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Abstract  5 
Climate engineering (CE) deployment would alter prevailing relationships between Earth system variables, making 
indicators and metrics used so far in the climate change-assessment context less appropriate to assess CE measures. 
Achieving a comprehensive CE assessment requires a systematic and transparent reevaluation of the indicator 
selection process from Earth system variables. Here we provide a first step towards such a systematic assessment of 
changes in correlations between Earth system variables following simulated deployment of different CE methods. 10 
We therefore analyze changes in the correlation structure of a broad set of Earth system variables for two 
conventional climate change scenarios without CE and with three idealized CE model experiments: i) Solar 
Radiation Management, ii) Large-scale Afforestation, and iii) Ocean Alkalinity Enhancement. First, we investigate 
how the three CE scenarios alter prevailing correlations between Earth system variables when compared to an 
intermediate-high and a business-as-usual future climate change scenario. Second, we contrast the indicators 15 
identified for the non-CE climate change scenarios and the indicators identified when all five scenarios are 
considered. Finally, we use the identified indicator sets for an evaluation of the five climate change scenarios. We 
find that the additional indicators provide valuable information for the assessment of the CE measures, and their 
application hence allows for a more comprehensive and a comparative assessment of the mitigation and CE 
deployment scenarios.  20 
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1 Introduction 
Large-scale deliberate manipulations of the Earth's climate, so called Climate Engineering (CE) in the form of 
carbon dioxide removal or solar radiation management, are discussed as potential methods to counteract 
anthropogenic climate change. Assessment of the different CE methods is still in its early stages and so far, based on 
the same metrics and indicators as typically used in climate change assessment studies (Kravitz et al 2013; Oschlies 35 
et al 2017). However, in an engineered climate the prevailing relationships between Earth system properties may no 
longer persist (Klepper and Rickels 2014). The most prominent example is the impact on the transient climate 
response to CO2 emissions (Irvine et al 2012): In a natural climate system temperature rises when atmospheric CO2 
increases, whereas under Solar Radiation Management deployment, temperatures can stabilize or even decrease 
while atmospheric CO2 remains unmitigated. Accordingly, metrics and indicators applied in the climate mitigation 40 
context might no longer be appropriate for CE assessment, making in turn the selection of indicators for CE 
assessment one of the major challenges in the current CE debate (Oschlies et al 2017). 
 
Previous studies on CE assessment apply indicators typical used for climate change impact and climate change 
mitigation studies (e.g., Kravitz et al 2013; Irvine et al 2016), such as global mean temperature, precipitation, 45 
atmospheric CO2, and energy balance related variables (see Figure 1 from Oschlies et al 2017). The selection of 
these indicators was guided by their suitability to describe the state of the Earth system in a way assumed relevant 
for society, for example, by reporting the model outcome with respect to global mean surface air temperature or 
terrestrial precipitation (Stocker et al 2013). These indicators are deemed useful because they serve as a proxy for 
variables of more immediate social relevance, such as climate extremes or impacts. However, the selection of such 50 
indicators to summarize model output is, even though in a kind of scientific consensus, a normative choice in the 
assessment of CE, since no unambiguous rules for selecting indicators exist (Böhringer and Jochem 2007). In their 
literature review, Oschlies et al (2017) analyzed which indicators have, until now, been used for the assessment of 
Solar Radiation Management (SRM), terrestrial or marine Carbon Dioxide Removal (t- and m-CDR, respectively) 
and for comparative studies of CE methods. They found that the non-comparative studies mainly concentrate on 55 
assessing the effectiveness in the targeted Earth system component and ambiguously select side effects or other 
Earth system components to be assessed. They concluded that a comprehensive assessment of CE would require a 
reevaluation of the indicator selection process from Earth system variables. 
 
The selection of indicators for CE assessment has so far not been based on any set of agreed guidelines or a 60 
discussion about the underlying normative choices (Oschlies et al 2017). Here, we propose a more systematic and 
transparent approach to select appropriate indicators for CE assessment, the Systematic Correlation Matrix 
Evaluation (SCoMaE) recently developed by Mengis et al (2018). Initially we will describe a natural-science led 
approach, however it can later be used in conjunction with expert or stakeholder input, thereby enabling the iterative 
approach as suggested by Oschlies et al (2017). Starting with a broad set of Earth System variables, the SCoMaE 65 
method is applied to select an indicator set for three idealized CE model experiments: i) Large-scale Afforestation, 
ii) Ocean Alkalinity Enhancement and iii) Solar Radiation Management in the form of solar dimming.  
 
The SCoMaE method is a bottom-up approach for the systematic selection of a set of uncorrelated indicators that 
allow a detailed description of the state of the system. In this study, three CE model scenarios and two conventional 70 
climate change scenarios are implemented in the University of Victoria Earth System Climate Model of intermediate 
complexity (Eby et al 2013). In addition, for each scenario we ran 15 single perturbed parameter simulations (i.e., a 
total of 75 simulations) to obtain a multi-model like ensemble for our identification of correlated and uncorrelated 
indicators. Our approach provides therefore a first step towards i) a more comprehensive CE assessment, which 
considers a broad set of relevant Earth system components and processes and ii) a more comprehensive comparison 75 
of different CE methods that target different components of the Earth system, and hence need to consider a broad set 
of indicators to include changes in all of the components. 
 
The article is structured as follows. In section 2 we describe the model and implemented scenarios, as well as the 
methods for indicator selection and scenario evaluation. In section 3.1 we identify changes in correlations between 80 
Earth system variables induced by the three idealized CE scenarios, relative to an intermediate-high and a high 
future emission scenario. In section 3.2 we identify additional indicators needed for a comprehensive comparison of 
the three CE methods to each other and the two reference scenarios. Finally, in section 3.3 we evaluate the three 
idealized CE scenarios based on the identified indicators within the limits of our approach. We conclude our 
findings in section 4. 85 
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2 Methods 
2.1 The University of Victory Earth System Climate Model 90 
The model employed is version 2.9 of the University of Victoria Earth System Climate Model (UVic ESCM), an 
Earth system model of intermediate complexity (Weaver et al 2001; Eby et al 2013). It includes schemes for ocean 
physics based on the Modular Ocean Model Version 2 (MOM2) (Pacanowski, 1995), ocean biogeochemistry (Keller 
et al 2012), and a terrestrial component including soil and vegetation dynamics (Cox et al 1998; Cox 2001; Meissner 
et al 2003). The ocean model is coupled to a thermodynamic sea-ice model (Bitz and Lipscomb 1999) with elastic 95 
visco-plastic rheology (Hunke and Dukowicz 1997). The atmosphere is represented by a two-dimensional 
atmospheric energy moisture balance model (Fanning and Weaver 1996).  
 
All model components have a common horizontal resolution of 3.6° longitude and 1.8° latitude and the oceanic 
component has a vertical resolution of 19 levels, with vertical thickness varying between 50 m near the surface to 100 
500 m in the deep ocean. Wind velocities are prescribed as monthly climatological wind fields from NCAR/NCEP 
reanalysis data (Eby et al 2013) and are used to calculate i) the advection of atmospheric heat and moisture and ii) 
the air-sea-ice fluxes of surface momentum, heat, and water fluxes. Wind anomalies, which are determined from 
surface pressure anomalies with respect to pre-industrial surface air temperature, are added to the prescribed wind 
fields (Weaver et al 2001). For the model simulations, the UVic ESCM was spun up with pre-industrial (year 1765) 105 
seasonal forcing for over ten thousand years. All simulations were integrated from 850 until 2005 using historical 
fossil-fuel emissions and land-use changes (LUC), as well as radiative forcing from solar variability and volcanic 
activity following Eby et al (2013). Following Keller et al (2014), continental ice sheets were held constant to 
facilitate the experimental setting and analyses. Warming from black carbon, indirect ozone effects, and cooling 
from indirect sulfate aerosol effects were not included. 110 
The UVic ESCM is a well-established model of intermediate complexity and has shown to perform well in 
reconstructing past historical trends (Eby et al 2013) and has previously been used in simulations of hypothetical CE 
deployments (Keller et al 2014; Mengis et al 2016).  
 
2.2 Perturbed Parameter Simulations 115 
In addition to the model’s default setting we performed 14 perturbed parameter simulations, to obtain a multi model-
like ensemble. Due to the low internal variability in the UVic ESCM, we use this perturbed parameter ensemble to 
perform the correlation analysis as described in Section 2.4. The parameter perturbations address in particular the 
parameter uncertainty regarding the CO2 and temperature sensitivity of the terrestrial and marine primary production 
(see Table S2 for a list of the simulations and Section S1 for a detailed explanation of the implementation).  120 
The selected parameters were varied given observational constraints. The resulting simulations were verified to all 
lie within the range of annual global mean temperatures of the models from the 5th coupled model inter-comparison 
project and within natural variability of historic temperature anomalies (see Figure S1). The perturbed parameter 
simulations thus provide a multi-model like ensemble for the analysis of correlations among Earth system variables 
in non-CE and CE scenarios. 125 
 
2.3 Simulated RCP Climate Change and Climate Engineering Scenarios 
For the RCP climate change scenarios, the forcing from the Representative Concentration Pathway (RCP) 4.5 and 
8.5 scenarios (Meinshausen et al 2011) were implemented. This includes CO2 emissions as well as LUCs emissions 
and non-CO2 climate forcing from 2005 onward until 2100.  130 
 
For the CE scenarios, we simulate three idealized CE methods following Sonntag et al (2018):  

i) Solar radiation management (SRM), directly affecting the radiation balance of the atmosphere (i.e. 
solar dimming),  

ii) large-scale afforestation (LAF), directly influencing primary production on land, and  135 
iii) ocean alkalinity enhancement (OAE) directly affecting ocean biogeochemistry. 

 
All three CE methods were simulated using a business as usual climate change scenario (RCP8.5). The CE measures 
are then assumed to be substitutes for mitigation and are designed to target an intermediate-high climate change 
scenario (RCP4.5), with respect to one specific Earth system variable. We can then assess how well mitigation 140 
action can be substituted by an implementation of CE methods. Following the implementation of Sonntag et al 
(2018), all three CE methods were simulated from 2005 onwards (i.e., with the start of the RCP scenarios) to avoid 
abrupt changes in the system. In the following we will briefly describe the implementation of the three simulated CE 
scenarios. 
 145 
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In the SRM scenario, we reduced the amount of top of the atmosphere (TOA) incoming shortwave radiation in the 
model, mimicking a dimming of the sun, which could be achieved for example by successful deployment of 
sunshades (Lunt et al 2008; Kravitz et al 2011; Keller et al 2014). The reduction of incoming shortwave radiation 
was scaled such that TOA radiative forcing of the RCP4.5 scenario of the respective perturbed parameter set is 
reached (as in Sonntag et al 2018). 150 
 
In the LAF scenario, we reduced the area of agriculturally used land following the RCP4.5 LUC scenario and 
increased in turn the area which is naturally reforested (as in Sonntag et al 2018). Such an unmanaged afforestation 
scheme assumes that the naturally occurring vegetation has a higher carbon storage capacity than agriculturally used 
land. In our model, the main transition occurred in the tropical areas, where the tropical grass lands, representing 155 
agriculture lands, were reduced in favor of broad-leaf trees, which indeed have a higher carbon content per square 
meter (Cox 2001). 
 
In the OAE scenario, we enhanced ocean surface alkalinity to increase oceanic carbon uptake. The enhancement was 
scaled such that the atmospheric CO2 concentration matches the concentration in the RCP4.5 scenario of the 160 
respective perturbed parameter set. Following González and Ilyina (2016) and Sonntag et al (2018), we accordingly 
calculated a multiplication factor as the ratio of simulated atmospheric CO2 concentration to the target atmospheric 
CO2 concentration. If the simulated concentration deviated by more than 1% from the target, we applied this factor 
(larger one) to the simulated surface ocean alkalinity, and thereby increased the ocean carbon uptake and reduced 
atmospheric CO2. 165 
 
2.4 Indicator Selection 
Based on the review of CE studies with respect to commonly used assessment indicators by Oschlies et al (2017), 
we defined a set of 46 Earth system variables as the basis for the indicator selection process (see Table S1 for the 
full list). For each of the 46 variables simulated by the UVic ESCM, we calculated the change between the ending 170 
(2090-2100) and starting (2005-2015) periods of our scenarios (i.e., the long-term difference), across the perturbed 
parameter simulations. We calculated correlations of the changes for each pair of the 46 model output variables 
across the 15 parameter simulations and stored this information in a so-called correlation matrix, following the 
procedure and nomenclature of Mengis et al (2018) (see Figure S2 for a visualization of the correlation matrix 
construction). We then calculated Pearson correlation coefficients and define established statistical significance of 175 
the correlations after performing a two-sided t-test, on a 5% significance level.  
 
Repeating this procedure for each of the five scenarios, we can then assess if the significance of correlations 
between model output variables has been altered by the imposed CE methods. For an easier visual evaluation of 
these changes we constructed common correlation matrices (Figures S4-S8). At first, we regard changes in 180 
correlations for each CE scenario with respect to the baseline RCP8.5 and the target RCP4.5 (Figure S4 – S6). 
Finally, we constructed common correlation matrices for 1) the two RCP climate change scenarios only, i.e., the 
RCP4.5 and RCP8.5, and then 2) for all five scenarios, the RCP4.5, RCP8.5, SRM, LAF and OAE (Figure S7 and 
S8, respectively). 
 185 
Following the indicator selection of Mengis et al (2018), the significantly correlated variables of the matrices are 
assigned to clusters of variables that provide similar information (Figure S3 illustrates this process). This allows us 
to identify correlations between Earth system variables that are significant for all considered scenarios. The 
comparison of the non-CE and CE indicator sets show us the added value of this systematic approach over previous 
attempts in which existing climate change metrics were applied.  190 
 
2.5 CE Scenario Performance Assessment 
For the assessment of the CE scenarios against each other, in this example, instead of selecting single Earth system 
variables (and thereby assigning weights of zero to all the disregarded variables), we used the identified clusters to 
calculate composite indicators. We therefore aggregate the deviation of the climate state of all clustered variables at 195 
the end of the simulations relative to the 2005-2010 reference climate state. This means, our CE assessment 
supposes that the 2005-2010 climate state represents a desirable climate. It is however noteworthy, that staying close 
to today’s climate may not be considered as appropriate reference state by those countries which are expected to 
benefit from increased warming (consider for example the identified climate change winners in Burke et al (2015)). 
As a first step, we calculated the absolute deviation (𝑑𝑉) of all 46 Earth system variables (𝑉) for each scenario 200 
(scen) and each parameter perturbation (pp) as: 
 
𝑑𝑉(𝑠𝑐𝑒𝑛, 𝑝𝑝) = |𝑉-./011(𝑠𝑐𝑒𝑛, 𝑝𝑝) −	𝑉(𝑝𝑝)-./114|   (1) 
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The fact that we use the absolute changes assumes that deviations from the reference state in both directions are 205 
considered to be equally 'bad' and scale linearly with the magnitude of the deviation. Obviously, using the absolute 
deviation is only one possible metric and using, for example, quadratic deviations instead, like Moreno-Cruz et al 
(2012) did in their assessment of SRM, would have shifted more weight to Earth system variables with a higher 
deviation. 
 210 
To achieve comparability of the scenarios’ performance and to allow for a meaningful aggregation of the clustered 
variables into composite indicators a normalization is required (Ebert and Welsch 2004). We normalized the 
absolute deviations of the variables by the observed maximum deviation across scenarios and parameter 
perturbations: 
 215 
𝑑𝑉5678(𝑠𝑐𝑒𝑛, 𝑝𝑝) =

9:;<=>9:(?@A5,BB)
9:;<=

= 1 −	9:(?@A5,BB)
9:;<=

   (2) 
 
Implicitly, this corresponds to a Min-Max normalization where we presume that a desired minimum deviation of 
zero is possible (i.e. 𝑑𝑉8D5 = 0).	By definition for this normalization a score close to 1 (0) indicates a small (large) 
deviation from the reference climate state and accordingly corresponds to a 'good' (poor) performance of the CE 220 
measure in staying close to it. As discussed above, our normalization reflects the assumption that the 2005-2010 
climate state represents a desirable climate and reflects this normative judgement.  
Having dimensionless and comparable variables, the composite indicators (𝐼) were calculated as generalized means 
with equal weights, 𝛼: for all variables in one cluster:  
 225 

𝐼(𝑠𝑐𝑒𝑛, 𝑝𝑝) = I∑ 𝛼: ∗	𝑉5678
LMN
L (𝑠𝑐𝑒𝑛, 𝑝𝑝)O

:.0 P

L
LMN

     (3) 

Again, calculating the generalized mean includes the normative decisions about the weighting factors, and about the 
specification of the substitution elasticity, 𝜎. The substitution elasticity is a measure of how sensitive the score of the 
composite indicator is towards an extreme performance of single variables. In case 𝜎 → ∞, the generalized mean 
simply becomes an arithmetic mean, implying that the deviation in one variable can be completely offset by an equal 230 
deviation in the other direction of another variable. Facing a complex system like the climate system with various 
not fully understood relationships, we propose using a substitution possibility below 1 to allow for some degree of 
substitution but with a significant influence of the overall performance from the indicator with poorest individual 
performance, accounting therefore for unbalanced performances across indicators (Rickels et al. 2014). We decided 
to use a substitution elasticity of σ=0.5, as used in previous studies concerning climate change (Sterner and Persson 235 
2008, see section S5 for sensitivity analysis on the substitution elasticity (σ) concerning our results). 
  
These composite indicators take the information provided by all the variables within one cluster into account and 
were used to evaluate the performance of the five climate change scenarios against each other. Considering the 
information about changed correlations due to the scenario implementation, this method hence allowed us to 240 
comparatively assess deviations against the defined 2005-2010 reference climate state. Note, that the derived metric 
and its judgement of the performance of CE scenarios crucially depends on the abovementioned assumptions going 
into the selection of a reference climate state and the normalization.   
 
3 Results and Discussion 245 
3.1 Changes in correlations between Earth system variables induced by single CE scenarios 
In the following section, we will shortly summarize most important changes in correlations between Earth system 
variables, that have been caused by single CE scenario implementations, and explain which processes caused the 
respective change in correlation. The obtained information provides insights into changes of model inherent 
processes in the case of CE implementation. This can guide future process understanding for model development, 250 
and should inform future indicator selection for assessment studies. 
 
For the SRM scenario, we find the correlations between many temperature- and CO2 related variables to become 
insignificant (Figure S4), which agrees with previous findings (Irvine et al 2012). Furthermore, the correlations 
between the land and ocean carbon fluxes towards the total ocean carbon become insignificant. This decoupling 255 
between the surface carbon fluxes and the total ocean carbon is caused by different time scales relevant for the 
reaction of these two processes: On the decadal to centennial time scale that we are assessing here, the surface 
carbon flux into the ocean reacts to the CE perturbation. It is increased by SRM, due to lower atmospheric and sea-
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surface temperatures, while atmospheric CO2 concentrations remain high. This signal however accounts only for a 
small percentage change of the total ocean carbon over the period of 80 years, and hence only has a minor effect on 260 
total ocean carbon. For the same reason, the ocean heat flux and TOA net radiation are no longer correlated to 
neither the total ocean carbon, nor the total land carbon reservoir in case of SRM implementation.  
 
For the LAF scenario, we do not find large deviations from the high RCP climate change scenario (RCP8.5) 
concerning correlations between variables. This is somewhat expected because the LAF scenario assumed here has a 265 
rather low carbon removal potential and stays therefore close to RCP8.5. However, we find that correlations 
between ocean surface biogeochemistry and northern hemisphere sea ice and correspondingly ocean albedo become 
insignificant because of the LAF implementation (Figure S5). This can be explained by the manipulation of the 
vegetation and the resulting higher runoff rate, which alters the dilution rate of the surface ocean, and therefore the 
biogeochemistry. In contrast to a non-LAF climate, where the surface water dilution is often correlated with the 270 
fresh water input from melting sea ice, this is now no longer the case if the runoff becomes predominant. The same 
response explains, why mean ocean phytoplankton is no longer correlated to surface properties of nitrate and 
phosphate. The higher rate of fresh water input and hence the dilution of surface properties disrupts the relationship 
of those two surface variables to the global mean phytoplankton growth. 
 275 
For the OAE scenario, we find changes in correlations for many ocean carbon-related variables (Figure S6). Under 
non-OAE climate conditions, total ocean carbon and total land carbon are connected to each other, but if the ocean is 
forced to take up relatively more of the atmospheric carbon, the relationship between the ocean, land, and 
atmospheric carbon has changed, affecting in turn the carbon fluxes between these reservoirs (Keller et al 2018). In 
the same way, the correlations between land carbon-related variables towards temperature and atmospheric carbon 280 
related variables are changed in the OAE scenario: The land starts releasing carbon in this scenario, but the release 
does not ultimately affect atmospheric carbon concentration and in turn temperature because the OAE scenario was 
designed such that any deviation of atmospheric carbon from the reference scenario is addressed by further 
increasing alkalinity (i.e., any increase in atmospheric CO2 is countered with OAE).  
 285 
3.2 Comparing Correlation Cluster across Scenarios and Identification of additional indicators  
Comparing the correlation clusters of the two RCP climate change scenarios to the clusters identified for all five 
scenarios (SRM, LAF, OAE, RCP4.5 and RCP8.5), clearly identifies the CE forcing-induced changes in correlations 
(Figure 1).  
 290 
The large atmospheric cluster initially identified from the correlation matrix of the two reference scenarios (Fig. 1a) 
is divided into a total of 6 smaller clusters when all CE scenarios are included (Fig. 1b), which represent 1) 
atmospheric temperature related variables, 2-4) atmospheric, land and ocean carbon related variables, 5) ocean 
physics related variables, and 6) radiative fluxes. The vegetation indicator remains almost the same for both 
analyses, with the exception of the vegetation carbon variable, which becomes a single indicator when CE scenarios 295 
are included. Finally, in addition to the four single indicators identified for the two reference scenarios (Fig. 1a), 
ocean surface phosphate and nitrate, ocean phytoplankton and oxygen, vegetation carbon, and outgoing longwave 
radiation become single indicators identified from the correlation matrix of the five scenarios (Fig. 1b). 
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 300 
Figure 1 Indicator clusters identified from the systematic correlation matrix evaluation (SCoMaE) of the common correlation 
matrix of the target and baseline RCP climate change scenarios (RCP4.5 and RCP8.5, respectively) (a), (correlation matrix 
shown in Figure S7), and of the common correlation matrix of the solar radiation management (SRM), large-scale afforestation 
(LAF), ocean alkalinity enhancement (OAE), target (RCP4.5) and baseline (RCP8.5) scenarios (b), (correlation matrix shown in 
Figure S8). Black lines indicate correlations significant for all scenarios within a cluster, shading indicates identified clusters 305 
based on the correlation information, light grey lines, indicate significant correlations outside of an identified cluster. Colored 
dotted lines indicate which CE scenario is causing the correlation to be insignificant, i.e., the correlation is significant in all 
scenarios but the SRM (red dotted), LAF (green dotted), or OAE (blue dotted) scenario. See Table S1, for the abbreviation 
explanations.  
 310 
The separation of the large atmospheric cluster was mostly caused by changes in correlations due to either the SRM 
or the OAE scenarios (red and blue dotted lines in Figure 1b, respectively, compare figure S8). The separation of 
variables representing atmospheric carbon and atmospheric temperature into two clusters is caused by the 
implementation of SRM scenario. The increasing atmospheric CO2 concentration is no longer causing an 
atmospheric temperature increase, because by definition SRM manipulates the radiation balance to cool the global 315 
mean temperature.  

terrestrial fluxes

terrestrial fluxes
heat fluxes

a) Identified clusters based on the correlation matrix of 
the GHG driven scenarios

b) Identified clusters based on the correlation matrix of  
all five climate change scenarios

correlation in cluster
correlation outside cluster
not correlated for SRM
not correlated for LAF
not correlated for OAE
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The separation of the atmospheric carbon cluster depicted in Fig. 1a into the two other carbon reservoirs in Fig. 1b is 
caused by the OAE implementation, but the separation between the land and the ocean carbon reservoir is caused by 
the SRM scenario forcing. Under the OAE forcing scenario the ocean’s surface chemistry, namely the surface 320 
alkalinity, is manipulated so that it is taking up a disproportional amount of carbon from the atmosphere, no longer 
connected to the atmosphere to ocean gradient. The land in this scenario reacts in the same way as always and 
reduces its carbon uptake in the case of reduced atmospheric CO2. In contrast to this, in the SRM forcing scenario, 
both the land and the ocean carbon uptake are increased due to the coincidence of high atmospheric CO2 and lower 
temperature. Accordingly, for a comparative assessment of both these scenarios, we henceforward must consider 325 
changes in all the three carbon reservoirs. The consideration of the ocean physics cluster and of ocean oxygen as a 
single indicator, due to the separation from the ocean carbon cluster, is caused by the OAE forcing. Again, the large 
increase in total ocean carbon in this scenario is no longer linked to ocean physics or the ocean oxygen 
concentration. Lastly, the radiation cluster concerning ocean heat fluxes (Fig. 1 b) is separated from the big 
atmosphere cluster (Fig. 1a) due to the SRM and the OAE forcing implementation. The OAE forcing decouples the 330 
ocean heat flux from the ocean carbon fluxes, and accordingly from the carbon reservoirs. In addition, the SRM 
forcing decouples the ocean heat flux from the ocean surface properties connected to atmospheric carbon.  
 
Apart from the separation of the large atmospheric cluster into 6 smaller ones, the SRM, OAE and LAF forcing 
scenarios cause separation of several variables to become single indicators (Figure 1b). While outgoing longwave 335 
radiation is usually connected to the terrestrial surface albedo (Fig. 1a), or the downward shortwave radiation, this is 
no longer true in case of the OAE implementation. In the OAE scenario the outgoing longwave radiation is 
connected to atmospheric carbon-related variables (Figure S6), which are however already considered within 
another cluster. In addition, the surface shortwave radiation in the SRM scenario is disconnected from the sea ice 
concentration and is linked to the albedo on land (Figure S4), a variable which is again already considered in another 340 
cluster. This causes the surface shortwave radiation and the top of the atmosphere longwave radiation to become 
single indicators. The SCoMaE method hence, singles out these two variables to be considered as single indicators.  
Furthermore, the OAE forcing scenario causes the vegetation carbon variable to become a single indicator, by 
changing its correlations towards the moisture and radiative fluxes. This disruption is caused by the fact, that the 
OAE scenario is the only scenario in which deforestation (as in the RCP8.5) coincides with low atmospheric carbon 345 
concentrations (see more detailed explanation in section S3.3). Finally, the LAF forcing scenario causes the mean 
ocean phytoplankton variable to be considered separately from the surface nitrate and phosphate variables, causing 
all three to become single indicators. As explained earlier (section 3.1) the manipulation of the vegetation and the 
resulting higher runoff rate alter the dilution rate of the surface ocean, and therefore the biogeochemistry. This 
explains, why mean ocean phytoplankton is no longer correlated to surface properties of nitrate and phosphate.  350 
 
In conclusion, each of the implemented CE scenarios causes changes in correlations between Earth system variables 
relative to the two RCP climate change scenarios. These are reflected in the selection of this uncorrelated, non-
redundant indicator set shown in Fig.1b, including composite and single indicators, which now allow for a 
comparative assessment of the state of the Earth system for all three CE and the two RCP climate change scenarios.  355 
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Assessment framework for indicator selection 

 
RCP climate change scenarios 

(RCP4.5, RCP8.5) 
all climate change scenarios 

(RCP4.5, RCP8.5, SRM, LAF, OAE) 

Atmospheric CI (23) 

Atmospheric temperature CI (9) 
Atmospheric carbon CI (7) 
Land carbon CI (2) 
Ocean physics CI (2) 
Heat flux CI (2) 
Ocean carbon CI (2) 

Terrestrial fluxes CI (12) Terrestrial fluxes CI (11) 
Vegetation carbon SI (1) 

Ocean biology CI (2) 
Ocean Phytoplankton SI (1) 
Ocean surface nitrate SI (1) 
Ocean surface phosphate SI (1) 

Radiation CI (2) Surface shortwave radiation SI (1) 
TOA outgoing longwave radiation SI (1) 

Ocean chemistry CI (2) Ocean carbon CI (2) 
Ocean oxygen SI (1) 

Atmos. to ocean carbon flux SI (1) Atmos. to ocean carbon flux SI (1) 
Atmos. to land carbon flux SI (1) Atmos. to land carbon flux SI (1) 
Sea surface salinity SI (1) Sea surface salinity SI (1) 
Ocean overturning SI (1) Ocean overturning SI (1) 

Table 2 List of calculated and selected composite indicators (CI) and single indicators (SI for the two different assessment 
frameworks). Composite indicators are given in bold, the number of aggregated variables is given in brackets. 
  360 
3.3 Evaluation of the CE model experiments based on the identified indicator set 
Based on the previous analysis we are able to identify clusters of variables which are robust across all climate 
change scenarios (shading in Figure 1b). These clusters are used to calculate composite indicators, and the 
remaining un-clustered variables become single indicators (section 2.5). This approach does eliminate the expert-
guess-driven selection of single assessment indicators, since we here take the information from all 46 variables into 365 
account. Note, that we are not evaluating the CE measures based on their correlation strength. Correlation strength 
‘only’ informs the indicator selection process to obtain a more comprehensive indicator set. The CE scenario is then 
evaluated according to the deviation of the indicators from the 2005 reference state. Hereafter, this is referred to as 
“performance” when comparing the scenarios. In the following, we will contrast the results of two such assessments 
based on  370 

i) an indicator set given the correlation structure of climate change scenarios only (i.e., applying the 
indicator set identified in Fig. 1a and Table 2 (left column) to the CE simulations even though these 
clearly do not represent the correlation changes in the CE simulations)  

ii) an indicator set given the correlation structure we identified from all five scenarios (i.e., climate 
change and CE; the indicators depicted in Fig. 1 b and listed in Table 2 (right column)).  375 

Comparing these two assessment frameworks will illustrate the added value of an adjustment of indicator sets for a 
comprehensive and comparative assessment of CE scenarios. 
 
For the RCP climate change assessment, we accordingly have four single indicators and aggregate the remaining 42 
variables into five composite indicators. For the assessment based on all five scenarios, we obtain eleven single 380 
indicators and aggregate the remaining 35 variables into seven composite indicators. The selected and calculated 
single and composite indicators are summarized in Table 2. Due to the CE-induced changes in correlations, we 
obtain a higher number of indicators, and hence more detailed information about the performance of the single CE 
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methods. Note, that at this stage the indicators do not necessarily all hold impact-relevant information. Such an 
impact-relevant indicator set could be determined in an iterative process with stakeholders. The framework 385 
presented here informs about the changes in correlations induced by CE, and is the first step to identifying a set of 
indicators for a more comprehensive comparative assessment of different CE methods. For the atmosphere indicator 
of the RCP climate change driven scenarios, we find the SRM scenario to perform best followed by the OAE and the 
LAF scenario (Figure 2, left panel). In our indictor set for all scenarios (Figure 2, right panel), the Earth system 
changes captured by the atmosphere indicator are now represented by 6 different indicators (due to changes in 390 
correlations induced by the SRM and OAE scenarios). And in fact, the additional indicators provide more 
differentiated information.  
The SRM scenario performs well for the atmospheric temperature, ocean physics, radiation and ocean carbon 
indicator, but has low scores for the atmospheric and land carbon indicators (Figure 2, right panel). The relatively 
poor performance (i.e., strong deviation from the reference state, indicated by a value close to zero) in the land 395 
carbon indicators is caused by the decoupling of atmospheric temperature and carbon content. In the RCP8.5 
scenario the increase in atmospheric CO2 acts to increase the vegetation carbon and hence the total land carbon. 
However, in contrast to the SRM scenario, in the RCP8.5 scenario the increasing temperatures at the same time act 
to decrease soil carbon by enhancing soil respiration. This effect is much smaller in the SRM scenario because it is 
cooler, which causes the total land carbon to strongly increase in this scenario (Figure S9). Note, that a deviation in 400 
any direction (positive or negative) from the reference state lowers the performance of the indicators. 

 
Assessment framework for indicator selection 

 
Indicators derived from correlation 
matrix of the RCP climate change 

scenarios 
(RCP4.5, RCP8.5) 

Indicators derived from correlation matrix of the all climate change 
scenarios 

(RCP4.5, RCP8.5, SRM, LAF, OAE) 

 
Fig. 2 Assessment of deviations from the climate reference state for all five scenarios concerning atmospheric processes. The left 
panel shows the boxplot for the atmospheric composite indicator (CI) which was derived using the RCP climate change scenarios 
only. The right panel shows the boxplots for the indicators, which are derived using correlation information from all scenarios 405 
and correspond to the previously identified atmospheric CI. Both indicator sets comprise the same Earths system variables, but 
their aggregation differs due to the considered correlation information and according clustering as shown in Figure 1. The 
indicators are normalized and all composite indicators (CI) are aggregated based on the identified variable clusters. The 
performance of the various indicators is assessed as their respective deviations from the 2005–2010 reference state, after 
normalization (i.e., best performance if close to 1, bad performance if close to zero), as explained in section 2.4. The boxplots 410 
include information of all the 15 parameter perturbation simulations (i.e., the box represents the 25th and 75th percentile, and red 
crosses show outliers) and show the range for the two reference scenarios, RCP8.5 and RCP4.5, and each of the three CE 
scenarios, SRM, LAF, and OAE. 
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The OAE scenario performs well according to the atmospheric temperature, land carbon, ocean physics and 
radiation indicators, but less well for atmospheric and ocean carbon (Figure 2, right panel). It is surprising that the 415 
OAE does not show a good performance in the atmospheric carbon, since this is a variable that is targeted by the CE 
measure. But, the atmospheric carbon indicator comprises not only information of the atmospheric CO2 
concentration variable, for which the OAE simulations stays close to the target scenario, but also some ocean surface 
carbon variables (e.g., ocean surface pH and surface dissolved inorganic carbon). For these variables, the OAE 
scenario causes a comparatively large deviation and hence these variables cause a lower performance of this 420 
composite indicator (Figure S9). The relatively poor performance with respect to the ocean carbon indicators is 
caused by the manipulation of the model’s surface alkalinity to increase the oceans carbon uptake in this scenario 
(Figure S9). 
According to the atmospheric indicators, the LAF scenario shows overall low performances, except for the land and 
ocean carbon indicators (Figure 2, right panel). But in general, this scenario does not show a high potential in 425 
mitigating atmospheric climate changes, i.e., the climate state is rather close to that of the RCP 8.5 scenario.   
 

Assessment framework for indicator selection 

 
Indicators derived from correlation 
matrix of the RCP climate change 

scenarios 
(RCP4.5, RCP8.5) 

Indicators derived from correlation matrix of the all climate change 
scenarios 

(RCP4.5, RCP8.5, SRM, LAF, OAE) 

 
Fig. 3 Same as Figure 2, but for the terrestrial flux composite indicator (CI), for which we obtain an addition single indicator (SI), 
namely the vegetation carbon SI. 

The terrestrial fluxes indicator, which comprises information about heat and moisture fluxes is very similar for both 430 
assessments, RCP climate change driven and all five scenarios (compare Figure 1). The only difference is the 
separation of the vegetation carbon variable into a single indicator due to correlation changes in the OAE scenario. 
Initially the terrestrial composite indicator shows a good performance of the OAE scenario, followed by the SRM 
and then the LAF scenario (Figure 3, left panel). The OAE yields a high score because both, atmospheric carbon and 
consequently atmospheric temperatures are reduced, i.e., the terrestrial moisture fluxes are staying close to the 435 
RCP45 reference scenario (Figure S9). For the SRM scenario the temperatures are reduced but CO2 stays 
comparatively high, which favors a reduction in vegetation moisture fluxes (Mengis et al 2015), and hence causes a 
lower score. In the same way, the LAF scenario, is not able to mitigate atmospheric CO2 concentrations, and in 
addition maintains high temperatures, causing the terrestrial indicator to score as low as the RCP8.5 scenario. This 
ranking for the terrestrial indicator is still true for the newly identified indicator based on all five scenarios (Figure 3, 440 
right panel). However, the additionally identified vegetation carbon indicator shows a different picture. This 
indicator shows a higher score for the LAF scenario, followed by the SRM and then the OAE scenario. This ranking 
is directly linked to the implemented LUC schemes in the scenario. The LAF scenario follows the RCP4.5 LUCs, 
causing the vegetation carbon to increase. The slight deviation relative to the RCP4.5 in the LAF scenario is caused 
by the higher CO2 concentrations and the consequent CO2 fertilization effect, causing an even higher increase in 445 
vegetation carbon (Figure S9). Again, note that deviations in both directions are penalized by the metric. The SRM 
scenario and the OAE scenario follow the LUCs of the RCP8.5 scenario, which further reduced global vegetation 
carbon. Meanwhile, the SRM scenario has a high atmospheric CO2 concentration, increasing the CO2 fertilization 
effect, and hence performs slightly better than the RCP8.5 scenario. In contrast the OAE scenario, combines 
deforestation (this is included in the RCP 8.5 LUC forcing), with low atmospheric CO2 concentrations and hence 450 
shows the highest reduction in vegetation carbon, causing the low score for this indicator (Figure S9). This 
information would not have been obtained if we had simply used the indicator set derived from only the two RCP 
climate change scenarios. 
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Fig. 4 Same as Figure 2, but for the ocean biology composite indicator (CI), and the three addition single indicators (SI).  455 

The ocean biology indicator identified by the RCP climate change driven only indicator set, is separated into three 
single indicators caused by changes in correlations due to the LAF scenario (compare Figure 1). When indicators 
based on the RCP scenarios are used, we find a clear ranking, in which the SRM scenario has the highest score close 
to the RCP4.5, followed by the OAE and then the LAF scenario which performs slightly worse than the RCP8.5 
scenario (Figure 4, left panel). If the three newly identified indicators are regarded, this ranking becomes less clear. 460 
It becomes evident, that the bad score of the LAF scenario is caused by the ocean surface nitrate and phosphate 
which are reduced in the LAF scenario due to high surface freshwater input (Figure S9). For the ocean 
phytoplankton, however the LAF scenario is even performing slightly better than the other two CE scenarios (Figure 
4, right panel). 
 465 

Assessment framework for indicator selection 

 
Indicators derived from correlation 
matrix of the RCP climate change 

scenarios 
(RCP4.5, RCP8.5) 

Indicators derived from correlation matrix of the all climate change 
scenarios 

(RCP4.5, RCP8.5, SRM, LAF, OAE) 

 
Fig. 5 Same as Figure 2, but for the radiation composite indicator (CI), for which we obtain two addition single indicators (SI).  
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The radiation indicator identified by the RCP scenario analysis, shows a good performance of the OAE scenario and 
low performances by the other two CE scenarios (Figure 5, left panel). Changes in correlations induced by both, the 
OAE and the SRM scenario, cause this indicator to be separated into two single indicators, the surface shortwave 
radiation and the outgoing longwave radiation indicators. Regarding those two indicators separately it becomes 470 
evident, that the OAE scenario performs well according to both, while the SRM scenario shows a very high score for 
mitigating the surface shortwave radiation, but a very low score for the outgoing longwave radiation (Figure 5, right 
panel). This behavior is explained by the manipulation of the incoming shortwave radiation for this CE measure, 
which stays close to the reference climate state. In turn the outgoing longwave radiation is strongly reduced, since 
the atmospheric CO2 concentration remains high, but temperatures become low (Figure S9).   475 
 

Assessment framework for indicator selection 

 
Indicators derived from correlation 
matrix of the RCP climate change 

scenarios 
(RCP4.5, RCP8.5) 

Indicators derived from correlation matrix of the all climate change 
scenarios 

(RCP4.5, RCP8.5, SRM, LAF, OAE) 

 
Fig. 6 Same as Figure 2, but for the ocean chemistry composite indicator (CI), which is changed into the ocean carbon CI and the 
ocean oxygen single indicator (SI).  

The ocean chemistry indicator identified by the RCP scenario analysis, shows a good performance for the SRM and 
also the LAF scenario, but a very low performance for the OAE scenario (Figure 6, left panel). The changes in 480 
correlation induced by the OAE scenario causes this indicator to become an ocean carbon indicator and to regard the 
ocean oxygen as a separate indicator. From this separation, we can see that it is indeed only the ocean carbon that 
causes the bad performance of the OAE scenario, while the ocean oxygen indicator shows very similar performances 
for all three scenarios (Figure 6, right panel).  
 485 
We can summarize that the indicators that are added due to the separation of the clusters by the induce correlation 
changes do provide new information valuable for the assessment of the CE measures.  
 
4 Conclusion 

 490 
This is the first study to systematically use CE induced changes in correlations across climate variables to 
comprehensively assess Climate Engineering scenarios against conventional climate change mitigation scenarios. 
We show that not only the implementation of SRM breaks down prevailing relationships in the Earth system as 
previously shown (Irvine et al 2012), but that adding large amounts of alkalinity to the ocean and large-scale 
afforestation would also change prevailing correlations in the Earth system. Although some changes may seem 495 
intuitive in hindsight, our methodology identifies all correlation and related process (identified by deriving 
indicators) changes. Such changes need to be considered in the selection of appropriate indicators or the 
development of metrics for a comprehensive assessment of any stand-alone, comparative and combined climate 
engineering scheme. In addition, this information should be considered in any future CE impact assessment study 
for which only a limited number of model output variables is chosen. Considering precipitation and temperature 500 
only (as indicators of how other climate system properties may change), might be appropriate for RCP driven 
climate change assessment, but does not suffice for a CE evaluation. 
To enable a more comprehensive comparative assessment of the CE scenarios and the two RCP driven scenarios, we 
systematically evaluated the common correlation matrix of the five scenarios and compared the identified clusters to 
the RCP climate change driven only matrix. We can clearly see the added value of the additional indicators for the 505 
overall assessment. In the end, we could identify seven scientifically meaningful clusters, in addition to eleven 
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single indicators, which provide an initial framework, that can be used for a comprehensive and comparative 
assessment of the five climate change scenarios. 
 
Our analyses based on the 18 indicators provides insights in the changes in the Earths system induced by CE, such 510 
as unproportioned changes within one component of the Earth system, implementation specific problems (side 
effects), or changes in the indicators induced by the changed correlations in the model itself. An evaluation of the 
CE scenarios based on the 18 identified indicators shows a tendency for the SRM scenario to deviate the least from 
the defined reference climate state for many indicators followed by the OAE and the relatively ineffective LAF 
scenario. Overall, our analysis provides an assessment of which CE method performs “best” depending on the 515 
selected indicators, and based on multiple normative decisions, which in this study were made as transparent as 
possible. These include the selection of the CE scenario and its model implementation, the choice of relevant 
variables (e.g. in the present study we only looked at global mean properties), the selection of the reference state, the 
functional form of measuring the deviation of the reference state, the specific value for the elasticity of substitution, 
and the selection of the underlying ESM. Clearly, these normative decisions require transparent and explicit 520 
communication of the calculation, transformation, weighting, and aggregation schemes applied, supported by 
scientific arguments. Our analysis aims for providing such an assessment framework, in which these choices and the 
accordingly presented indicators are made transparent, and which can be applied to various CE scenarios. This is in 
contrast to some earlier assessment studies on climate engineering in the literature, where the implicit value and 
weighting decisions involved in the selection of the presented model results were not transparently discussed. 525 
 
In agreement with Oschlies et al (2017), we suggest having a debate on indicator selection in an iterative process, 
which is possible within the SCoMaE framework, since it allows for pre-selected indicators, chosen due to their 
political or societal relevance. It is beyond the scope of this study to give a value judgment on which of the 
indicators is of higher importance for society, or what is the desired climate state. Clearly, the presented evaluation 530 
is restricted to natural-science considerations. A fully comprehensive assessment would require the inclusion of 
socio-economic indicators, which may also require the inclusion of spatially disaggregated Earth System variables. 
For such an analysis, however, the UVic ESCM multi model-like ensemble should be replaced by a higher 
complexity Earth system model multi-model ensemble. Here we simply aim to provide the technical framework to 
enable such a discussion. It is also important to keep in mind that side-effects of the different CE methods require a 535 
more detailed assessment, particularly, an extensive risk analysis on regional scales. Our analysis can guide this 
future assessment to be more comprehensive. 
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