattle Building Energy Benchmarking and 
Reporting Program 

Non-residential, > 20,000 sf 
Multifamily, > 20,000 sf 

Los Angeles Existing Buildings Energy & Water 
Efficiency Program 

City-owned, >7500 sf;  
Privately-owned, >20000 sf 

Minneapolis Energy Benchmarking Public commercial, >25000 sf;  
Private commercial, >50000 sf 

Chicago Chicago Building Energy Use 
Benchmarking Ordinance 

Municipal, > 50,000 sf 
Commercial, > 50,000 sf 
Residential, > 50,000 sf 

Washington 
DC 

Clean and Affordable Energy Act of 2008 Private, > 50,000 sf 

Philadelphia Energy Benchmarking and Disclosure Law Commercial, > 50,000 sf 
Multifamily, > 50,000 sf 

New York City NYC Benchmarking Law > 25,000 sf 

San Francisco Existing Commercial Buildings Energy 
Performance Ordinance 

Nonresidential, >10,000 sf 

 

We conducted some basic cleaning for these datasets. For energy benchmarking datasets, we excluded 

entries without any energy use data. For the LEED database, we excluded data with erroneous and/or 



74 
 

unrecognizable addresses (for example, when the city name was used as the street address name). To 

match buildings in the LEED database and energy use datasets, we looked up individual building 

coordinates (latitude and longitude) using Google Maps API for both datasets. We then identified 

matched pairs of buildings with identical coordinates. After correcting for repeated LEED records and 

selecting buildings that obtained their certificates after 2016, we found 1565 total matched records. The 

number of buildings found for each city is listed in Table 4. 

Table 5: Summary of Building Counts Across Cities  
# Buildings in 
Energy 
Benchmarking 
Database 

# Matched 
Buildings in 
LEED 
Database 

# Matched 
buildings 
with Valid 
LEED rating 

Boston 1422 172 84 
Chicago 2688 424 284 
Los Angeles 4262 387 127 
Minneapolis 401 65 36 
New York City 11583 558 320 
Portland 377 105 58 
Philadelphia 1523 91 68 
Seattle 3369 311 189 
San Francisco 1187 222 125 
Washington DC 1506 286 274 
SUM 28318 2621 1565 

 

The goal of our analysis is to find the treatment effect of LEED certification on building energy 

performance. This cannot be achieved by simply comparing LEED-certified buildings with other 

buildings. In order to account for biases between buildings that seek LEED certification and those that do 

not, we conducted nearest neighbor matching between ‘treated’ LEED buildings and ‘untreated’ non-

LEED buildings based on building use type, year of construction, square footage. Each dimension is 

normalized before matching. In addition, matched buildings are required to be from the same postal 

code. The pre and post-treatment summary statistics are shown in SI Table 5. Compared to the 

differences in these dimensions between LEED buildings and the overall population without LEED 
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certifications, the differences between LEED-certified and non-LEED certified buildings are smaller in the 

matched dimensions in almost all cases.  

We conducted paired t-test between LEED and non-LEED buildings. In addition, we conducted paired t-

test for building with and without Energy and Atmosphere (EA) subcategory, since this subcategory were 

designed to specifically address energy efficiency of LEED buildings. When pooling buildings from 

different cities, we corrected for inter-city differences by standardizing energy efficiency measures 

within each city so that the mean energy uses are corrected to 0 and standard deviation to 1. We also 

used linear regression analyses to check for consistency of the t-test and effect sizes of LEED 

certification and EA credits. The form of the linear regressions is shown in Equation 1. 

𝐸𝐸 = 𝛽𝛽0 + 𝛽𝛽1𝐿𝐿 + 𝛽𝛽2 𝐴𝐴 + 𝛽𝛽3 𝑌𝑌 + ∑ 𝛽𝛽4,𝑗𝑗𝛿𝛿𝑗𝑗𝑗𝑗∈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  + ∑ 𝛽𝛽5,𝑘𝑘𝛿𝛿𝑘𝑘𝑘𝑘∈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜖𝜖       (1) 

Where E is the energy efficiency measure (site EUI, source EUI, or GHG emissions intensity). L is the 

treatment. The regressions were run for four LEED-relevant metrics including the fraction of LEED credit 

achieved, and the fraction of EA credits achieved. A is the building area, Y is the construction year, 𝛿𝛿𝑗𝑗  is a 

dummy variable for building category (residential, commercial, neither, or unknown), and 𝛿𝛿𝑘𝑘  is the 

dummy variable for city. 𝛽𝛽0 is the intercept, and 𝜖𝜖 is the error term. 

To identify natural clusters in which LEED subcategory credits are co-acquired, we conducted an analysis 

of the textual descriptions of each LEED subcredit across every available standard. Term frequency–

inverse document frequency (TF-IDF) was utilized to classify each document according to its most 

characteristic component terms. This allowed us to identify similarly motivated subcredits across 

different LEED standards. We utilized this grouping of subcredits to construct a canonical mapping of the 

buildings in our dataset and applied Uniform Manifold Approximation and Projection (UMAP)-based 

clustering. UMAP is a dimensionality reduction and visualization tool that has been found to produce 

more condensed clusters than t-Distributed Stochastic Neighbor Embedding or principal component 
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analysis. The parameters in a UMAP manifold were learned and optimized using stochastic gradient 

descent and resulted in the production of an embedding space that buildings can be projected into. We 

utilized k-means clustering to identify clusters of buildings projected into the UMAP manifold and 

visualized LEED certification level and city with respect to defined clusters. 

Results  

Paired t-test for energy efficiency measures. 

We first examined the treatment effect of LEED certification on building energy use. We conducted 

paired t-tests for buildings that were LEED-certified compared to buildings that were not LEED certified. 

These results are reported in Table 5. We found that LEED certification has statistically significant 

treatment effects on building site EUI and source EUI. However, the effect on CO2 emissions intensity is 

not statistically significant. This is because LEED buildings in general use more electricity (Scofield & 

Doane, 2018). The average site EUI, source EUI, and CO2 emissions for all buildings in our dataset are 81 

kbtu/ft2, 172 kbtu/ft2, and 7.5 kgCO2/ft2. The average improvement in energy efficiencies by achieving 

LEED certificates are therefore ~5-6% of building energy use.  

Table 6: Paired T-test statistics and mean treatment effects of obtaining LEED certification and EA 
credits. Statistically significant t statistics (P<0.05) are marked with ‘*’ 

    
LEED certification 

 Site EUI  Source EUI CO2 Intensity 
t statistic 3.2* 3.5* 1.5 
mean treatment 4 kbtu/ft2 10 kbtu/ft2 0.4 kgCO2/ft2 

EA credit 
 Site EUI Source EUI CO2 Intensity 
t statistic 3.4* 4.1* 1.6 
mean treatment 10 kbtu/ft2 27 kbtu/ft2 0.7 kgCO2/ft2 
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In addition to the overall LEED certification, each LEED-certified building is also rated for various 

subcategories including EA, which includes requirements aiming at improving building energy 

efficiencies specifically. This provides an opportunity for targeting specific credits in order to improve 

building energy efficiencies. To examine this option, we considered whether credits achieved in EA 

category correlated with higher energy use efficiency improvements. 1173 out of 1565 buildings with 

LEED certificates has more than 0 EA credits, and we conducted paired t-tests for these buildings against 

their matched buildings. Results from the pair t-tests are shown in the bottom half of Table 5. Similar to 

the results in the previous paragraph, obtaining EA credits correlates with statistically significantly better 

site EUI and source EUI but not CO2 emissions intensity. However, the treatment effects are more than 

twice of those with LEED certification. This shows that requiring EA credits could potentially be a better 

measure for improving building energy efficiencies, although it’s still not clear whether it has a positive 

impact on building CO2 emissions intensity. 

Table 7: regression coefficients for achieving higher LEED credits and EA credits. Values listed are energy 
efficiency improvements if all LEED or EA credits are achieved. Statistically significant regression 
coefficients (p<0.05) are marked with ‘*’. 

 
Site EUI 

(kbtu/ft2) 
Source EUI 
(kbtu/ft2) 

CO2 Intensity 
(kgCO2/ft2) 

LEED credits 20* 35* 1.6 
EA credits 24* 43* 3.2 

 

In addition to comparing buildings with and without LEED certifications, we also explored the effects of 

achieving different levels of LEED and EA certifications. T-tests cannot be used for this purpose, and we 

used regression analyses to explore the effects of achieving more credits for buildings that obtained 

LEED certification. The regressors are the total number of LEED or EA credits achieved for LEED-certified 

buildings as a fraction of total achievable LEED credits for various certification standards. Here, the 

fraction is used instead of the actual number of LEED credits to correct for discrepancies between 

different LEED certification versions. The results from the linear regressions are shown in Table 6. Similar 
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to the results from the t-tests, higher LEED and EA credits correlate with better site and source EUI 

performance, but not with CO2 emissions intensity. The regression coefficients for EA credits are higher 

than those for LEED credits, consistent with the treatment effects from the T tests.   

UMAP Clustering of Buildings by Subcredit Acquisition Patterns 

In order to classify buildings by subcredit acquisition patterns, it was necessary to first create a unified 

mapping of subcredits across the different LEED standards. We hypothesized that clusters of subcredits 

could be identified based on patterns in their descriptions. The five identified credits correspond to 

refrigerant use, measuring and verifying energy use, commissioning and review, renewable energy, and 

performance optimization. Given a particular subcredit, this would allow for the identification of an 

equivalently motivated subcredit from another LEED standard. Three identified pairs include i) EAc1: 

Optimize Energy Performance (LEED-NC 2.2) and EAp2: Minimum Energy Performance (LEED-NC v2009), 

ii) EAc2: On-site Renewable Energy (LEED-CS v2009) and EAc6: Green Power (LEED-NC 2.2), and iii) EAp3: 

CFC Reduction in HVAC (LEED-CI 2.0) and EAp3: Fundamental Refrigerant Management (LEED-EB:OM 

v2009).  

We utilize this mapping of subcredits to group all buildings by age, size, energy use, and subcredit 

acquisition patterns as shown in Figure 13. We identified fifteen distinct clusters of buildings based on 

the types of credits they acquired.  For each cluster, we identified the most over- and under-represented 

credits. We find that buildings that achieve higher credits (or high performing clusters) 3,10, and 13 are 

characterized by high scores in Energy and Atmosphere credits corresponding to renewables, on 

average achieving more than 98% of the available credits.  
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Figure 13: UMAP Projection colored by cluster (left) and achieved rating (right). 

 

Conclusions 

We investigated the relationship between LEED certification and building energy performance in ten US 

cities by using publicly available information from LEED database and city-level building energy 

benchmarking data. We find that obtaining LEED certification correlates with better energy efficiency 

performance for site and source EUI, but it doesn’t correlate with CO2 emissions intensity. This result is 

consistent with previous single-city findings and signifies that LEED certification might not be effective if 

the goal is to reduce GHG emissions from the building sector. 

In addition, we provide a first evaluation of the effectiveness of the EA subcredits within LEED 

certification, and found that EA credits correlate with higher energy efficiency improvements but does 

not correlate with GHG emissions intensity. This suggests that building owners trying to improve 

building energy efficiencies could focus on improving credit acquisition in the EA category instead of 

indiscriminately pursuing all LEED credits. However, policy makers trying to improve GHG emissions 

intensity might not be able to rely on EA credits.  

Furthermore, we evaluated whether buildings acquire credits based on conscious decisions affected by 

the requirements of the written LEED standards instead of randomly acquiring credits for the goal of 
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being certified by analyzing textual descriptions of LEED standards. Mapping subcredits from different 

standards to central definitions based on their semantic meaning, we found distinct clusters of similarly 

motivated subcredit acquisition. These clusters potentially correspond to compliance patterns of the 

buildings. Significantly, the top 3 clusters in terms of credit achievement all significantly achieved higher 

renewable energy credits relative to other buildings. This finding shows that the textual descriptions of 

LEED standards affect the kind of credits buildings achieve and can potentially be exploited to regulate 

building energy efficiencies.  

  



81 
 

Chapter 6: Hopes and prospects: solar geoengineering research for decision making 
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That strange flower, the sun, 
Is just what you say. 

Have it your way. 
 

The world is ugly, 
And the people are sad. 

- Wallace Stevens, Gubbinal 
 

The complexities woven into solar geoengineering (SG) research encompass just about everything in 

climate science and policy. Potentially important questions range from mortality impact of SG scenarios 

to whether nighttime stars would dim from an increase in stratospheric aerosols. As much as SG could 

be taken by some as a project for the sun in an ugly world plagued by human sadness, SG is 

fundamentally a project that could improve human wellbeing. Ultimately, decisions must be made on SG 

deployment given human impact with unknowns.  In this chapter, I outline thoughts on some important 

issues in SG research under a framework of dynamic stochastic decision-making. The goal of this chapter 

is not to provide a comprehensive list of problems to be resolved in SG research, but to highlight issues 

that need attention for the purpose of eventually making rational deployment decisions on SG (including 

the possible decision to not deploy). 

If we treat SG deployment decisions as an optimization problem where the goal is to find a set of SG 

policies that maximize some benefits, we can express the process using the framework of dynamic 

stochastic analysis (BELLMAN & DREYFUS, 1962). There are five factors we need to consider, the state 

space (S), the action space (A), the stochastic transition kernel (𝑝𝑝(𝑠𝑠′|𝑠𝑠,𝑎𝑎)), the reward (R), the discount 

factor (𝛾𝛾), and a policy (𝜋𝜋) defined as a specific action on a state. Table 7 shows descriptions of these 

parameters in terms of SG decision making.  
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Table 8: Descriptions of factors relevant to SG under a dynamic stochastic decision-making framework. 

Term Description 
S State of the world relevant for policy decisions. E.g. climatological variables, socio-

economic factors 
A Available SG options under a set of constraints. E.g which SG method can be used, 

how deployment should be carried out 
R Possible outcomes of SG deployment.  
𝑝𝑝(𝑠𝑠′|𝑠𝑠,𝑎𝑎)  The probability distribution specifying the likelihood for achieving a future state 𝑠𝑠′ if 

action 𝑎𝑎 is taken in the current state 𝑠𝑠. E.g. the probability of achieving 2 W/m2 of 
radiative forcing in two years with 5 Mt of stratospheric sulfate emission today 

𝛾𝛾  How future rewards are weighed compared to immediate outcomes 
𝜋𝜋  SG policies for a specified timeline 

 

To design a policy, we need to find π that maximizes reward for a starting state s ∈S. The optimization 

problem can be expressed as Equation 1. 

max
𝜋𝜋

𝔼𝔼[∑ 𝛾𝛾𝑡𝑡𝑅𝑅(𝑠𝑠𝑡𝑡 ,𝜋𝜋(𝑠𝑠𝑡𝑡))|𝑠𝑠0 = 𝑠𝑠∞
𝑡𝑡=1 ]             (1) 

If we have complete knowledge of the stochastic transition function, the optimization term can also be 

expressed as Equation 2 (also known as the Bellman Equation), where an optimal solution is guaranteed 

to exist:  

𝔼𝔼[∑ 𝛾𝛾𝑡𝑡𝑅𝑅(𝑠𝑠𝑡𝑡 ,𝜋𝜋(𝑠𝑠𝑡𝑡))|𝑠𝑠0 = 𝑠𝑠∞
𝑡𝑡=1 ] = 𝑉𝑉𝜋𝜋(𝑠𝑠) = 𝑅𝑅�𝑠𝑠,𝜋𝜋(𝑠𝑠)� + 𝛾𝛾 ∑ 𝑝𝑝�𝑠𝑠′�𝑠𝑠,𝜋𝜋(𝑠𝑠)�𝑉𝑉𝜋𝜋(𝑠𝑠′)𝑠𝑠′∈𝑆𝑆             (2) 

There are many important research issues related to each of these terms. Among them, 𝛾𝛾 is often 

discussed in the broader climate science community (IPCC, 2007) and is often abstracted from this 

literature, although it could also be endogenous to the model. For the rest of the chapter, I will focus my 

discussions on S, p, 𝜋𝜋, R, and A. 

State space: what are the relevant goals? 

The elements included for calculating the state space has a profound impact on the evaluation of 

effectiveness of SG scenarios. Temperature has been the dominant, and sometimes the sole indicator 
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for assessing impacts of SG in many studies. However, the range of SG projects’ impacts extends far 

beyond the first-order temperature effect (Irvine et al., 2016). Many of these impacts do not scale with 

temperature through simple parametric relationships. As a result, neither the costs nor the benefits of 

SG can be assessed well if temperature is the only variable considered in SG impact studies, and it is 

important for researchers to think about relevant terms that affect the span of the state space. This 

would directly relate to defining the goal of SG.  

Assuming that the decision maker for SG is benign, the best proxy for the goal of SG is perhaps 

increasing human welfare. While temperature and RF do affect welfare, so do other impacts of SG, and 

these impacts should be taken into consideration when setting up the state space of SG. One 

disadvantage of using just the temperature goal is that it’s easy to overlook other side effects of SG. For 

example, temperature can sometimes be the only indicator in integrated assessment models (IAM) 

evaluating the impacts of climate change. Under this framework, effects of SG would look too good to 

be true, since the cost for producing any temperature change with SG is low compared with mitigation 

methods or even carbon geoengineering. Artificial damage functions that depend only on temperatures 

must be employed to offset this effect (A. Harding & Moreno-Cruz, 2016).  

Moving away from considering only temperature targets can be a dauting task, especially if different 

impacts need to be weighted and compared on the same scale. One potentially useful pathway would 

be to first expand the set of factors to include the important impacts. As shown in Figure 11, experts 

generally picked out only a few risks and benefits of SG as the most important ones from a large array of 

potential SG risks and benefits. These include impact on precipitation and evaporation change and 

impact on regional climate and termination effect. From this result, it seems possible that researchers 

could agree on just a few important factors to include in the decision-making calculation beyond 

temperature as the first step. Another low-cost measure would be for researchers to simply make data 
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easily accessible so that future researchers that want to investigate complex impacts can reference 

these results easily.  

Stochastic transition kernel: how does SG impact the world? 

Formulating the stochastic transition kernel requires specific knowledge on how SG projects impact the 

world. This includes impacts ranging from ones we know well (e.g. the RF impact of Pinatubo-like 

stratospheric aerosol injection (SAI)) to ones we know nothing about (e.g. the unknown unknowns). 

Methods should be developed to deal with both kinds of impacts.   

For impacts that we know well, evaluation can proceed as shown in Equation 2 where rewards of a 

policy consist of the immediate reward and a discounted future reward, and the best policy can be 

chosen as one that outputs the maximal reward. For example, one popular method to solve this 

problem is the Markov Decision Process (Puterman, 1994). An important point to note is that results 

from impact studies of specific scenarios should not be the sole basis of decision-making. For example, 

there have been many studies that investigated SG scenarios that decrease RF in a limited region and 

found severe disturbance to atmospheric circulation and precipitation patterns. These negative results 

themselves do not constitute sufficient justifications to rule out SG deployment, neither should they be 

disregarded because the scenarios are likely unrealistic for any potential deployment. Rather, they 

should be treated as part of the learning process to provide better constraints on potential outcomes of 

SG deployment.  

For impacts that we know little of, learning would have to occur from more model simulations, 

experimental studies, observations of any potential deployment outcome, or policy experimentation. All 

these methods are potentially expensive, and it is important to explore the sensitivities of the rewards 

to variations in an impact to decide on the research projects that will contribute the most to decision-

making. Machine learning methods (Rolnick et al., 2019) might be helpful in reducing research costs by 
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filling in impact predictions based on sparse model/experimental outcomes (supervised learning), 

discovering useful features from complex high-dimensional data (unsupervised learning), and exploring 

a wide decision space based on mechanistic knowledge and observational data (reinforcement learning) 

(Heutel et al., 2018).  

Reward and policy: how should we evaluate SG outcomes? 

There are two obvious implications from Equation 1 that are often overlooked in SG research: 1) policies 

should be evaluated within the possible set of options and 2) policy decisions should be dynamically 

adjusted when new information becomes available. 

On the first point, decisions can only be made for the future based on the current state of the world. 

Comparing the outcome of SG scenarios with idealized situations (such as the preindustrial climate) 

might provide a refence point that bound the effectiveness of SG, but it is not useful for choosing the 

right policy. In other words, the right question for decision makers to ask is “what is the best option out 

of the options available to me now” and not “does an option produce an ideal scenario”. This does not 

imply that the effectiveness of SG should be evaluated based on a more lenient standard such as the 

business as usual scenario, but that the costs of achieving any climate state should be considered when 

the effects of SG outcome is compared to that state.   

On the section point, policymaking is a dynamic process where new information should be incorporated 

at each decision step. There is a body of control theory literature in SG that highlights the importance of 

adjusting parameters within a deployment strategy given observation of deviations from the target 

(Kravitz et al., 2014). However, very little work has been done that incorporate dynamic feedback with 

respect to policy (Quaas et al., 2017). In any realistic deployment scenarios, it might also be necessary to 

consider the possibility of emerging factors that are previously unknown. Because of this, it is 
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particularly important to be able to monitor the outcomes of SG deployment and re-evaluate future 

policies to make timely adjustments if deployment starts. 

Action space: what are the possible SG options? 

The span of the action space depends on both the available options and limitations. A wider action 

space makes it possible to find a better solution. From this point of view, it is irrational to exclude SG as 

an option to reduce climate damage when it’s unclear that its disadvantages outweigh the benefit. 

However, researchers should also note the set of constraints that limit deployment options in order not 

to be overly optimistic about the prospects of SG.  

To expand the action space, a range of SG options should be considered. This means considering both a 

range of SG methods and the different degrees of freedom of these methods. For example, as shown in 

Chapter 3, experts are generally supportive of exploring options including marine cloud brightening, 

cirrus cloud thinning (CCT), and space-based methods in addition to SAI. For each of these options, it’s 

also important to know the degrees of freedom for deployment. For example, as outlined in Chapter 1 

and Chapter 2, degrees of freedom in SAI deployment include injection location, season, and SAI 

materials selection.  

Expanding the action space also means that different methods of SG should be treated as a portfolio of 

options and not competitively pitched against each other. A combination of different methods might 

allow for better achievement of goals. For example, combining SAI and CCT makes it possible to tune 

global mean temperature and precipitation with more flexibility (Cao et al., 2017). Similarly, for broader 

climate policies, SG is better treated as one method to alleviate climate damages in concert with other 

measures such as mitigation and adaptation. It should not be treated as a last resort or emergency 

option that only fills holes that other measures leave behind or altogether replace them. Specifying a 
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pre-condition for SG deployment based on these framings will limit the effectiveness of SG and lower 

the achievable welfare. 

While keeping the set of available actions as large as possible, it is also important to understand the 

potential limitations to the kinds of SG that can realistically be deployed. For example, under the 

precautionary principle (Page, 2008), it might be important to constrain the upper limit of possible SG 

damage under uncertainty. As such, there might be a cap on the amount of SG that could be potentially 

deployed, especially near the beginning when uncertainties are high. Other limitations include ones that 

might not be based on technical considerations or cost-benefit analysis but derive from political 

economy, legal restrictions, governance structures, or moral/ethical considerations.  

 

Limitations of this discussion 

One limitation of my discussions on the stochastic dynamic decision-making framework is that I only 

consider a single decision maker with one set of coherent evaluation metrics. In reality, it is far from 

clear who would make the decisions or how heterogeneous the underlying interests might be. 

Incorporating multiple decision makers could bring competition and deployment of counter-

geoengineering (Heyen et al., 2019) that inevitably invalidates the assumption where only benign 

outcomes are considered. The uncertainties over governance structure makes it difficult to formulate 

the “right” model of decision-maker interaction: in the literature, there have been discussions on 

various degrees of centralization from decision-making by one international body to norm-driven 

decisions by individual countries (Reynolds, 2017). Consolidating diverse interests into one set of 

evaluation criteria is also challenging, particularly given low knowledge of SG among stakeholders.  

Path dependency (defined broadly, simply means “history matters”) is another issue that is not treated 

here. By construct, the Markov Decision Process assumes conditional independence of the future on the 
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past given the present, as shown by the stochastic transition kernel that only relates future states to its 

immediate past and not its history (David, 2007). An illustration of this kernel and a kernel that could 

potentially account for path-dependency by considering all states in the past is shown in Figure 14. 

However, path dependency exists widely in the climate system, the energy system, and policy design 

(Arrow & Fisher, 1974). For example, one case of strong path dependency often stressed in SG research 

is the “slippery slope” argument, where initial study/deployment of SG leads to future deployment 

unwarranted by overall welfare calculations.   

Discussing these issues comprehensively is beyond the scope of his chapter, but I do want to highlight 

the need to better engage developing countries in research and the decision-making process so that 

interests in these regions are fairly represented. So far, most research on SG is done in the global north 

(Necheles et al., 2018). Although this doesn’t necessarily reduce the validity of any research outcome, it 

does limit the scope of perspectives that can be included in research activities. For example, 

distributional issues and impact on global equity are important discussions within the SG research 

community that directly concern the interests and priorities of the global poor. Arguments on both sides 

exist. On one hand, SG research could benefit the global poor by knowledge sharing (Horton & Keith, 

2016) and SG projects has the potential to decrease global income inequality (A. R. Harding et al., 2020). 

On the other hand, experts from the global north are criticized for projecting their own visions of 

equality on behalf of the poor (Flegal & Gupta, 2018), and one commentary piece even argued that such 

“expert imperialism” was one justification for prohibiting SG research (Stephens & Surprise, 2020).  

Even though these discussions are valuable in exploring the kinds of issues that might be important to 

the global south, none of the research results or underlying assumptions are scrutinized by researchers 

in these regions. Therefore, it is difficult to judge whether they truly reflect the interests and priorities 

there regarding SG. One simple first step is just to ask. There has been a growing number of studies in 

recent years probing opinions on SG in developing countries (treating China as a developing country). 
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Findings suggest that the general public and experts from developing countries might be open to the 

idea of SG. It would be interesting to see if this apparent interest in SG translates into original research 

that are better reflections of research priorities for the local community. Researchers from the global 

north could help encouraging research by sharing knowledge, proactively engaging potential 

collaborators, and helping to establish funding sources for researchers who are resource constrained. 

 

 

Figure 14: Illustrations of (a) a stochastic transition kernel in homogeneous Markov processes used in 
this discussion and (b) a potential stochastic transition kernel that could account for path dependencies 
on past states. The image in (b) is a still from Rick and Morty (episode “The Wedding Squanchers”) 
showing (presumably) sub^25-atomic structure of a rock (on a cob) from On a Cob Planet where 
everything is (recursively) on a cob.  
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Figure S1. Annually averaged RF efficacies for AM-H2SO4 injections at various latitudes as a function of 
latitude. For every injection latitude on the ordinate, the RF efficacies at corresponding latitudes on the 
abscissa are represented on the contour plot. Text on each plot represents the injection height. RF 
values were normalized to represent uniform injections rates at all latitudinal bands. Dashed black lines 
in each subplot was added to guide the eye in locating RF peak latitude relative to AM-H2SO4 injection 
latitude. Latitudinal bands below the tropopause where no modeling of injection was performed are 
shown in white in (a) and (b). 
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Figure S2. Results from singular value decomposition of the RF efficacy matrix showing the first five 
singular vectors for results from AM-H2SO4 injections. Text on (a), (c), (e), (g), and (i) are the 
corresponding singular values. The nth singular value corresponds to n-1 latitudinal nodes on the nth left 
singular vector. 
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Figure S3. Linearity tests of RF when injection cases were (a), (b) scaled up and (c), (d) combined at a 
few locations. Comparisons of RF distribution when aerosol injection amounts are increased for cases at 
(a)  10-14 and (b) 21-24.5 km are shown for SO2 (black) and AM-H2SO4 (red) injections. Legends 
represent the injection latitude. Equatorial injections in (a) are done below the tropopause.  The RF 
distribution (in W/m2) when combining four cases with injections at 17.5-21 km is shown in (c) with 
simultaneous injections at 18.9oN, 18.4oN, 37.9oN, and 47.4oN.  The differences between that model 
result and the sum of RF derived from the four individual injection cases are shown in (d). 
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Figure S4. Least square fitting results for various possibly desirable global RF profiles that achieve 
globally averaged RF of 1.5 W/m2. Dashed lines represent the desired profiles, and solid lines represent 
the best fit by scaling RF distribution results from injections with AM-H2SO4 at a single latitudinal and 
altitudinal band. Subplots in the second column (b, d, f, h, j) represent injection rates (in Mt-S yr-1) for 
injections at a latitudinal and altitudinal band to achieve the best fit RF distribution. Bands where no 
modeling was performed are represented by white squares. Total injection rates to achieve the profiles 
in (a), (c), (e), (g), (i) are 1.15, 0.99, 1.30, 1.36, and 0.89 Mt-S yr-1. 
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Figure S5. Least square fitting results for various possibly desirable global RF profiles that achieve 
globally averaged RF of 1.5 W/m2. Errors in fitted RF at each latitudinal band are weighted by land area 
there. Dashed lines represent the desired profiles, and solid lines represent the best fit by scaling RF 
distribution results from injections with SO2 at a single latitudinal and altitudinal band. Subplots in the 
second column (b, d, f, h, j) represent injection rates (in Mt-S yr-1) for injections at a latitudinal and 
altitudinal band to achieve the best fit RF distribution. Bands where no modeling was performed are 
represented by white squares. Total injection rates to achieve the profiles in (a), (c), (e), (g), (i) are 1.23, 
1.09, 1.48, 1.84, and 0.82 Mt-S yr-1. 
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Figure S6. Least square fitting results for various possibly desirable global RF profiles that achieve 
globally averaged RF of 1.5 W/m2. Errors in fitted RF at each latitudinal band are weighted by land area 
there. Dashed lines represent the desired profiles, and solid lines represent the best fit by scaling RF 
distribution results from injections with AM-H2SO4 at a single latitudinal and altitudinal band. Subplots in 
the second column (b, d, f, h, j) represent injection rates (in Mt-S yr-1) for injections at a latitudinal and 
altitudinal band to achieve the best fit RF distribution. Bands where no modeling was performed are 
represented by white squares. Total injection rates to achieve the profiles in (a), (c), (e), (g), (i) are 1.00, 
0.90, 1.13, 1.32, and 0.78 Mt-S yr-1.  
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Figure S7. Results from alternative models that explain the evolution of product formation with time. (a) 
Fitting results to flask experiment results with a chemical reaction model of the form 𝒏𝒏𝒑𝒑 = 𝑨𝑨(𝟏𝟏 −
𝒆𝒆𝒆𝒆𝒆𝒆−𝒌𝒌𝑪𝑪𝒏𝒏𝒕𝒕) where A is the fitting parameter, C is the concentration of HCl, n is the reaction order, and t is 
time. The confidence intervals in (a) were calculated using the same bootstrapping methods as the for 
the fits in Figure 7(e).  This model explains the data less well as shown by the larger confidence intervals 
and its inability to capture the results from the flow tube experiments compared with the fitting results 

shown in Figure 7(e).  (b) schematics of solutions to the reaction-diffusion equation 
𝒅𝒅𝒏𝒏𝒑𝒑
𝒅𝒅𝒅𝒅

= 𝑫𝑫𝝏𝝏𝟐𝟐𝑪𝑪(𝒙𝒙,𝒕𝒕)
𝝏𝝏𝒙𝒙𝟐𝟐

−
𝒌𝒌[𝑪𝑪𝑪𝑪𝑪𝑪𝑶𝑶𝟑𝟑]𝑪𝑪(𝒙𝒙, 𝒕𝒕)𝒏𝒏 where D is the diffusion constant, x is the depth beneath the CaCO3 surface, and 
[CaCO3] is the number of available CaCO3 reaction sites per unit CaCO3 surface area. The curves 
represent the effect on the solutions of varying the diffusion constants. Fitting to the model in (b) 
requires three fitting parameters instead of just one as compared to the model we chose to use in the 
Results section. This would add to the model complexity and variance, reducing the reliability of the 
fitting parameters. 
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Figure S8. Annually averaged altitudinal profiles of mixing ratios for (a) ClO and (b) NOx distribution 
under various model scenarios, averaged between 60S and 60N. The baseline scenario is for the case 
with no solar geoengineering. The range of impacts represented by the shaded regions were results 
from Keith et. al. 2016 assuming thickness-independent uniform uptake coefficients for all gas phase 
uptake coefficients on calcite particles.   
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Figure S9. meridional ozone changes compared to 2040 baseline assuming thk-dep and thk-ind 
parameterizations of the uptake coefficients with and without ClONO2+HCl reaction. Uptake coefficients 
for ClONO2 + HCl was assumed to be 0.02 in the dashed cases. Results for the thk-ind and thk-dep cases 
are replications from Figure 7. Compared with the thk-ind case without the ClONO2+HCl reaction, 
including this reaction decreases ozone column by 3%. Compared with the thk-dep case without the 
ClONO2 + HCl reaction, including this reaction decreases ozone column by 2%.  
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Figure S10. Clustering between experts’ answers. The clustermap shows values and clusters of 
participants’ answers to question 2 regarding China’s carbon emissions, questions 3 regarding expected 
RF in 2075, question 10 regarding participants’ desired RF in 2075, and question 6 regarding fraction of 
global climate funding that should be assigned to an SG research program. Statistically significant 
correlation coefficients are marked by “*”. Answers to each question were scaled so that the mean is 0 
and the standard deviation is 1. The dendrogram is calculated based on hierarchical agglomerative 
clustering of the answers, where nearest neighbors are merged into one cluster until all data are in a 
single cluster. 
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SI Table I. Compilation of literature with empirical studies of public or expert perceptions of solar 
geoengineering. Studies on expert opinions are marked in grey 

Year Reference 

2020 
M. Jobin, M. Siegrist, Support for the Deployment of Climate Engineering: A Comparison of 
Ten Different Technologies. Risk Anal. (2020) https:/doi.org/10.1111/risa.13462. 

2020 

N. Matzner, D. Barben, Climate Engineering as a Communication Challenge: Contested 
Notions of Responsibility Across Expert Arenas of Science and Policy. Sci. Commun. 42, 61–89 
(2020). 

2019 
A. Dannenberg, S. Zitzelsberger, on their beliefs about climate change impacts. Nat. Clim. 
Chang. https:/doi.org/10.1038/s41558-019-0564-z. 

2019 
A. Mahajan, D. Tingley, G. Wagner, Fast, cheap, and imperfect? US public opinion about solar 
geoengineering. Env. Polit. 28, 523–543 (2019). 

2019 

C. Merk, et al., Public perceptions of climate engineering: Laypersons’ acceptance at different 
levels of knowledge and intensities of deliberation. GAIA - Ecol. Perspect. Sci. Soc. 28, 348–
355 (2019). 

2018 
H. J. Buck, Perspectives on solar geoengineering from Finnish Lapland: Local insights on the 
global imaginary of Arctic geoengineering. Geoforum 91, 78–86 (2018). 

2018 
W. A. Carr, L. Yung, Perceptions of climate engineering in the South Pacific, Sub-Saharan 
Africa, and North American Arctic. Clim. Change 147, 119–132 (2018). 

2017 
V. Wibeck, et al., Making sense of climate engineering: a focus group study of lay publics in 
four countries. Clim. Change 145, 1–14 (2017). 

2016 
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SI Table 2. Cultural factors identified by US and Chinese experts that might impact the deployment of 
SG. Themes of ideas are synthesized in bold characters with the count of experts that mentioned the 
specific theme in each country. Specific ideas under these themes are synthesized below each theme. 

Ideas Count US Count China 
Political Process 
US has a less centralized decision-making process 8 1 
Cultural diversity 
US culture is less homogeneous 1 0 
National Characteristics 
Religion and ethics are less important in China; 
China has strong motivation to develop and contribute to global 
development; 
China has a strong belief in human power to impact nature; 
China tend to follow western countries' actions; 
US is more locked in a materialistic lifestyle; 
US tends to place more consideration on global interests 2 4 
Philosophical tradition 
Chinese philosophy emphasize harmony with nature 
Chinese philosophy encourages acceptance of new ideas 0 3 
Expert judgements 
Scientists in China are impacted more strongly by the west; 
Chinese scientists are more conscious that their work should directly 
benefit the people; 
Chinese experts are more likely to be opposed to new ideas 0 3 
Culture has no impact 3 3 
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SI Table 3. Summary of discussions on SG research.  

Research areas US experts Chinese experts 

Deployment 
technology 

1 expert supported research into 
deployment technology; 
2 experts explicitly said no research 
into deployment technologies 

3 experts supported research into 
deployment technology  

No Research 

All experts support at least some 
research 

1 expert doesn't support research at 
all at any level. (but wouldn't block 
others’ research efforts or funding) 

Large-scale 
outdoor 
research 

no expert thinks large scale experiment 
should be done in the short term;  
4 mentioned the possibility of longer-
term larger scale research but only if 
other smaller scale research can't 
answer the questions and if major 
governance is put in place 

1 expert support large scale 
engineering demo 

Small-scale 
outdoor 
research 

7 experts mentioned small scale 
research with caveats, (e.g. needs 
independent governance) 

3 experts mentioned small scale 
research with caveats (e.g. needs 
independent governance) 

A range of 
methods 

7 experts explicitly mentioned research 
into a range of technologies (e.g., 
marine cloud brightening, space-based 
SG technologies) 

3 experts mentioned research into a 
range of technologies (e.g., marine 
cloud brightening, space-based SG 
technologies) 

 

 

 

SI Table 4. Regulations on SG research proposed by experts. 

US experts: 
Experiments should be contained; 
Stakeholders should be consulted; 
Scale of research should ramp up gradually; 
Sensitive data (e.g. health data) should be protected; 
There should be global regulation; 
Efficacy of research should be judged by peers; 
For outdoor research there should be prenotification of stakeholders beyond de minimis threshold. 
Scrutiny should be ramped up beyond this threshold. This should apply to all research and not just 
federal research, and it should apply to American citizens working in and outside of US. Other 
countries should be encouraged to do the same 
Chinese experts: 
Research shouldn't impact public life; 
Experiments should be contained; 
no military use; 
compliance with existing regulations; 
Research should focus on realistic scenarios; 
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More Details on Experimental Setup for Chapter 3  

This section details various parts of the experimental setup not outlined in Chapter 3 but are important 

for understanding the experiment. In short, there are three main parts of the experiment: gas delivery, 

flow tube, and the mass spectrometer. The gas delivery system delivers reactant and carrier gases to the 

flow tube. When ClONO2 is used, the synthesis setup is connected to the delivery system. Reactive 

uptake takes place in the flow tube, and the resultant reactive gas signal is detected by the mass 

spectrometer. 

Gas delivery system 

 

Figure S11. Gas delivery system for the experiment. Blue sections represent stainless steel tubing, and 
black sections are Teflon or PFA tubing.  

The gas delivery system for the carrier gas, chemical ionization (CI) gas, HNO3 vapor, and HCl gas is 

shown in Figure S11. All mass flow controllers (MFCs) are purchased from MKS. The full range flow for 

MFC 1-6 are 10 sccm, 200 sccm, 200 sccm, 5 sccm, 5 sccm, and 200 sccm respectively. All MFCs are 
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calibrated for N2. The flow of SF6 was calculated based on its density and specific heat capacity. This 

means that in effect MFC 1 has a full-range flow of 2.6 sccm for SF6. The nitric acid permeation tube is a 

KIN-TEK Trace Source Refillable permeation tube with a target emission rate of 20000 ng/min at 50 oC. 

All gas tanks are purchased from Airgas except for the SF6 gas. It is purchased from Praxair and is 

research grade (99.995%). The nitrogen gas is ultra-high purity, and the HCl gas is a 1% blend in nitrogen. 

The H2O bubbler is cooled with a Peltier cooler to control the vapor emission rate, but was not used in 

this set of experiments.  

The concentration of HCl gas in the reactive gas stream is adjusted by changing the flow of MFC 4. The 

permeation tube, together with MFC 2 and 3, allow for differential amount of HNO3 vapor to be emitted 

into the reactive gas stream without affecting the downstream pressure in the flow tube. In operation, a 

fixed flow is set on MFC 3 (typically 50 sccm). The flow on MFC 2 is then varied to adjust the amount of 

HNO3 vapor emitted. For example, with MFC 3 set to 50 sccm and MFC 2 set to 100 sccm, 10000 ng/min 

of HNO3 flow will be emitted into the reactive gas stream.  

Flow tube 

 

 

Figure S12. Schematic of the interface between the flow tube and the mass spectrometer. The reactant 
gas, carrier gas, and CI gas flow correspond to the branches shown in Figure S11. 
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Figure S13. Schematic of operation for the movable insert setup. The orange blocks represent magnet 
pieces. The top plot shows the state when the insert is not exposed to the reactant gas, and the bottom 
shows the state when the insert is exposed. The insert is attached to a small piece of clear quartz tube 
where the magnet is positioned. 

The schematic of the interface between the flow tube and the mass spectrometer is shown in Figure 

S12. The flow tube is jacketed with a length of 1 m and an inner diameter of 26 mm. The insert has an 

inner diameter of 22 mm, wall thickness of 1 mm, and length of 22 cm. The body of the flow tube is 

made of quartz. Two metal flanges are connected through metal-to-quartz fuse at the ends of the flow 

tube. A quartz flange is added to the tube to allow for cooling. The cooling was done by circulating 

ethanol-dry ice mixture through the jacket. The temperature of the gas stream is monitored by three K-

type thermocouples at the two ends and the middle of the flow tube. The temperature gradient of a 

typical experiment through the flow tube is 1-2 K.  

The movable injector scheme is shown in Figure S13. The top plot corresponds to the situation where 

the insert is not exposed to reactive gas, and the bottom one shows the situation where it is. The 

movable injection scheme is different from ones typically used in uptake experiments where the injector 

is moved with respect to the stationary insert and flow tube. Here, the insert is moved relative to the 

stationary injector and flow tube. This scheme is used to reduce disturbances to the gas flow caused by 

moving parts in and out of the flow tube. This also eliminates condensation on the injector without 

having to heat the injector.  

Ion lens systems and ion spectrometer 
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The mass spectrometer is a quadrupole mass spectrometer procured from the Franz Geiger’s lab at 

Northwestern University. The setup of the ion spectrometer is described in detail in Catherine Schmidt’s 

thesis. We adapted the setup to be used with a corona discharge that is not directly in the flow path of 

the trace gas. The corona discharge is kept from the reactive gas from to reduce primary ionization by 

the plasma (ionization by direct electron impact). The ion transportation system is composed of two 

drift tubes in the low vacuum region (where pressure is the same as in the flow tube, about 1 Torr) and 

various ion optics in the high vacuum region (pressure is about 1e-6 Torr). The ion optics in the high 

vacuum section are unchanged from the setup used in the Geiger group. Details of the ion 

transportation setup in the low vacuum region are shown in Figure S14. The drift tubes are home-made, 

and are made of a series of metal rings connect by resistors. The drift tubes are housed in PEEK flanges, 

which are then inserted into a metal T flange with three outlets. Five voltages (labeled v1-v5) are 

controlled by a home-built circuit and control program. The power supply to generate these voltages are 

Iseg APS and BPS series high voltage DC power supplies. The circuit is designed so that the five voltages 

are stacked onto each other (v1<v2…<v5).  

The primary ions are generated by a corona discharge. To generate this plasma, a high negative voltage 

(>700 V) is applied to a needle. The tip of the needle is adjustable relative to the position of the short 

drift tube. The CI gas we use is SF6, and the primary ion (SF6
-) is generated by electron impact. Once the 

primary ion is generated, it is guided to the mass spectrometer by adjusting various voltages on the ion 

optics.   
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Figure S14. Home-made ion lenses in the low vacuum region. The five voltages labelled in the plot are 
controlled by feed-through connections outside of the ion path and are not shown in the plot. 

The secondary ions of interest are generated from reactions between the reactive gases and the primary 

ion. Specifically, the reactions of interest include: 

𝑆𝑆𝐹𝐹6− + 𝐻𝐻𝐻𝐻𝐻𝐻 → 𝑆𝑆𝐹𝐹5𝐶𝐶𝑙𝑙− +𝐻𝐻𝐻𝐻 

𝑆𝑆𝐹𝐹6− +𝐻𝐻𝐻𝐻𝑂𝑂3 → 𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂3− + 𝑆𝑆𝐹𝐹5 

𝑆𝑆𝐹𝐹6− + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2 → 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂2− + 𝑆𝑆𝐹𝐹5 

These reactions are used to determine the concentrations of HCl, HNO3, and ClONO2 respectively. 

 

ClONO2 synthesis 
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Figure S15. ClONO2 synthesis setup. 

The ClONO2 synthesis setup is shown in Figure S15. The gas tanks used are all purchased from Airgas. 

The Ar gas is HP grade. The O2 is UHP grade. Both the Cl2 and NO2 gases are 1% blend in nitrogen.  The 

RF plasma is generated by a Technical Research and Manufacturing Inc. DBS301 RF generator with a 

frequency range of 0.125-0.25GHz. The Power output is measured by a Bird 43 General Purpose 

Wattmeter and is tuned to be between 15 to 40 W during operation. The ozone is generated from an 

A2Z Ozone MP 1000 ozone generator. The ozone concentration as measured by an ozone is 1.5%. The 

meter valves used are Matheson 4170 Series High Accuracy Meter Valves. The flow through these valves 

at various turns are calibrated by a flow meter prior to their use.  

The synthesis comprises of three steps: 

𝐶𝐶𝑙𝑙2
𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�⎯⎯⎯⎯⎯⎯� 2𝐶𝐶𝐶𝐶 

𝐶𝐶𝐶𝐶 + 𝑂𝑂3 → 𝐶𝐶𝐶𝐶𝐶𝐶 

𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑁𝑁𝑂𝑂2 → 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2 
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The quartz tube acts both as an RF cavity for generating the chlorine radical and as a mixing region for 

the combination of ClO and NO2. The tube dimension was designed so that most of the ClO generated 

would be quenched by the time it reaches the cold trap. The length of the quartz tube is 70 cm. The 

distance between the two vertical flanges is 40 cm. The outer diameter is ½’’ and the inner diameter is 

1.01 cm. We assumed no radical remains after the cold trop because the quartz wool in the cold trap 

provides a large surface area for them to recombine or otherwise react.  

After ClONO2 is synthesized, it is collected and purified in a cold trap. The cold trap is a bubbler with 

quartz wool at the bottom to increase collection area. It is cooled by a cold jacket where chilled nitrogen 

gas flows through. The nitrogen is chilled by flowing through a coil submerged in a liquid nitrogen bath, 

and the temperature is controlled by the flow rate of this nitrogen. The temperature of the cold trap is 

measured by three thermometers (at the bottom, middle, and top of the cold trap). The temperature 

gradient is measured to be about 10 K from the bottom (where the cold nitrogen flows in) to the top 

(where the nitrogen exits) of the cold trap.  

After purification, there is still a significant amount of Cl2 and NO2 as observed from the mass 

spectrometer signal. The exact amount is unknown. The result obtained from the uptake experiment 

relies on the assumption that other gases do not interfere with the reaction of ClONO2 uptake onto 

CaCl2. To confirm this assumption, we conducted validation experiments to measure the uptake 

coefficient of ClONO2 on NaCl. Using procedures described in the experimental section, the uptake 

coefficient of ClONO2 on NaCl was determined to be 5 ± 3 e-3 at room temperature, which is 

comparable to the values observed in literature (Gebel et. al., 2001 reported 6.5 ± 3 e-3). 

The concentration of the effluent ClONO2 is measured through absorption spectroscopy on another 

setup (Klobas’s paper to be available on ACPD). Briefly, the synthesized gas was passed through a quartz 

cell with an absorption length of 99.14 cm. Absorption spectra in the 200-295 nm region were acquired 
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using a fiber-coupled Ocean Optics USB4000 UV-Vis spectrometer (10-µm slit width, 200 – 400 nm 5 

grating) illuminated by a Hamamatsu L2D2 deuterium lamp. The concentration of ClONO2 is then 

calculated based on the absorption cross section data in the JPL data base. It is determined to be about 

75 ppm under typical synthesis conditions.   

Particles used 

The calcite particles used is purchased from American Elements with a manufacture-reported average 

diameter of 200 nm. A scanning electron microscopy image of the particles are shown in Figure S16. The 

image is taken with an Ultra55 Field Emission Scanning Electron Microscope. The BET surface area of 

these particles are measured by a Quantacrome Monosorb instrument using N2 as the adsorption gas. 

The BET surface area reported was 14.8 ± 0.3 m2/g.  

 

Figure S16. SEM image of calcite particles used in the experiment. Electron bean information and 
magnification are shown in the figure. 

The NaCl particles (puriss. p.a., ≥99.5% (AT), powder or crystals) used are purchased from Sigma Aldrich. 

To increase the amount of surface area per unit mass, the particles are then processed in a Retsch 
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PM100 planetary ball mill. The BET surface area of the resulting NaCl particles is measured by a 

Beckman Coulter SA 3100 Surface Area Analyzer using He as the absorption gas. The BET surface area is 

0.051 ± 0.005 m2/g for NaCl before milling, and 0.38 ± 0.05 m2/g after milling.  

Uptake experiment procedure 

Before the experiment, the insert is deposited with calcite particles from a suspension of calcite in 

isopropyl alcohol (IPA). Typically 0.128g of calcite is suspended in 100 mL of IPA. This mass is chosen so 

that the amount of the suspension needed to make one insert is neither too large (would take too long 

to make one insert) or too small (the deposited particle “film” on the insert would not be uniform). With 

this mass, roughly 2.5 layers of particles would be deposited by 10 ml of solution. A known volume of 

the suspension is pipetted into the insert. The insert is heated and rotated to spread the particles evenly 

over the insert while the IPA dries. This process is repeated until a desired amount of calcite is deposited 

on the insert.  

For uptake experiments on CaCl2, the calcite insert is exposed to about 70 Torr of HCl vapor for at least 8 

hrs under room temperature so that a layer of CaCl2 forms on the calcite particles. To make sure that 

this is sufficient in generating a layer of CaCl2 thick enough for uptake, we conducted another set of 

experiments to directly measure the total amount of Cl on the calcite particles after the reactions. For 

this set of experiment, 0.1 g of calcite particles are deposited at the bottom of a bubbler. HCl vapor then 

continuous flow through the bubbler. After the reaction, the particles are suspended in 10 mL of milli-q 

water so the CaCl2 on the surface would dissolve in the water. The suspension is then filtered through a 

20 nm syringe filter. The Cl- concentration in the resulting solution is measured by a Cole-Parmer 

Combination Ion-Selective Electrode for chloride ions. The thickness of the CaCl2 layer formed is then 

calculated using the BET surface area, the bulk density of CaCl2, and the total amount of Cl ions reacted 

with the calcite particles. After one hour of HCl interaction with calcite, the thickness of the Cl layer is 
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2.0 nm. In comparison, the equivalent Cl layer thickness after one uptake experiment is less than 1 

angstrom. Here, the total amount of Cl adsorbed is calculated from the HCl flux and the total uptaken 

amount from the mass spectrometer results (the green region shown in Figure S16). Therefore, 8 hours 

of reaction should produce sufficient Cl for the uptake reaction. 

This insert is then put into the flow tube to be used for the uptake experiment. Here’s an outline of the 

experimental procedure for one uptake experiment: 

The desired gas flow is established by changing the setup of the MFCs. The insert is kept from exposure 

to the reactive gas stream by a carrier gas flow in this process 

The ionization source is turned on. Voltages of electric lenses are adjusted so that the signal 

corresponding to the interested species is maximized. This is the background signal of the uptake 

experiment. 

1. Typically， this background shifts over time. The system is left as is so the background signal 

reaches a steady level (hardly changing as judged by eye). This takes 1-2 hrs.  

2. While the signal stabilizes, the chiller is turned on, and the flow tube temperature drops 

gradually to -60 oC. This process takes about an hour. 

3. The uptake experiment starts by exposing the insert to the reactive gas flow. The signal 

corresponding to the trace gas would typically drop to a large extent at the start, and gradually 

recover. 

4. The insert is kept exposed to the reactive gas flow until the reactive gas signal reaches a “steady 

state” (barely changing as judged by eye). 

5. The insert is retracted from the reactive gas flow. The background signal is allowed to stabilize. 

6. The reactive gas concentration is changed to 0, and the signal is treated as the baseline of the 

experiment. In other words, the signal level is calibrated.  


