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ABSTRACT I

Abstract

Radiative forcing geoengineering (RFG) is discussed as a potential intermediate solution
to partially offset greenhouse gas-driven warming by altering the Earth’s energy budget.
Earth system model simulations suggest that while these methods succeed at keeping the
global mean temperature increase below 2°C compared to pre-industrial levels, they might
lead to responses in other climate variables such as extreme temperatures. However, the
Arctic region with its rapid warming and the response of extreme temperatures have
not been in the focus of previous RFG studies. In the scope of this thesis, we show
based on the analysis of Earth System Model simulations that RFG could exacerbate
Arctic temperature extremes. The three geoengineering methods, Stratospheric Aerosol
Injection, Marine Sky Brightening, and Cirrus Cloud Thinning, are simulated so that they
reduce the radiative forcing from 8.5 Wm=2 to 4.5 Wm~2 by 2100. All three methods
mitigate the global mean temperature rise, however, the Arctic still warms by 5°C by 2100
under RFG compared to pre-industrial temperatures. However, decreasing atmospheric
CO; concentrations is not the aim of RFG and we show that the effect of closing plant
stomata under elevated CO; levels is not controlled by RFG. The maximum temperature
increase in the Arctic under Cirrus Cloud Thinning and Marine Sky Brightening was
primarily attributed to this CO. plant physiological forcing, shifting the system into
climatic conditions favouring fire activity. Under Stratospheric Aerosol Injection, 3.9% of
the Arctic land area shifts to temperatures permanently above 0°C, exacerbating climatic
conditions for permafrost thaw. This thesis concludes that there may be negative side
effects of RFG such as an alteration of extreme conditions in the Arctic terrestrial systems,

increasing the risk for fires, and permafrost thaw.
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1 INTRODUCTION 1

1 Introduction

In the Paris Agreement of 2015, a total of 196 nations agreed to limit the global mean
temperature increase to 2°C while aiming for 1.5°C (UNFCCC, [2015). For the first time,
nations around the globe united to take action against climate change, which is seen by
many as a milestone in the attempts to limit temperature increase on a global scale. As
a legally binding treaty, the agreement aims to achieve a climate neutral world by mid-
twentieth-century through economic and social transformations (UNFCCC| 2015). This
would mean net zero emissions of harmful gases like carbon, methane, or nitrous oxide by
2050. This, however, requires all countries to accelerate their implementation of policies to
reach the required reduction in anthropogenic carbon dioxide (CO,) and other greenhouse
gas emissions. However, it was estimated that there will be a significant emission reduction
gap by 2030 (Geiges et al., [2020; Roelfsema et al.| 2020), even if the Nationally Determined
Contributions (NDCs) would be fulfilled by all countries (Roelfsema et al., 2020). In the
latest assessment of the Intergovernmental Panel on Climate Change (IPCC), it was
concluded that by 2030, CO, emissions should have decreased by approximately 12-46%
compared to 2019 (equivalent to greenhouse gas emissions of 30-49 Gigaton CO, equivalent
per year (GtCOy-eq yr™')) in order to reach the 2°C goal (Riahi et al., 2022). However,
current estimates factoring in national policies assume a median emission gap by 2030 of
approximately 22.4 GtCOs-eq for the 2°C pathway (Roelfsema et al., [2020)).

In response, geoengineering is being discussed as an option to partially offset anthro-
pogenic climate warming in order to gain more time to reduce greenhouse gas emissions.
The most common methods of geoengineering considered are Carbon Dioxide Removal
(CDR) and Radiative Forcing Geoengineering (RFG). While CDR aims to remove COq
from the atmosphere, for example, by enhancing weathering or afforestation, RFG would
alter the Earth’s radiation budget at the top of the atmosphere (TOA) (Lawrence et al.|
2018). Of these two, only CDR addresses the problem at its root by targeting a COq re-
duction in the atmosphere. However, it would take decades to implement CDR methods
on a large scale to be efficient and they require more resources than RFG (Lawrence et al.|
2018; Russell et al., 2012; Shepherd|, [2009). Many proposed CDR techniques depend on
the development of technologies that are not yet invented and require several technical,
social and environmental issues to be solved, such as adequate carbon storage reservoirs
(i.e. where can the captured carbon be stored), carbon removal potential (i.e. how much
carbon can potentially be removed), governance and monitoring mechanisms, and possible

adverse effects of bioenergy crops on land and water use (Lawrence et al., 2018)).
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RFG has been proposed to be feasible within years and thus scientists argue that it could
be useful to rapidly cool global temperatures, for example, to keep the Earth system from
reaching tipping points (Lawrence et al., 2018; Shepherd, 2009). Without lowering atmo-
spheric CO5 concentrations, RFG would have to be deployed continuously, thus inducing
continuous costs. Therefore, no definitive RFG implementation costs can currently be es-
timated, while CDR has no further costs once the desired reduction in atmospheric CO,

has been achieved (Lawrence et al., 2018).

Three RFG methods applied in the atmosphere are commonly proposed and studied: Cir-
rus Cloud Thinning (CCT), Marine Sky Brightening (MSB) and Stratospheric Aerosol
Injection (SAI). All three techniques have been shown by models to have the cooling
potential to limit global warming below 2°C (Lawrence et al. 2018; |[Lee et all 2021).
CCT aims to increase the outgoing longwave radiation at TOA by thinning high cirrus
clouds that reflect longwave radiation back to Earth (Mitchell and Finnegan, 2009). MSB
and SAI both act on the shortwave radiation budget of the system. In detail, MSB is
designed to increase cloud coverage and reflection of sunlight over oceans (Ahlm et al.|
2017; Latham, 1990)) and SAI aims to build a layer of aerosols in the stratosphere that
scatters part of the incoming solar radiation back to space, increasing the Earth’s plane-
tary albedo, comparable to a volcanic eruption (Kellogg and Schneider;, [1974)). All three
RFG methods would require a long-term, continuous application to keep the global cool-
ing intact (Lawrence et al., 2018). Upon sudden termination, RFG simulations show a
rapid increase in global mean temperature - the so-called termination-shock - returning
the climate system to the same warming that would have occurred without RFG (Jones
et al., 2013} |Lee et al., 2021)). (Trisos et al. (2018)) simulated temperature increase rates
that are two to four times higher than historical and predicted future rates for biodiver-
sity hotspots, increasing local extinction risks as species cannot adapt or move to suitable
climates in time. Hence, after applying RFG for several decades, termination can only be
considered after atmospheric COy concentrations have been reduced through mitigation

and/or CDR to not risk a termination-shock of the climate system (Lawrence et al., 2018)).

Other ideas of RFG include space-based approaches like space-mirrors or shades and
surface-based methods altering the albedo of the surface. Several such schemes are pro-

posed, such as:

e Crop albedo enhancement where crop varieties would be chosen to maximize solar
reflectivity (Ridgwell et al., 2009));

e Urban albedo enhancement by using reflective materials on both roofs and pavement
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(Akbari et al., 2009);

e Desert albedo geoengineering by covering not inhabited parts of deserts with reflec-

tive materials (Vaughan and Lenton| 2011)).

While space mirrors would require a drastic reduction in material transport costs and
have serious, insufficiently understood risks such as technical failures or asteroid impacts,
surface-based approaches have been shown to either be too limited in their cooling po-
tential or are associated with considerable side effects like the disruption of ecosystems
(Lawrence et al., 2018).

While some CDR technologies have advanced to the testing phase (e.g. ocean fertilization
(Yoon et al.. 2018)) and some are already in operation (e.g. direct air capture plants in
Iceland (climeworks, 2021)), RFG is currently still mostly untested in the field. One of the
main reasons brought up by [Schafer et al.| (2013) is the lack in international governance
over the application of RFG. RFG would affect the global climate system and hence re-
quires a strong international governance and supervision outside the scientific community.
Further, premature application has considerable risks as there are many poorly understood
effects of RFG such as overseeding clouds that could lead to warming instead of cooling
(Storelvmo et al., 2013). There have been proposals for field experiments, for example,
the Stratospheric Particle Injection for Climate Engineering (SPICE) and Stratospheric
Controlled Perturbation Experiment (SCoPEx) projects (Morrow, [2020). Both projects
were cancelled after facing public opposition due to the public not being involved enough
and the fear of normalisation of such technology (Fountain, [2021; Morrow, 2020)). Hence,

RFG remains untested in the field up to now.

Correspondingly, Earth System Models (ESMs) are being and have been used to assess the
impacts of large-scale RFG on various aspects of the Earth system to better understand
the feedbacks and consequences of RFG application without employing it in the field.
Some examples of previous studies comparing the atmospheric RFG methods, CCT, MSB,
and SAI, have found that

e All three methods show similar global mean temperature evolutions (Muri et al.,
2018));

e All three methods lead to changes in regional precipitation rates (Crook et al., 2015);

e SAT and MSB are not effective during polar nights and hence showed a reduction
in cold extremes in high-latitudes (Aswathy et al., [2015)).
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However, there is still a lack of in-depth comparative analyses of RFG methods, as em-
phasised by Muri et al.| (2018]). In the study presented in this thesis, we use the Norwegian
Earth System Model (NorESM1-ME) (Bentsen et al.,|2013; Tjiputra et al., 2013)) to anal-
yse the responses and feedbacks of terrestrial systems. We use the three most commonly

discussed REF'G methods:

e CCT by increasing the fall speed of ice crystals for temperatures below -38°C;

e MSB by increasing the natural emission of sea salt aerosols in the accumulation
mode into the atmosphere between the latitudes of 45°S and 45°N;

e SAI by prescribing the properties of an injected layer of sulfur in the stratosphere.

While numerous independent studies have confirmed the efficacy of RFG in limiting future
global warming, e.g. keeping global mean temperature increase below 2°C (MacMartin
et al., 2018), others have found undesirable effects on climatic conditions and related

ecosystem effects under RFG implementation, such as

e Changes in precipitation patterns with a global decrease in precipitation (Keller
et al., 2014));

e Significantly decreased monsoon precipitation in Western Africa (Da-Allada et al.,
2020);

e Decreased ocean productivity, especially under SAT and MSB (Lauvset et al., 2017));
e Enhanced ocean acidification under SAI (Tjiputra et al.| 2016);

e Dryland expansion under MSB (Park et al., 2019).

There have been some studies that have focused on the responses of Arctic ecosystems
under SAI: Berdahl et al.| (2014) concluded that even when reducing TOA net radiation
to 2020 values, there still will be major Arctic sea ice loss, while Lee et al.| (2019) found
that permafrost degradation is slowed under SAI as compared to RCP8&.5 but that degra-
dation still sets in up to 40 years earlier than under RCP4.5, especially in eastern Siberia.
However, there is still a lack of thorough analyses on how different RFG will impact
high-latitude ecosystems. Polar regions have not been the center of attention in the RFG
studies due to the short season of impact. We emphasize the importance of polar regions

not only due to the amplified climate change they are undergoing, but also due to their
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climatic and ecological teleconnections to mid-latitudes (Kim et al., 2022, |2017)) which are
fundamental in controlling the Earth’s climate (IPCC| 2022). Anomalous warm periods
in the Arctic can, for example, cause a cooling over North America, leading to reduced
crop yield (Kim et al., 2017)). It is crucial to understand the potential side effects of RFG
on the Arctic and how RFG might alter the Arctic climate and ecosystems as the Arctic

climate influences regions beyond the northern polar region.

RFG would cool the Earth by offsetting the radiative forcing and the greenhouse effect of
COg, but it does not directly downregulate the high CO5 concentration in the atmosphere
(Muri et al., 2014)). In addition to its greenhouse warming effect, CO5 also indirectly in-
fluences the climate through vegetation feedbacks, with the two main processes, CO,
fertilization and plant physiological forcing, entailing opposing effects on transpirationﬁ
(Park et al., [2020). While CO, increases the carbon uptake and leaf area index (LAI) of
the plants, plant physiological forcing describes the process of plants closing their stom-
ata under elevated COy concentration to reduce water loss, hence reducing transpiration
(Drake et al., [1997). Reduced transpiration in turn leads to an increased Bowen ratio of
sensible heat]] to latent heatff subsequently increasing the temperature of the boundary
layer - the lowest part of the troposphere that is directly influenced by the Earth’s surface
(Ainsworth and Long, 2005; |Drake et al., [1997; Lammertsma et al., 2011)). The CO, fer-
tilization effect was found to be dominant over changes in temperature, precipitation, and
radiation for tropical forests in RFG simulations in [Muri et al.| (2015), generally increas-
ing transpiration of the plants. [Park et al| (2020)), however, found in their simulations on
plant physiological forcing that in mid- and high-latitudes the process of closing stomata
outweighs the effect of increase in LAI, leading to a net decrease in transpiration. This ef-
fect can remotely influence Arctic temperatures, introducing additional positive feedback
and contributing to Arctic amplification. In turn, this can lead to changes in extreme tem-
peratures and events such as heatwaves, wildfire frequency, or permafrost thawing (Park
et al., [2020). As the RFG scenarios do not directly and significantly alter the terrestrial
and oceanic carbon sinks (Muri et al., [2014), they simulate a very similar atmospheric
COs increase as RCP8.5, subsequently increasing the effect of plant physiological forcing
in the future (Lee et al 2021)). The interplay between the potential application of RFG

and intensifying plant physiological forcing under unabated anthropogenic COy emissions

4Transpiration is defined as the loss of water from a plant through its stomata (Park and Allaby, 2007)).

5Sensible heat describes the heat that causes a change in temperature, in this case the air in the lower
atmosphere (Park and Allabyl [2007)).

SLatent heat is defined as the heat energy transferred when water changes its state (Park and Allabyl
2007)).
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in the future is poorly understood and represents a key knowledge gap in RFG research.
It is crucial to understand how RFG impacts CO, related processes that are not con-
trolled by geoengineering management, especially in a region like the Arctic that is not
only heavily impacted by plant physiological forcing through heat transport (Park et al.,
2020) but has also been shown to be one of the most impacted regions by global warming
(IPCC, 2022).

The main aim of this thesis is to evaluate how RFG affects the extreme temperature condi-
tions in the Arctic and its interaction with plant physiological forcing based on the existing
fully interactive Norwegian Earth System Model (NorESM1-ME) simulations (e.g. [Fan
et al.| (2021); [Muri et al. (2018); Tjiputra et al| (2016)). The second aim is to evaluate
the effects of changes in extreme temperature conditions on climatic conditions and their
potential effects on wildfire frequency and permafrost thaw. The three RFG methods are
implemented in the model such that they reduce the radiative forcing of the representa-

2 radiative forcing (RCP8.5 or high-emission

tive concentration pathway with 8.5 Wm~™
scenario) to 4.5 Wm™?2 (corresponding to the RCP4.5 or intermediate emission scenario)
by 2100. To analyse extreme events, we assess boreal summer (JJA) maximum temper-
ature (Tx,), boreal winter (DJF) minimum temperature (Tp,) and mean temperature
(Thnean). Surface warming due to physiological forcing was found to be the highest over
mid- to high-latitudes (Park et al., [2020), with the excessive surface heat energy being
transported to the Arctic region, which is why we analysed not only the areas > 65°N
but also > 50°N. To investigate the impact of plant physiological forcing on temperature
extremes in the Arctic, we analyse the regional energy budgets and evaluate potential
shifts in the flux partitioning. Lastly, we connect the RFG-induced changes in climatic
conditions to Arctic terrestrial system dynamics such as fire frequency and permafrost

thawing.

This thesis is structured as follows: The model, the RFG methods, and the analysis are
described in section [2| (Methods). Section [3| describes the results found in this study,
including the impact of RFG on Arctic extreme temperature, the effect of physiological
forcing under RFG and how this impacts the Arctic terrestrial system with a focus on
fires and permafrost thawing. In section [ the results are discussed, and conclusions are

drawn.
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2 Methods

This section provides information and background on the methods and experimental de-
sign of the analysis of this thesis. The NorESM1 model is described in section [2.1], followed
by a description of the three RFG methods, CCT, MSB, and SAI, in section and the
analysis of the model output in section [2.3] Section [2.4] describes the experimental design

and section explains how the linear regression analysis was set up.

2.1 Model description

To assess the influence of RFG on the Arctic terrestrial system, we used the model output
of the fully coupled Norwegian Earth System Model (NorESM1-ME) described in detail by
Bentsen et al.| (2013), and [Tjiputra et al. (2013). NorESM1-ME is based on the Commu-
nity Climate System Model version 4 (CCSM4) and contains prognostic biogeochemical
cycling. Changes from CCSM4 relevant for this analysis are a modified chemistry-aerosol-
cloud-radiation scheme (Kirkevag et all 2013)) and coupling of the ocean carbon cycle
model with an isopycnic ocean general circulation model (Tjiputra et al., 2013). The
model participated in phase 5 of the Climate Model Intercomparison Project (CMIP5),
and the Geoengineering Model Intercomparison Project (GeoMIP). It has a resolution of
1.9° latitude by 2.5° longitude and 26 vertical layers (Bentsen et al.; 2013). The model

output variables used in this analysis are summarised in Table [I}

2.2 Radiative forcing geoengineering methods

The model outputs analysed here simulate the implementation of three RFG methods:
Cirrus cloud thinning (CCT), marine sky brightening (MSB), and stratospheric aerosol
injection (SAI). They are designed such that they reduce the radiative fluxes at the top
of the atmosphere from the RCP8.5 levels to that of the RCP4.5 scenario, requiring a
radiative forcing of -4 Wm™2 by 2100. Geoengineering is applied for 81 years, starting
in 2020. For each RFG method three different simulation ensembles are run with small
perturbations to the initial conditions in the year 2020 to simulate uncertainties in the
model (Muri et al) [2018)). For the baseline scenario, one simulation for the RCP8.5

scenario was carried out, running from 2006-2100.

CCT aims to thin out high ice clouds, i.e. cirrus, that act to trap longwave radiation in

the climate system through absorption and re-radiation of terrestrial radiation and thus
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Table 1: Description of the analysed NorESM1 output variables.

Name Long Name Model

TS Surface temperature (radiative) [K] Atmospheric
TREFMXAYV | Daily maximum of average 2-m temperature [K] | Land surface
TREFMNAYV | Daily minimum of average 2-m temperature [K] | Land surface
FCTR Canopy transpiration [W/m?] Land surface
LHFLX Surface latent heat flux [W/m?| Atmospheric
SHFLX Surface sensible heat flux [W/m?| Atmospheric
FSNSC Clearsky net solar flux at surface [W/m?] Atmospheric
FSNS Net solar flux at surface [W/m?| Atmospheric
FSDS Downwelling solar flux at surface [W/m?] Atmospheric
FLNSC Clearsky net longwave flux at surface [W/m?] Atmospheric
FLNS Net longwave flux at surface [W/m?| Atmospheric
RAIN Atmospheric rain [mm/s] Land surface

have a net warming effect on the Earth system (Lawrence et al.; 2018)). By thinning these
clouds, more longwave radiation can escape to space, altering the Earth’s radiation budget.
This can be achieved by seeding ice nuclei in regions where cirrus clouds form to initiate
heterogeneous freezing and the formation of larger crystals that may fall out of the clouds,
thereby thinning them out (Mitchell and Finnegan| [2009)). At temperatures colder than
-40°C homogeneous freezing is favoured if the supersaturation is higher than 50% with
respect to ice. Since heterogeneous freezing requires a lower supersaturation, it will be
favoured if the ice nuclei concentration is high enough (Muri et al., 2014). By increasing
the number of cloud condensation nuclei (CCN), heterogeneous freezing can dominate
and deplete the clouds of water vapor. Mitchell and Finnegan| (2009) suggested Bismuth
triiodide (Bil3) as a potential seeding material as it is relatively cheap and non-toxic, and
Lawrence et al.|(2018)) proposed that the seeding material could be injected at the required
troposphere level via aircraft or drones. In NorESM1, the method was implemented as
follows (Muri et al., |2014): As an analogy to cloud seeding, CCT is approximated by
increasing the fall speed of crystals for temperatures colder than -38°C, the temperature
where typically homogeneous freezing sets in. The fall speed was increased by a factor of

up to ten by the end of the century. This simulation experiment is an oversimplification
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as physical processes such as the injection of ice nuclei into the upper troposphere or the

growth into ice crystals are not simulated.

MSB acts on the shortwave energy budget of the Earth system by enhancing the concen-
tration of droplets in low marine stratocumulus clouds, increasing the cloud albedo. The
suggested method is to inject ocean water mist into the lower atmosphere in regions where
there is a deficit of CCN. The sodium chloride (NaCl) remaining from the evaporating
water would hereby function as CCN (Latham) {1990, 2002)). Due to the lack of CCN, the
number of droplets in marine clouds are approximately one order of magnitude smaller
than over land (Latham, 1990). Latham et al. (2008) highlighted the potential of MSB by
estimating that a 6% increase of the albedo of marine stratocumulus clouds could offset
the warming of an atmospheric COs doubling. The increase in albedo is not the only
mechanism causing the cooling, as the direct effect of the bright sea salt aerosols is also
contributing to the cooling in the model, as established in Mitchell and Finnegan| (2009).
MSB differs from the other two RFG methods as the reduction in solar radiation is almost
exclusively happening over the ocean regions, rather than both over land and ocean (Bala
et al.,; 2011), leading to a more heterogeneous cooling (Lawrence et al., 2018). Injection
could be performed by autonomous ships, releasing micron-sized drops of seawater into
the boundary layer below marine stratocumulus clouds (Salter et al., 2008). MSB is im-
plemented in NorESM1 following the method of |Alterskjeer and Kristjansson| (2013) by
increasing the natural emission of sea salt aerosols in the accumulation mode from the
ocean surface to the lower atmosphere between the latitudes of 45°S and 45°N. To achieve
the required -4 Wm~? in radiative forcing, the ocean area where CCN are emitted was
increased as compared to Alterskjeer and Kristjansson| (2013) who limited their area to
the latitudes between 30°S and 30°N. By the end of the century, emissions of 460 Tg yr—*

of sea salt were required over the whole area (Muri et al., 2018).

Similar to MSB, SAI affects the shortwave radiation budget of the Earth. SAI is the
most studied RFG approach as it is based on the natural dimming following volcanic
eruptions. In this approach, aerosols like sulfur dioxide (SOs) are injected into the strato-
sphere, building a layer of aerosols that effectively scatter part of the incoming solar
radiation, increasing the Earth’s planetary albedo (Crutzen, 2006; Kellogg and Schneider,
1974). The best global distribution can be achieved through aerosol injection in the trop-
ics as the Brewer-Dobson circulation leads to an effective dispersion towards the poles
(Jones et al., 2017) but leaves little control over regional distributions (Lawrence et al.,
2018). Stratospheric aerosols have a residence time of 1-3 years, dictating the frequency
with which SATI has to be applied (Benduhn and Lawrence, [2013; [Niemeier et al., 2011)).
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Proposed injection techniques include aircrafts, pipes suspended by floating platforms,
rockets, and stratospheric balloons (Davidson et al., 2012; [McClellan et al.l 2012), all of
which require further research and technological development (Lawrence et al., 2018). The
implementation of SAI in NorESM1 is modelled according to the description of Tilmes
et al.| (2015)): SO, is injected into the stratosphere at a grid point close to the equator at
a height of around 20 km (60 hPa). The following distribution of the SOy was simulated
using an interactive aerosol microphysics module (HAM) of the general circulation model
ECHAMS>5. Muri et al. (2018)) found that the needed emission strength to offset 4 Wm ™2
radiative forcing requires 5 Tg(S) yr—! in 2050, increasing to 10 Tg(S) yr~! in 2075 and
20 Tg(S) yr~! in 2100.

2.3 Analysis of model output

The relevant output variables were extracted with a Linux PowerShell (see Appendix
that extracts the full time series of each indicated variable for each ensemble as a single file.
The files were analysed in Python 3.9.7. The codes used to generate the results and figures
of this work are available at the GitHub repository (https://GitHub.com/RhondaMueller
/Codes-RFG-Arctic-Impacts.git)).

2.4 Experimental design

Our aim is to compare the RFG methods to the RCP8.5 simulation at the same level of
global mean temperature increase of 2°C as we expect large differences in temperature
extremes between RFG and RCP8.5, even though the global mean temperature increase
is the same. 2°C was chosen as it is the aimed for maximum temperature increase of the
Paris Agreement. As was shown by [Seneviratne et al.| (2016), the global mean temperature
increases linearly with CO4 emissions but due to plant physiological forcing, temperature
extremes in the Arctic might behave differently under RFG. Since under RFG the global
mean temperature increase of 2°C is achieved later than under RCP8&.5, CO, will be
higher by then. Hence, we expect to see large differences in temperature extremes in
the Arctic due to plant physiological forcing. We determined for every ensemble, the
year it reaches the 2°C global mean temperature increase (289.15°K) compared to the
pre-industrial mean. We calculated the pre-industrial mean from NorESM1 simulations
as the mean of global temperatures from a 500-year control simulation. The data were

handled as a 21-year running mean to be able to analyse long-term trends. The centred
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year here refers to the median year of the 21-year time period (e.g. the centred year of
the 2030-2050 running mean is 2040). We calculated anomalies with respect to the mean
of the first 21 years of the RCP8.5 scenario (2006-2026). This time frame was chosen
to simplify the analysis, as it was easily available for all variables used in this analysis.
Further, our analysis is not sensitive on the time frame of the baseline scenario. As we
are interested in the land processes in the Arctic, most variables were considered only
over land. The only exception is the global mean temperature that was considered over
land and ocean (Ty.). To calculate the mean over an area, the value of each grid cell
within the area is weighted with the cosine of its latitude. The three ensembles of each
RFG were generally taken as a mean for each RFG method. The maximum temperature
(Tx.) was calculated as the maximum temperature of the JJA months for each year,
minimum temperature (Ty,,) as the minimum temperature of the DJF months for each
year (December being taken from the year before) and mean temperature (T,,cqn) as
the mean temperature of all months of the respective year. We defined albedo as the
ratio of upward over downward shortwave radiation at the surface. The Bowen ratio was
calculated as the ratio of sensible heat over latent heat and the corresponding uncertainty
as the square root of the quadratic sum of the relative uncertainties for sensible and latent
heat.

Previous studies show that fire frequency increases under hot and dry conditions (Jain
et al [2022; Jolly et al| [2015; Kharuk et al., [2021} [Young et al., [2017)), and Arctic fires
are particularly sensitive to boreal summer temperatures (Kharuk et al., [2021; Young
et al., 2017)). To assess how the Arctic temperature conditions under RFG might affect
fire frequency, we analysed current climatic conditions of fire occurrence during boreal
summer between 2001 and 2020 for a satellite data-driven fire frequency dataset (MCD64).
We further analysed the Tx, and T,,.q, conditions under RCP8.5 where RCP8.5 reaches
2°C global warming (centred year 2040) by counting occurrences of given T,,eq, and Ty,
anomalies in the region north of 50° N (Figure [7p) and how temperature conditions shift
under CCT and MSB (Figure [7k, d). The temperatures for fire conditions were analysed
for the region north of 50°N instead of 65°N to include the boreal forest and its boundary
to the tundra, both regions that were found to be vulnerable to climatically induced
changes in fire activity (Young et al.; [2017)). We determined the temperature conditions
by analysing bins of the size 0.6 by 0.6°C and evaluating how often each Ty, and T,,can
combination is present in all the land grid cells north of 50°N, divided by the number of
total land grid cells north of 50°N. Only grid cells that contain at least 50% of boreal

plant function types (needleleaf evergreen boreal tree, needleleaf deciduous boreal tree,
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broadleaf deciduous boreal tree, broadleaf deciduous boreal shrub, and arctic grass) were
considered. Each bin thus contains the probability of each Tx,, T, ean combination,
which is further referred to as frequency. We calculated the fire frequency in a similar
way by calculating the burned area for the respective temperature conditions from the
MCD64 monthly burned area dataset from 2001 to 2020 and the same time frame for the
temperature anomalies (Giglio et al.; 2015)). As single heat events are important for fires,
we considered the JJA months separately. To determine anomalies, T x, and T,,cq, Were
calculated for each grid cell for the RCP8&.5 2006-2026 period and subtracted from Ty,
and T,,eqn of that grid cell when the scenarios reach the 2°C global mean temperature

icrease.

Similar to fires that release CO, by burning organic matter, permafrost thawing may
accelerate global scale warming by releasing large amounts of organic matter storage
(Schuur et al., 2008) as greenhouse gas emissions (Schuur et al. 2015). We hypothesise
that permafrost may continue to thaw faster with the strong increase of the minimum
temperatures over several years. We focus on SAI to test this hypothesis as SAI is
the only scenario where boreal winter minimum temperatures north of 65°N differ from
the other scenarios. To assess how the Arctic temperature conditions under RFG might
affect the permafrost fraction, we analysed current climatic conditions of permafrost areas
during boreal winter between 2003 and 2019. The permafrost fraction, defined as the
percentage of the grid cell underlain by permafrost, was taken from the dataset of the
European Space Agency’s Climate Change Initiative Permafrost project and covers the
period from 2003 to 2019 (Obu et all 2021). We further analysed the Ty, and T,can
conditions under RCP8.5 where RCP8.5 reaches 2°C global warming (centred year 2040)
by counting occurrences of given T,eqn and T, anomalies in the Arctic (Figure ) and
how temperature conditions shift under SAI (Figure[8¢). We determined the temperature
conditions by analysing bins of the size 2.0 by 3.0°C and evaluating how often each Ty,
and T,,cq, combination is present in all the land grid cells north of 65°N, divided by the
number of total land grid cells north of 65°N. Each bin thus contains the probability of each
T nny Tiiean combination. The DJF months were taken as mean, since longer cold or warm
periods are more influential than short events for the permafrost fraction. No anomalies
were determined for Ty, as permafrost thawing depends on absolute temperatures and

is not anomaly-driven like fires.
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2.5 Linear regression analysis

To assess the spatial differences between the RFG and the RCP8.5 scenarios we performed
a linear regression (LR) analysis. We calculated the Ty, temperature series of each
ensemble for the timespan 2006-2100 for RCP8.5 and 2020-2100 for RFG with a cosine
weighted mean and a 21-year running mean. In the example of Figure bh, we calculated
the JJA mean of transpiration as 21-year running mean for every land grid cell for all
three CCT ensembles and the RCP8.5 scenario and evaluate its dependence on Ty, using
linear regression. We performed a LR for every land grid cell with Ty, as independent
and the transpiration of that grid cell as dependent variable for every ensemble. The
difference in slope plotted in Figure |ba represents the difference of the mean LR slope of
the three CCT ensembles and the RCP8.5 slope.

To test for significance of the differences between CCT and RCP8.5 we calculated the
residual of the CCT temperature values once with the results of the LR of RCP8.5 and
once with the results of the LR of CCT for each grid cell and compare those residuals
with an unpaired t-test. Assuming there are no differences between CCT and RCPS8.5,
equation (1) should yield the same result for the LR results for both CCT and RCP8.5:

b= TX:E,CCT(n) [Z] — MRCPorCCT(n) Tmean,CCT(n) [Z] — AQRCPorCCT(n); (1)

where n = 1, 2, 3 represents the three CCT ensembles, i is for centred year of the 21-
year running mean, m is the slope for RCP8.5 and the three CCT ensembles, and a the
intercept for RCP8&8.5 and the three CCT ensembles. Hence, when conducting a t-test
for the b-values obtained for the slope and intercept of the RCP8.5 LR and the b-values
obtained for the slopes and intercepts of the CCT LRs, p-values <0.05 indicate that there
is a significant difference between the LRs of CCT and RCP8.5.
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3 Results

3.1 Mean and extreme temperature increase under RFG in the
Arctic

Figure [1| shows the increase in mean temperature (T,,cqn, Figure [lp), maximum temper-
ature (Tx,, Figure [Ip), and minimum temperature (Ty,, Figure [Ik) for the land area
north of 50°N (a, b, ¢) and the Arctic region (north of 65°N; d, e, f) per global mean
temperature (Ty,,) increase for the three RFG and RCP8.5 time series (2020-2100 for
RFG and 2006-2100 for RCP8.5).

a) Tmean, latitude > 50°N b) Txx, latitude > 50°N c) Tnn, latitude > 50°N
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Figure 1: a,b,c) Anomaly in mean (T,,cqn), maximum (Tx,) and minimum (Ty,,) land
temperature north of 50°N compared to the global mean temperature (T ) anomaly over
land and ocean. d,e,f) Anomaly in mean (T,eqn), maximum (Ty,) and minimum (Ty,,)
land temperature north of 65°N compared to the global mean temperature anomaly over
land and ocean (T,p). The yearly anomalies of RCP (CCT; MSB; SAI) represented by
the grey (green; red; blue) line are evaluated with respect to the mean of RCP8.5 from
2006-2026. The lines represent the ensemble mean. The ensemble spread is shaded. The
hatched line represents the 1:1 line.
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Our results show that all three RFG methods are not effective in reducing temperature
increase in the Arctic, but closely follow or even exceed warming rates of the RCP8.5
scenario (Figure [1)). Similar to the RCP8.5 scenario, they all closely follow the current
Arctic amplification trend with two to three times as much warming in the Arctic as the
global mean T, (Koenigk et al.,2020). [Seneviratne et al.|(2016) have already shown that

increases in extreme temperature such as Tx, and Ty, in the Arctic under greenhouse

warming scenarios (e.g. RCP8.5) are higher than in Ty, We show that under RFG,
especially CCT and MSB, the increase in T x, is even more amplified compared to RCP8.5
north of 50°N indicating stronger intensity of heatwaves (Figure [Ip and Figure . SAI
shows a similar increase in T x, with T, as RCP8.5. Contrary to Tx,, the three different
RFG methods do not show significant differences in T y,, north of 50°N (Figure[l) among

each other nor compared to the RCP8.5 scenario.

When considering the land area north of 65°N, Teqn (Figure [Id) and Ty, (Figure [le)
show similar projections to Figure [Th and Figure [Ip. In Figure [If, however, SAI shows
a significant difference with a higher increase in Ty, per °C increase in Tge. This

result implies that SAI is not as effective in cooling down minimum temperatures in high

a) Txx differences (CCT - RCP8.5) b) Txx differences (MSB - RCP8.5)
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Figure 2: Global pattern of the difference between the RCP8&.5 and the RFG scenarios in
the slope of the linear regression between T, of each grid cell and the Tg,. Areas with
a significant difference in slope of RCP8.5 and RFG scenarios are hatched.
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latitudes. A potential explanation could be the latitudinal temperature gradient with

lower latitudes cooling more than higher latitudes under SAI especially during the polar

nights due to the aerosols being injected in the equator region (Lawrence et al., 2018)).

Figure 2| shows the differences of the slope of the linear regression model of Ty, increase
per T 0 increase between the three RFG methods and RCP8.5 (see section . Methods).
In regions with a positive difference in slope, the RFG scenario will have a higher Tx, than
RCP8.5 for the same global mean temperature increase. Both CCT and MSB show the
largest positive difference in slope in the Northern hemisphere. This indicates that under
CCT and MSB, Tx, increases more with Ty, than under RCP8.5 in mid- and high-
northern latitudes (Figure ,b). As already shown in Figure , SAI has the smallest
deviations from RCP8.5 in Tx,, with a very similar increase of T x, with Ty as RCP8.5
(Figure [2c) in the Arctic as well as over the global land area.

Similarly, when considering the spatial differences of the slope of the linear regression
model of Ty, per Ty, increase, SAI is showing different patterns than the other scenarios
(Figure . CCT and MSB show some areas where Ty, increases significantly more with

T gi0p than under RCP8.5, while in other areas Ty, increases significantly less with Ty, as

a) Tyn differences (CCT - RCP8.5) b) Tyn differences (MSB - RCP8.5)
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Figure 3: Global pattern of the difference between the RCP8.5 and the RFG scenarios in
the slope of the linear regression between Ty, of each grid cell and the Tg,. Areas with
a significant difference in slope of RCP8.5 and RFG scenarios are hatched.
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compared to RCP8.5, with the largest positive difference in slope again being seen in the
Northern hemisphere (Figure [3,b). SAL on the other hand, shows positive differences to
RCP8.5 in all areas north of 65°N except for slight negative differences in eastern Siberia
and Greenland (Figure [3c).

3.2 Change in energy budget components

A possible explanation for the identified temperature anomalies under RFG might be
found in plant physiological forcing. To verify this hypothesis, the energy budget compo-
nents during boreal summer, when plant physiological forcing is strongest, are analysed.
We expect to see changes in the energy budget as a result of plant physiological forcing
due to the effect of closing plant stomata under a high CO, concentration environment
to save water. With closing of the stomata comes a decrease in transpiration and its
associated cooling effect (Skinner et al. [2018]). This could explain the increase in extreme

temperatures seen under RFG in the latitudes north of 50°.

We found that the transpiration amount was significantly reduced under all three RFG
methods north of 50° relative to RCP8.5 at comparable global warming of 2° (Figure H4)).
We see in the spatial pattern of the differences in increase of transpiration per increase
in Ty that for all three RFG methods practically all land regions north of 50° show a
negative difference in slope compared to RCP8.5 (Figure , d, g). This demonstrates
that all three RFG methods show less increase of transpiration with global warming in the
regions north of 50° than RCP8&.5. Even though the three RFG methods show different
signs in the change of latent and sensible heat, we see an increased Bowen ratio compared
to RCP8.5 under all three RFG methods (Figure [4] and Table [2).

While we see reduced transpiration as compared to RCP8.5 during boreal summer in the

Table 2: Sensible Heat, Latent Heat and Bowen Ratio for RCP, CCT, MSB and SAI
during boreal summer at the time when each scenario reaches 2°C global warming.

Sensible Heat [W/m™2] | Latent Heat [W/m™2] | Bowen Ratio

RCP 37.13+0.44 46.36+0.67 0.801+0.019
CCT 39.21£0.29 46.74+0.20 0.839+0.008
MSB 38.8240.28 45.86+0.20 0.847+0.008

SAI 36.46£0.21 44.86£0.27 0.813+0.008
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Difference in energy budget components, latitude > 50°N (RFGs - RCP8.5 (2006-2026))
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Figure 4: Difference of the energy budget components > latitude 50°N during boreal
summer from the initial values from the first 21 years of the RCP8.5 scenario to when
each scenario reaches the 2°C global warming as compared to the pre-industrial mean.
For albedo, the right y-axis applies; for all other variables the left y-axis. The skewers
indicate 95% confidence intervals. Incoming fluxes are defined as negative, outgoing fluxes
as positive. SW stands for shortwave, LW for longwave, and CF for cloud forcing.

Arctic under all three RFG methods, an increase in sensible heat is only seen in CCT
and MSB (Figure {4). The spatial patterns of CCT and MSB in sensible heat are very
similar, both showing a significant positive difference in slope of sensible heat versus T g0
as compared to RCP8.5 in almost the entire region north of 50°N (Figure [5c.,f). CCT
has a slightly larger positive difference in slope than MSB overall, also seen in Figure
A Of the three RFG methods, CCT is the only method that shows increased latent
heat in the Arctic during the boreal summer (Figure pb and {4)) indicating a strengthened
hydrological cycle (Kristjansson et al.l |2015) which is also illustrated in the precipitation
pattern, where CCT shows a general increase in precipitation in the Arctic (Figure @
While SAT does show a slight increase in Bowen ratio during boreal summer - as expected
by physiological forcing - sensible heat is decreased as compared to RCP8.5. Considering
the spatial pattern, we see that the negative difference in sensible heat per increase in
Tgi0p between SAI and RCP8.5 is mainly in the high-latitude regions (Figure |5). When
comparing this to the pattern of Ty, in Figure 2c discussed above, the areas of largest
decrease for both sensible heat and Ty, are Scandinavia, Alaska, and Siberia, indicating
that less increase in sensible heat per increase in Ty, also causes less increase in T'x, per

increase in T'gqp.

SAI further shows significant differences to CCT and MSB when considering the short-

wave radiation in the Arctic at the time when the scenarios reach the 2°C global mean
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Figure 5: Simulated change of transpiration (left), latent heat (middle), and sensible
heat (right) during boreal summer in the Arctic for CCT, MSB, and SAI. Pattern of the
difference between the respective RFG scenarios and the RCP8&.5 scenario in the linear
regression slope between transpiration, latent heat, and sensible heat, respectively, and
Tyop. Areas with a significant difference in slope of RCP8.5 and RFG scenarios are
hatched.
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Figure 6: Pattern of the difference between the respective RFG scenarios and the RCP8.5
scenario in the linear regression slope between precipitation during boreal summer and
Tyop. Areas with a significant difference in slope of RCP8.5 and RFG scenarios are
hatched.

temperature increase as compared to the pre-industrial temperatures (Figure . While
we found a decreased shortwave cloud forcing of similar magnitude in all three RFG sce-
narios, the incoming clear-sky shortwave radiation significantly differs between them. In
Figure [ we defined outgoing fluxes as positive while incoming fluxes as negative. The
negative sign in incoming clear-sky shortwave radiation under CCT thus signifies a signif-
icant increase in incoming clear-sky shortwave radiation while the positive sign under SAI
signifies a significant decrease in clear-sky shortwave radiation. MSB does not deviate
significantly from RCP8.5. All three RFG methods show a slight decrease in clear-sky
longwave radiation as compared to RCP8.5. The albedo of SAI in the Arctic during boreal
summer is the closest to the one of RCP8.5, not being significantly different, while CCT
and MSB both show a significant decrease in albedo.

3.3 Impacts on Arctic system dynamics

In a last step, we assess how shifts in temperature extremes found under RFG affect the
projected fire frequency and permafrost thawing in the Arctic. We have already shown
that under CCT and MSB, maximum summer temperature increases more with Ty, than
under RCP8.5 and SAI, potentially leading to climatic conditions with more frequent fire
activity in the Arctic. Our results show that during the period of 2001-2020 the majority
of fire events occur when Ty, anomalies are higher than T,,.,, anomalies during the

months of June, July, and August (Figure [7h), indicating that Tx, is a stronger driver
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for fire frequency than T,,.., and that larger increases in Ty, than T,,.., could increase
fire activity in high-latitudes. The simulated temperature frequency distribution when

RCP8.5 reaches 2°C global warming shows that the most common temperature conditions
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Figure 7: Change in JJA maximum temperature frequency in CCT and MSB related to
fire frequency north of 50°N. a) conditions under which fires are currently observed in
the Arctic (Giglio et al., 2015)). The anomalies are calculated with respect to 2001-2020.
b) maximum temperature frequency north of 50°N when the RCP8.5 scenario reaches
2°C global mean temperature increase as compared to pre-industrial. c-d) difference of
the maximum temperature frequency between when CCT and MSB reach the 2°C global
mean temperature increase and when the RCP8.5 scenario reaches 2°C increase. The
hatched line represents the 1:1 line.
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show similar Ty, and T,,.., anomalies (Figure ) However, under CCT and MSB,
these conditions shift towards T,,.., anomalies combined with higher Ty, anomalies,
particularly for T),.., anomalies around 3°C (Figure mc, d). These are favourable climatic
conditions for fire activity as we have shown in Figure [Th. This result suggests that
temperature conditions under CCT and MSB shift towards conditions where fire frequency

is higher than under RCP8.5 for the 2°C global mean temperature increase.

The current distribution of permafrost fraction against temperature conditions (T,uean
versus Ty, ) shows that the permafrost fraction is highest below -10°C T),cq, and is more
sensitive to Ty, for mid T,,.., ranges where small changes in Ty, or T,,cqn can cause
large changes in permafrost fraction (Figure [8h). The Tyy, Tiean frequency distribution
of RCP8.5 when the scenario reaches 2°C global warming shows that the most common
temperature conditions are around -15°C T),,c., and -30°C Ty, (Figure ) We noticed
that under SAI the region of the highest frequency of Ty, and T,,.., conditions shifts
towards higher Ty, where temperature conditions are less favourable for permafrost to
occur (Figure ) The maximum differences in frequency are around -10°C T,,,c4,, Where
the permafrost fraction might be particularly sensitive to changes in temperature. We
found that 29 grid cells north of 65° change from Ty, below 0° in 2006-2026 to above 0°
in 2080-2100 in the SATI scenario. This corresponds to 3.9% of the land area north of 65°N

a) Permafrost fraction b) RCP8.5 Ty, frequency c) SAl Ty, frequency change
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Figure 8: Change in DJF minimum temperature frequency in SAI related to permafrost
north of 65°N. a) conditions under which permafrost is currently observed in the Arctic
(Obu et all 2021)). b) minimum temperature frequency north of 65°N when the RCP8.5
scenario reaches 2°C global mean temperature increase as compared to pre-industrial.
c) difference of the minimum temperature frequency between when SAI reaches the 2°C
global mean temperature increase and when the RCP8.5 scenario reaches 2°C increase.
The hatched line represents the 1:1 line.
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or 628 879 km?. 7.2% of the area changes from T,,cq., below 0° in 2006-2026 to above 0°
in 2080-2100. Our results indicate that under SAI, the climatic conditions in the Arctic
will be less favourable for permafrost when compared to RCP8.5 when the two scenarios

reach the 2° global mean temperature increase.
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4 Discussion and Conclusions

We have shown that all three of the RFG methods evaluated fail to significantly reduce
mean and extreme temperature increase compared to the RCP8.5 scenario, and even
worse, might introduce additional risks to the Arctic terrestrial system at a 2°C global
climate warming level. Further, it has to be emphasised that RFG is implemented to
reduce the global temperature increase from RCP8.5 to RCP4.5 - hence when comparing
RFG to RCP4.5 we would expect even more extreme differences in the Arctic region.
The changes observed in the energy budget components in CCT and MSB support the
hypothesis that the larger increase of Tx, with Ty, seen under both CCT and MSB
north of 50°N can be explained by increased plant physiological forcing. The increase in
sensible heat seen under CCT and MSB agrees with the found increase in boundary layer
temperatures (Miralles et al., |2014; |Seneviratne et al [2010)) and can lead to an increased
heatwave frequency (Kala et al., 2016; Skinner et all [2018). At 2°C warming, SAI does
not deviate significantly from RCP8.5 in Tx,. While the decrease in transpiration and
increased Bowen ratio indicate enhanced plant physiological forcing for all three RFG
methods, the effect in SAI is potentially offset due to changes in shortwave radiation,
leading to higher surface albedo as compared to the other RFG methods. The differences
seen in Ty, in the Arctic region has been described in previous studies that have found
that SAT is less efficient during polar nights (Aswathy et al., 2015)). In contrast to our
results, they found that MSB also is not efficient in lowering Ty, in the Arctic. However,
in their experiment they limited the area of increased sea salt aerosols emissions to the
atmosphere to the latitudes between 30°S and 30°N while in the modelling output used

in this study, this area is increased to latitudes between 45°S and 45°N.

Since MSB is not applied over or close to the Arctic region, we do not expect a difference
in shortwave cloud forcing in high-latitudes compared to the other RFG methods which
is confirmed by our results. While SAI does target shortwave radiation as well, the
mechanism is based on increased aerosol optical depth in the stratosphere and not on
cloud albedo, hence no difference in shortwave cloud forcing is expected directly from
the treatment either. Our result does show a significant decrease in incoming clear-sky
shortwave radiation in the Arctic region for SAI, implying an increase in the amount
of diffuse radiation. The positive sign in shortwave radiation in SAI signifies a surface
cooling effect through a decreased incoming shortwave flux. The effect of the aerosols
on the radiation becomes clearer when looking at the changes in the surface albedo of
the three RFG scenarios in the Arctic where SAI is very similar to RCP8.5 while both
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CCT and MSB show a decrease. This difference in albedo is a possible explanation as
to why SAI shows such different features as compared to CCT and MSB as it leads to
less incoming shortwave radiation compared to the other scenarios, offsetting the effect

of plant physiological forcing, and hence decreasing the warming and risk for heat waves

that we hypothesised for CCT and MSB.

Our results show that under similar global warming (i.e. here 2°C relative to pre-industrial
temperatures), RFG leads to climatic conditions increasing fire frequency in CCT and
MSB while under SAI, temperature conditions are less favourable for permafrost to occur
than under RCP8.5. While we did not look into how fire ignition (e.g. lightning or
human-caused ignition) might change under RFG, the shift in climatic conditions is an
indication for increased fire activity in the Arctic under CCT and MSB. Both wildfires
(Mccarty et al., 2021) and permafrost thawing (Schuur et al., 2008) are huge sources of
carbon which when released to the atmosphere will cause further greenhouse gas-driven
warming. Hence, it is crucial to understand how the conditions for extreme events will

change under RFG management.

In CCT, we see a strengthened hydrological cycle and increased latent heat in the Arc-
tic region, contrary to the other two RFG techniques. This has also been found by
Kristjansson et al. (2015) who could attribute this to the fact that CCT acts on the
longwave instead of the shortwave radiation. This can overcompensate for the effect of
increased COs concentrations where less precipitation and more droughts are to be ex-
pected. CCT, however, holds the danger of overseeding the clouds and thickening them,
leading to the opposite effect - increased temperatures and a weakened hydrological cycle
(Kristjansson et al.,|2015)). As demonstrated by [Storelvmo et al.| (2013)), the desired effect
of CCT is only achieved within an optimal range of seeding particle concentrations and
premature implementation of CCT could accelerate global warming instead of slowing it
down. Similar to CCT, MSB also holds the risk where emitting the wrong particle size or
amount could lead to a warming effect by thinning out marine clouds and decreasing the
albedo (Alterskjeer and Kristjansson, 2013]). One of the most discussed aspects in relation
to RFG is the effect of abrupt termination. While not the focus of this thesis, many pre-
vious studies have looked into the termination-shock of RFG and concluded that sudden
termination of RFG would cause unprecedented changes in temperature (e.g. [Jones et al.
(2009), |Lee et al.| (2021)), Trisos et al.| (2018)). The implementation of RFG would require
a globally inclusive governance and conflicts might arise due to countries having different
preferred temperatures (Abatayo et al., 2020). Further, it is feared that once RFG is im-

plemented it would reduce the drive for climate change mitigation and adaptation efforts
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as it might be seen as the easier option (Lin, 2013). As is already observed with climate
change today, the Arctic with its ecosystems and indigenous people would again be over
proportionally, negatively affected by RFG, compensating for lower warming rates in the

lower latitudes.

The RFG methods evaluated here are currently not understood enough to advocate for
practical implementation. Many studies highlight the uncertainties and risks that come
with their implementation. We found that whilst RFG methods could effectively cool
down the Earth’s mean temperature, they show undesirable side effects such as changes
to precipitation patterns and extreme temperatures and thus must be handled with care.
Further, we have shown in this study, that RFG is not a solution to climate change in
the Arctic, a region of major importance for the global climate. It has to be noted that
we only used one Earth System Model in our study. The assessment of the impact of
plant physiological forcing under RFG would greatly benefit by including the comparison
of multiple Earth System Models.

There is no clear estimation for the costs of an actual RFG implementation, as it would
have to be carried out for as long as it takes to reduce the COs concentration in the
atmosphere. Without reducing the CO, in the atmosphere, RFG would have to be con-
tinued forever as a sudden stop would cause the climate to rapidly revert to that without
RFG methods, leaving no time for ecosystems to adapt. As RFG itself does not alter
the atmospheric COs, problems caused by increasing CO, levels, such as ocean acidifica-
tion and increased plant physiological forcing, would not be alleviated by RFG. Future
research is needed to understand the influence of RFG on climate extremes in ecosystems
and how it impacts the socio-economical system. With the current lack of knowledge and
the additional negative side effects found in ESMs discussed here, an implementation of

RFG is not recommended.

This thesis analysed and showed the side effects of RFG on the Arctic region and highlights
why RFG should not be seen as a solution to mitigate the effect of increasing global

temperatures due to human-caused climate change.
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7

Appendix

7.1 Linnux PowerShell

The following code was used as a Linux PowerShell to extract single variables from the
NorESM1-ME model output.

oUW N

10:
11:
12:
13:
14:
15:

16:
17:
18:
19:
20:

21:
22:
23:
24:

25:

26:
27:

#!/bin/bash
module load daint-gpu
module load CDO

for number in {01,02,03};do

for variable in {FIRE,FLDS,FSA,FSDS, FSDSND, FSDSNI, FSDSVD, FSDSVI, FSH, FSH G, FSH V,
FSR, QSOIL, QVEGE, QVEGT, RAIN, TBOT, TREFMNAV, TREFMXAV, TSA} ; do
rm -rf ~/Rhonda/sel var/${variable}.all.nc

for year in (2020..2100};do
for month in {01,02,03,04,05,06,07,08,09,10,11,12};do

cdo selvar, ${variable}
NRCP85BPRPEXMSB ${number}.clm2.h0.${year}-${month}.nc
temp/${variable}.${number}.s${year}-${month}.nc

done
done

cdo mergetime temp/${variable}.${number}.???22-22.nc
~/Rhonda/sel_var/${variable}_${number}_sel var_MSB.all.nc
done

for variable in {FIRE,FLDS,FSA,FSDS, FSDSND, FSDSNI,FSDSVD, FSDSVI,FSH,FSH G,FSH V,
FSR, QSOIL, QVEGE, QVEGT, RAIN, TBOT, TREFMNAV, TREFMXAV, TSA}; do

cdo mergetime ~/Rhonda/sel var/${variable} ${number} sel var MSB.all.nc
~/Rhonda/sel_var/all_selected_variables_S$S{number} MSB.nc
done
dene

7.2 Manuscript for Nature Communications

The following pages contain the manuscript submitted to Nature Communications in the

form it was submitted as, including the extended data.
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Abstract
Radiative forcing geoengineering (RFG) is discussed to be an intermediate solution to
partially offset greenhouse gas-driven warming by altering the Earth’s energy flows.
We show that RFG could exacerbate Arctic temperature extremes in Earth System
Model simulations. The three methods including Stratospheric Aerosol Injection,
Marine Sky Brightening, and Cirrus Cloud Thinning, mitigate the global mean
temperature rise, however, the Arctic warms by 5°C by 2100 under RFG applied to
RCP8.5 compared to pre-industrial temperatures. The maximum temperature increase
in the Arctic under Cirrus Cloud Thinning and Marine Sky Brightening was primarily
attributed to CO> plant physiological forcing not controlled by RFG, shifting the system
into climatic conditions favoring the development of fires. Under Stratospheric Aerosol
Injection, 4.4% of the Arctic land area shifts to temperatures permanently above 0°C,
exacerbating permafrost thaw. This study concludes that there may be negative side

effects of RFG such as extreme conditions in the Arctic terrestrial systems.



Introduction

In 2015, 196 nations agreed to limit the global mean temperature increase to 2°C —
aiming for 1.5°C — in the Paris Agreement treaty®. For the first time, global nations
united to take action against climate change, which is seen by many as a milestone in
the attempts to limit temperature increase on a global scale. However, this requires all
countries to accelerate their implementation of policies to reach the required reduction
in anthropogenic carbon dioxide (CO2) emissions. Further there will be a significant
emission reduction gap in 2030%2, when carbon dioxide (CO2) emissions should have
decreased by 45% compared to 2010%.

In the meantime, geoengineering is being discussed as an option to partially
offset anthropogenic climate warming to buy time. The most common types of
geoengineering being discussed are Carbon Dioxide Removal (CDR) and Radiative
Forcing Geoengineering (RFG). While CDR aims to remove CO; from the atmosphere,
for example by enhancing weathering or afforestation, RFG would alter the Earth’s
radiation budget at the top of the atmosphere (TOA)®. Of these two, only CDR
addresses the problem at its root by targeting a CO> reduction in the atmosphere.
However, it would take decades to implement CDR methods on a large scale to be
efficient and they require more resources than RFG>®7. RFG, on the other hand, might
be feasible within years and thus scientists argue that it could be useful to rapidly cool
the climate for example to keep the Earth system from reaching tipping points®’.
However, RFG implementation costs, related to its required continuous deployment,
are still debated®.

Three RFG methods are commonly considered among scientists: Cirrus Cloud
Thinning (CCT), Marine Sky Brightening (MSB) and Stratospheric Aerosol Injection

(SAI). CCT aims to increase the outgoing longwave radiation at TOA by thinning high



cirrus clouds that reflect longwave radiation back to Earth®. MSB and SAI both act on
the shortwave radiation budget of the system. In detail, MSB aims to increase cloud
coverage and reflection of sunlight over oceans®!? and SAI aims to build a layer of
aerosols in the stratosphere that scatters part of the incoming solar radiation, increasing
the Earth’s planetary albedo!'. All three RFG methods would require a long-term
application to keep the global cooling intact®. Earth System Models (ESMs) have been
used to assess the impacts of large-scale RFG on various aspects of the Earth system to
fully understand the feedbacks and consequences of RFG application. Here, we use the
Norwegian Earth System Model (NorESM1-ME)*?*3 to understand the responses and
feedbacks of terrestrial systems. We use the three most commonly discussed RFG; (i)
CCT by increasing the fall speed of ice crystals for temperatures below —38°C, (ii) MSB
by increasing the natural emission of sea salt aerosols in the accumulation mode into
the atmosphere between the latitudes of 45°S and 45°N, and (iii) SAI by prescribing
the properties of an injected layer of sulfur in the stratosphere (see methods or ref.14).
While numerous independent studies have confirmed the efficacy of RFG in
limiting future global warming, e.g. keeping global mean temperature increase below
2°C®, others have found undesirable effects on climate conditions and related
ecosystem effects under RFG implementation, such as changes in precipitation
patterns®, monsoon periods®’, crop yields®, altered ocean productivity®®, enhanced
ocean acidification?® and dryland expansion?’. A few studies have focused on the
responses of Arctic ecosystems under RFG (e.g., ref.?22%) and there is a lack of thorough
analysis on how RFG will impact high-latitude ecosystems. Polar regions have not been
the center of attention in the RFG studies due to the short season of impact. We
emphasize the importance of polar regions not only due to the amplified climate change

they are undergoing, but also due to their climate and ecological teleconnections to mid-



latitudes®*?°, which are fundamental in controlling the Earth’s climate?. It is crucial to
understand the potential side effects of RFG on the Arctic and how RFG might alter the
Acrctic climate and ecosystems.

RFG would cool the Earth by offsetting the radiative forcing and the
greenhouse effect of CO> but does not directly downregulate the high CO:
concentration in the atmosphere. In addition to its greenhouse warming effect, CO; also
indirectly influences the climate through vegetation feedbacks, with the two main
processes being CO; fertilization and plant physiological forcing that have opposite
effects on transpiration. The CO; fertilization effect was found to be dominant over
changes in temperature, precipitation and radiation for tropical forests in RFG
simulations in ref.?’, generally increasing transpiration of the plants. Plant physiological
forcing describes the process of plants closing their stomata under elevated CO:
concentrations to reduce water loss, hence reducing transpiration?®. Ref.?° found that
the process of plant physiological forcing in mid- and high-latitudes can remotely
influence Arctic temperatures, introducing additional positive feedback and
contributing to Arctic amplification. This can lead to changes in extreme temperatures
and events such as heatwaves, wildfire frequency, or permafrost thawing. The interplay
between intensifying plant physiological forcing under unabated anthropogenic CO:
emissions and the potential application of RFG in the future is poorly understood and
represents a key knowledge gap in RFG research. It is crucial to understand how RFG
impacts CO- related processes that are not controlled by geoengineering management
especially in a region like the Arctic that is not only heavily impacted by plant
physiological forcing through heat transport?® but has also been shown to be one of the

most impacted regions by global warming?.



Here, we assess how RFG methods affect the Arctic, focusing on plant
physiological forcing, wildfire frequency, and extreme events, based on the fully
interactive Norwegian Earth System Model (NorESM1-ME) simulations (e.g.,
ref.141820) The three RFG methods are implemented in the model such that they reduce
the radiative forcing of the representative concentration pathway with 8.5 W m
radiative forcing (RCP8.5) to 4.5 W m (corresponding to the RCP4.5 scenario) by
2100. To analyze extreme events, we assess boreal summer (JJA) maximum
temperature (Txx), boreal winter (DJF) minimum temperature (Tnn) and mean
temperature (Tmean). Surface warming due to physiological forcing was found to be the
highest over mid- to high-latitudes?®, with the excessive surface heat energy being
transported to the Arctic region, which is why we analyzed not only the areas > 65°N
but also >50°N. To investigate the impact of plant physiological forcing on temperature
extremes in the Arctic, we analyze the regional energy budgets and evaluate potential
shifts in the flux partitioning. Lastly, we connect the RFG-induced changes in climatic
conditions to Arctic terrestrial system dynamics such as fire frequency and permafrost

thawing.

Results

Extreme temperatures increase under RFG in the Arctic

In the region north of 50°N, all three RFG methods and RCP8.5 show similar linear
increases of Tmean With global mean temperature (Tgion, Fig. 1a), indicating an amplified
signal as compared to Tgiob. We show that under RFG (except SAI) the increase in Txx
is even more amplified compared to RCP8.5 north of 50°N indicating stronger intensity
of Arctic heatwaves (Fig. 1b), supported by an earlier study®. Contrary to Txy, the three

different RFG methods did not show significant difference in Tnn north of 50°N (Fig.



1c). In the land area north of 65°N, Tnn shows the strongest increase per °C increase in
Tgiob under SAI (Supplementary Fig. 1). This result implies that SAI is not as effective
in cooling down minimum temperatures in high latitudes.

The spatial pattern of Txx differences between RFG and RCP8.5 per unit Tgion
increase (see methods) shows the strongest signals in the Northern Hemisphere under
CCT and MSB (Supplementary Fig. 2). This shows that under CCT and MSB, Txx is
increasing more with Tgion than under RCP8.5 in mid- and high- northern latitudes. SAI
has the smallest deviations from RCP8.5 in Txx, showing a very similar increase of Txx
with Tgiop 85 RCP8.5 (Supplementary Fig. 2). In Tnn, however, SAl is showing different
patterns than the other scenarios (Supplementary Fig. 3). While CCT and MSB show
some areas where Tnn increases significantly more with Tgion than under RCP8.5, other
areas show the opposite. With the exception of eastern Siberia and Greenland, SAI

shows positive differences to RCP8.5 in all areas north of 50°N.

Change in energy budget components

We expect to see changes in the energy budget as a result of plant physiological forcing
due to the effect of closing plant stomata under a high CO> concentration environment
to save water. As the RFG scenarios do not significantly alter the terrestrial and oceanic
carbon sinks!*, they simulate a very similar atmospheric CO2 increase as RCP8.5,
subsequently increasing the effect of plant physiological forcing in the future3!.
Previous studies confirm that plant physiological forcing leads to less transpiration, as
the plants close their stomata to preserve water, increasing the ratio of sensible to latent
heat and subsequently increasing surface temperatures?®233, explaining the increase in
extreme temperatures observed under RFG in the Arctic. We found that the

transpiration amount was significantly reduced under all three RFG methods in high-



latitudes relative to RCP8.5 (Fig. 2a, d, g). We also see an increased ratio of sensible to
latent heat under all three RFG methods (Fig. 3) which is expected with decreased
transpiration and indicates increased plant physiological forcing as compared to
RCP8.5.

While we observe reduced transpiration as compared to RCP8.5 during boreal
summer in the Arctic under all three RFG methods, an increase in sensible heat is only
detected in CCT and MSB (Fig. 2a-i), leading to increased boundary layer
temperatures®® and heatwaves®*®’. Of the three RFG methods, CCT is the only
method that shows increased latent heat in the Arctic during the boreal summer (Figs.
2b and 3) indicating a strengthened hydrological cycle®® which is also illustrated in the
precipitation pattern, where CCT shows a general increase in precipitation in the Arctic
(Supplementary Fig. 4). Further, this is coherent with the patterns in soil moisture,
where CCT shows the largest increase among the RFG methods compared to RCP8.5
(Supplementary Fig. 5). This result is consistent with previous modeling studies that
found an increased latent heat flux when applying CCT®. While SAI does show an
increased ratio of sensible to latent heat during boreal summer - as expected by
physiological forcing - sensible heat is decreased as compared to RCP8.5, indicating
decreased boundary layer temperatures and explaining why SAI shows a different
pattern in Txx (Fig. 1b).

SAI further shows significant differences to CCT and MSB when considering
the shortwave radiation in the Arctic at the time when the scenarios reach the 2°C global
mean temperature increase as compared to the pre-industrial temperatures (Fig. 3).
While we found a decreased shortwave cloud forcing of similar magnitude in all three
RFG scenarios, the clear-sky shortwave radiation significantly differs between them.

As MSB is applied in NorESM1 between the latitudes of 45°S and 45°N, we would not



expect an increase in shortwave cloud forcing over the Arctic and we see that shortwave
clear-sky radiation in the Arctic is indeed very similar to RCP8.5 (Fig. 3). While SAI
does target shortwave radiation as well, the mechanism is based on increased aerosol
optical depth in the stratosphere and not on cloud albedo, hence no increased shortwave
cloud forcing is expected directly from the treatment either. Our result does show a
significant decrease in incoming direct shortwave radiation in the Arctic region for SAI,
increasing the amount of diffuse radiation. In Fig. 3, we defined outgoing fluxes as
positive while incoming fluxes as negative. Hence, positive fluxes imply a cooling of
the Earth’s surface, whilst negative imply a warming. The positive sign in shortwave
radiation in SAI thus signifies a surface cooling effect through a decreased incoming
shortwave flux. The effect of the aerosols on the radiation becomes clearer when
looking at the changes in the surface albedo of the three RFG scenarios in the Arctic
(Fig. 3). The albedo of SALI in the Arctic during boreal summer is the closest to the one
of RCP8.5, not being significantly different, while CCT and MSB show a significant
decrease in albedo. This difference in albedo is an explanation as to why SAI shows
such different features as compared to CCT and MSB as it leads to less incoming
shortwave radiation, offsetting the effect of plant physiological forcing and hence
decreasing the warming and risk for heat waves that we hypothesized in Fig. 1b for

CCT and MSB.

Impacts on Arctic system dynamics

Last, we assess how shifts in temperature extremes and surface energy budget affect
the projected fire frequency and permafrost thawing in the Arctic. Previous studies
show that fire frequency increases under hot and dry conditions3®404142 and Arctic fires

are particularly sensitive to boreal summer temperatures®'42, We have already shown



that under CCT and MSB, maximum summer temperature increases more with Tgion
than RCP8.5 and SAI, potentially leading to climatic conditions with more frequent fire
activity in the Arctic. Our results show that the majority of fire events occur when Tx
anomalies are higher than Tmean anomalies (Fig. 4a), indicating that Txx is a stronger
driver for fire frequency than Tmean. The simulated temperature frequency distribution
when RCP8.5 reaches 2°C global warming shows that the frequency is highest around
when Txx anomalies are similar to Tmean anomalies (Fig. 4b), but under CCT and MSB,
their frequencies shift towards regions where Txy is higher than Tmean as compared to
where Txx is lower than Tmean(Fig. 4c, d). This means higher Txx anomalies are
simulated under CCT and MSB under given Tmean anomalies especially for 3° of Tmean
anomalies. These conditions are favorable conditions for fire activity as we have shown
in Fig. 4a. This result suggests that temperature conditions under CCT and MSB shift
towards conditions where fire frequency is higher than under RCP8.5 for the 2°C global
mean temperature increase.

Permafrost thawing may accelerate global scale warming by releasing large
amounts of organic matter storage*® as greenhouse gas emissions*. We hypothesize
that permafrost may continue to thaw more with the strong increase in the minimum
temperatures over several years. We focus on SAI to test this hypothesis as SAI is the
only scenario where boreal winter minimum temperatures north of 65°N differ from the
other scenarios (Supplementary Fig. 1). The current distribution of permafrost fraction
against temperature conditions (Tmean Versus Tnn) shows that the permafrost fraction is
highest below —10°C Tmean and is more sensitive to Tnn for mid Tmean ranges (Fig. 5a).
The Tnn frequency distribution of RCP8.5 when the scenario reaches 2°C global
warming shows that Tnn generally is below Tmean, the maximum frequency region being

around —15°C Tmean and —30°C Tnn (Fig. 5b). We noticed that the region of the highest

10



frequency of Tnn conditions shifts towards higher temperatures, where temperature
conditions are less favorable for permafrost to occur (Fig. 5¢). The maximum difference
in Tnn is around —10°C Tmean, Where the permafrost fraction might be particularly
sensitive to Tnn. We found that 29 gridcells north of 65° change from Tnn below 0° in
2006-2026 to above 0° in 2080-2100 in the SAI scenario. This corresponds to 4.4% of
the land area north of 65°N or 628 879 km?. 7.2% of the area changes from Tmean below
0° in 2006-2026 to above 0° in 2080-2100. Our results indicate that under SAI, the
climatic conditions in the Arctic will be less favorable for permafrost when compared
to RCP8.5 when the two scenarios reach the 2° global mean temperature increase.
Implications and Outlook

We show that all three of the presented RFG methods could introduce additional risks
to the Arctic terrestrial system at a 2°C global climate warming level. The changes
observed in the energy budget components in CCT and MSB support the hypothesis
that the increase in Txx in the Arctic can be linked to plant physiological forcing. At
2°C warming, SAI does not deviate significantly from RCP8.5 in Txx. While the
decrease in transpiration and increase ratio of sensible to latent heat indicates enhanced
plant physiological forcing for all three RFG methods, the effect in SAI is potentially
offset due to changes in shortwave radiation, leading to higher surface albedo as
compared to the other RFG methods (Fig. 3).

Our results show, that under similar global warming (i.e., here 2°C relative to
pre-industrial), RFG leads to climatic conditions favoring more fire activities in CCT
and MSB while under SAI, temperature conditions are less favorable for permafrost to
occur, than under RCP8.5. While we did not look into how fire ignition (e.g., lightning
or human-caused ignition) might change under RFG, the shift in climatic conditions is

an indication for increased fire activity in the Arctic under CCT and MSB. Both
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wildfires* and permafrost thawing*® are huge sources of carbon which is why it is
crucial to understand how the conditions for extreme events will change under RFG
management.

The RFG methods evaluated here are currently not understood enough to
advocate for practical implementation. Many studies highlight the uncertainties and
risks that come with implementation. We found that whilst RFG methods could
effectively cool down the Earth’s mean temperature, they show undesirable side effects
such as changes to precipitation patterns and extreme temperatures and thus must be
handled with care. It has to be noted that we only used one Earth System Model in our
study. The assessment of the impact of plant physiological forcing under RFG would
greatly benefit by including the comparison of multiple Earth System Models.

There is no clear estimation for the costs of an actual RFG implementation, as
it would have to be carried out for as long as it takes to reduce the CO2 concentration
in the atmosphere. Without reducing the CO2 in the atmosphere, RFG would have to
be continued forever as a sudden stop would cause the climate to rapidly revert to that
without RFG methods**?!, leaving no time for ecosystems to adapt. Future research is
needed to understand the influence of RFG on climate extremes in ecosystems and how
it impacts the socio-economical system. With the current lack of knowledge and the
additional negative side effects found in ESMs discussed here, an implementation of

RFG is not recommended.
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Methods

Model description. To assess the influence of RFG on the Arctic terrestrial systems,
we use the fully coupled Norwegian Earth System Model (NorESM1-ME) described in
detail by ref.!213, Nor-ESM1 is based on the Community Climate System Model
version 4 (CCSM4). Changes relevant for this analysis are a modified chemistry-
aerosol-cloud-radiation scheme*® and coupling of the ocean carbon cycle model with
an isopycnic ocean general circulation model*®. The model participated in phase 5 of
the Climate Model Intercomparison Project (CMIP5), and the Geoengineering Model
Intercomparison Project (GeoMIP). It has a resolution of 1.9° latitude by 2.5° longitude
and 26 vertical layers*?. The variables used in this analysis are summarized in Table 1.
Radiative forcing geoengineering scenarios. Three RFG methods are analyzed here:
Cirrus cloud thinning (CCT), marine sky brightening (MSB), and stratospheric aerosol
injection (SAI). They are designed such that they reduce the radiative fluxes at the top
of the atmosphere from the RCP8.5 levels to that of the RCP4.5 scenario, requiring a
radiative forcing of —4 W m2 by 2100. Geoengineering is applied for 81 years, starting
in 2020. Three different ensembles are carried out for each scenario, each with a small
perturbation to initial conditions in the year 2020*. For the RCP8.5 scenario, used as
the baseline scenario in this study, one simulation was carried out, running from 2006—
2100.

CCT aims to thin out high ice clouds, i.e., cirrus, that act to trap longwave
radiation in the climate system and thus have a net warming effect. By thinning these
clouds, more longwave radiation can escape to space, altering the Earth’s radiation
budget. This can be achieved by seeding ice nuclei in regions where cirrus clouds form
to initiate heterogeneous freezing and the formation of larger crystals that may fall out

of the clouds, thereby thinning them out®. In Nor-ESM1, the method by ref.*” was
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implemented: CCT is approximated by increasing the fall speed of crystals for
temperatures colder than —38°C, the temperature where typically homogeneous
freezing sets in. By increasing the number of particles, heterogeneous freezing can
dominate and deplete the clouds of water vapor. The fall speed was increased by a factor
of up to 10 by the end of the century.

MSB acts on the shortwave energy budget of the Earth system by enhancing
the concentration of droplets in low marine stratocumulus clouds, increasing the cloud
albedo. The suggested method is to inject ocean water mist into the lower atmosphere
in regions where there is a deficit of cloud condensation nuclei (CCN) where the NaCl
would function as CCN%“®, The direct effect of the bright sea salt aerosols is also
contributing to the cooling in the model, as established in ref.8. MSB is implemented in
Nor-ESM1 according to the method of ref.*® by increasing the natural emission of sea
salt aerosols in the accumulation mode from the ocean surface to the lower atmosphere
between the latitudes of 45°S and 45°N. To achieve the required —4 W m 2 in radiative
forcing, the ocean area where CCN are emitted was increased as compared to ref.*® who
limited their area to +30°. By the end of the century, emissions of ~460 Tg yr~! of sea
salt were required over the whole areal®.

Similar to MSB, SAI affects the shortwave radiation budget of the Earth. SAI
is the most studied radiative forcing geoengineering approach as it is based on the
natural dimming following volcanic eruptions. In this approach, aerosols like SO> are
injected into the stratosphere, building a layer of aerosols that effectively scatter part of
the incoming solar radiation, increasing the Earth’s planetary albedo'*®. The
implementation of SAI in Nor-ESM1 is according to the description of ref.%%: SO is
injected into the stratosphere at a grid point close to the equator at a height of around

20-km (60 hPa). The following distribution of the SO, was simulated using an
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interactive aerosol microphysics module (HAM) of the general circulation model
ECHAMBS. Ref.* found that the needed emission strength to offset 4 W m™? radiative
forcing requires 5 Tg(S) yr ! in 2050, increasing to 10 Tg(S) yr? in 2075 and 20 Tg(S)
yr-'in 2100.
Experimental design. Our focus is to compare the RFG methods to the RCP8.5 at the
same level of global mean temperature increase. For this we determine for every
ensemble, the year they reach the 2°C global mean temperature increase (289.15°K)
compared to the pre-industrial mean. We calculated the pre-industrial mean from Nor-
ESM1 simulations as the mean of global temperatures from a 500 year control
simulation. If not stated otherwise, the data are handled as a 21-year running mean. We
calculate anomalies with respect to the mean of the first 21 years of the RCP8.5 scenario
(2006-2026). As we are interested in the land processes in the Arctic, most variables
are considered only over land. The only exception is global mean temperature (Tgiob).
To calculate the mean over an area, we apply a cosine weighted mean. The ensembles
are generally considered as a mean for each RFG method individually. If not stated
otherwise, the maximum temperature (Txx) is calculated as the maximum temperature
of the JJA months for each year, minimum temperature (Tnn) as the minimum
temperature of the DJF months for each year (December being taken from the year
before) and mean temperature (Tmean) as the mean temperature of all months of the
respective year. We defined albedo as upward / downward shortwave radiation at the
surface.

To assess how the Arctic temperature regimes shift under RFG, we analyzed
the current (2001 - 2020) observed Txx and Tmean JJA conditions for a satellite data-
driven fire frequency dataset (MCD64). We further analyzed the Txx frequency under

RCP8.5 from 2006-2026 to count frequencies under a given mean and maximum
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temperature anomalies in the Arctic (Fig. 4b) and how the temperature frequencies shift
under CCT and MSB (Fig. 4c, d). We determine the temperature frequencies by making
0.6X0.6°C (Fig. 4) and 2.0X3.0°C (Fig. 5) bins and evaluating how often each Txx/Tnn
and Tmean CcOmbination is present in all the land grid cells north of 50 and 65°N,
respectively, divided by the number of total land grid cells north of 50 and 65°N,
respectively. Only grid cells that contain at least 50% of boreal plant function types
(needleleaf evergreen boreal tree, needleleaf deciduous boreal tree, broadleaf deciduous
boreal tree, broadleaf deciduous boreal shrub, and C3 arctic grass) are considered for
the fire plots. We calculate the fire frequency in a similar way by calculating the burned
area for the respective temperature conditions from the MCD64 monthly burned area
dataset from 2001 to 2020 and the same time frame for the temperature anomalies®?. As
single heat events are important for fires, we consider the JJA months separately for the
fire plots, while for the permafrost plots, the DJF months are taken as mean, since
longer cold or warm periods are more influential than short events. To determine
anomalies, Txx and Tmean are calculated_for each grid cell for the RCP8.5 2006—2026
period and subtracted from Txx and Tmean Of that grid cell when the scenarios reach the
2°C global mean temperature increase. The permafrost fraction was calculated based
on a dataset of the European Space Agency’s Climate Change Initiative Permafrost
project and covers the period from 2003 to 20192, No anomalies are determined for
Tnn as permafrost thawing depends on absolute temperatures and is not anomaly-driven
like fires.

Linear regression analysis. To assess the spatial differences between the RFG and the
RCP8.5 scenarios we perform a linear regression (LR) analysis. We calculate Tgion
temperature of each ensemble for the timespan 2006-2100 for RCP8.5 and 2020-2100

for RFG with a cosine weighted mean and a 21-year running mean. In the example of

16



Fig. 2a, we calculate the JJA mean of transpiration as 21-year running mean for every
land grid cell for all three CCT ensembles and the RCP8.5 scenario and evaluate its
dependence on the Tgion using linear regression. We perform a LR for every land grid
cell with Tqioo as independent and the transpiration of that grid cell as dependent
variable for every ensemble. The difference in slope plotted in Fig. 2a represents the
difference of the mean slope of the three CCT ensembles and the RCP8.5 slope.

To test for significant differences between CCT and RCP8.5 we calculate the
residual of the CCT temperature values once with the results of the LR of RCP8.5 and
once with the results of the LR of CCT for each grid cell and comparing those residuals
with an unpaired t-test. Assuming there are no differences between CCT and RCP8.5,
equation (1) should yield the same result for the LR results for both CCT and RCP8.5:

b = Ty ccramlil — sloperce or cer(n) * Tmean,cermy il — interceptrep or cer(ny, (1)
where n = 1, 2, 3, represents the three CCT ensembles, i is for centered year of the 21-
year running mean and slope and intercept represent the slope and intercept for RCP8.5
and the three CCT ensembles. Hence, when conducting a t-test for the b-values obtained
for the slope and intercept of the RCP8.5 LR and the b-values obtained for the slopes
and intercepts of the CCT LRs, p-values <0.05 indicate that there is a significant
difference between the LRs of CCT and RCP8.5.

Data and code availability.

The codes used to generate the results and figures of this work are available at github
repository (https://github.com/RhondaMueller/Codes-RFG-Arctic-Impacts.git). The

NorESM1-ME model is described in detail in ref.!!3, The data used to create the
figures in this work is available from the github repository
(https://github.com/RhondaMueller/Data-RFG-Arctic-Impacts.git).
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Fig. 1: Simulated temperature change in RCP8.5, CCT, MSB and SAl. a-c,
Anomaly in mean (Tmean), maximum (Txx) and minimum (Tnn) land temperature north
of 50°N (y-axis) compared to the global mean temperature (Tgi0n) anomaly over land
and ocean (x-axis). The anomalies are respective to the mean of RCP8.5 from 2006-
2026. The lines represent the ensemble mean. The ensemble spread is shaded. The

hatched line represents the 1:1 line.
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Fig. 2: Simulated change of transpiration, latent heat, and sensible heat in the
Arctic for CCT, MSB, and SAL. Pattern of the difference between the respective RFG
scenarios and the RCP8.5 scenario in the linear regression slope between transpiration,
latent heat, and sensible heat, respectively, and Tgion. Areas with a significant difference
in slope of RCP8.5 and RFG scenarios are hatched.
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Fig. 3: Change in energy budget components north of 50°N. Difference of the
energy budget components >50°N from the initial values from the first 21 years of the
RCP8.5 scenario to when each scenario reaches the 2°C global warming as compared
to the pre-industrial mean. For albedo, the right y-axis applies; all other variables are
plotted on the left y-axis. The skewers indicate 95% confidence intervals. Incoming
fluxes are defined as negative, outgoing fluxes as positive. SW = shortwave, LW =

longwave, CF = cloud forcing.
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to fire frequency north of 50°N. a, conditions under which fires are currently observed
in the Arctic (Giglio, 2015). The anomalies are calculated to 2001-2020. b, maximum
temperature frequency north of 50°N when the RCP8.5 scenario reaches 2°C global
mean temperature increase as compared to pre-industrial. c-d, difference of the
maximum temperature frequency between when CCT and MSB reach the 2°C global
mean temperature increase and when the RCP8.5 scenario reaches 2°C increase. The

hatched line represents the 1:1 line.
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Fig. 5: Change in DJF minimum temperature frequency in SAI related to
permafrost north of 65°N. a, conditions under which permafrost is currently observed
in the Arctic (Obu, 2021). b, minimum temperature frequency north of 65°N when the
RCP8.5 scenario reaches 2°C global mean temperature increase as compared to pre-
industrial. c, difference of the minimum temperature frequency between when SAI
reaches the 2°C global mean temperature increase and when the RCP8.5 scenario

reaches 2°C increase. The hatched line represents the 1:1 line.
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Table 1: Description of the analyzed variables.

Name Long Name

TS Surface temperature (radiative) [K]
TREFMXAV Daily maximum of average 2-m temperature [K]
TREFMNAV Daily minimum of average 2-m temperature [K]
FCTR Canopy transpiration [W m]

LHFLX Surface latent heat flux [W m™]

SHFLX Surface sensible heat flux [W m~?]

FSNSC Clearsky net solar flux at surface [W m™]

FSNS Net solar flux at surface [W m™]

FLNSC Clearsky net longwave flux at surface [W m]
FLNS Net longwave flux at surface [W m]

RAIN Atmospheric rain [mm s?]
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Extended Data - Radiative forcing geoengineering increases Arctic temperature extremes

and permafrost thawing
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Extended Data Fig. 1: Simulated Arctic temperature change in RCP8.5, CCT, MSB and
SAIL. Anomaly in mean (Tmean), maximum (Txx) and minimum (Tnn) land temperature north of
65°N compared to the global mean temperature anomaly over land and ocean (Tgion). The anom-
alies are respective to the mean of RCP8.5 from 2006-2026. The lines represent the ensemble

mean. The ensemble spread is shaded. The hatched line represents the 1:1 line.
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a) Txx differences (CCT - RCP8.5) b) Txx differences (MSB - RCP8.5)
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Extended Data Fig. 2: Simulated global change in Txx in CCT, MSB and SAI. Global pat-
tern of the difference between the RCP8.5 and the RFG scenarios in the slope of the linear
regression between Txx of each grid cell and the Tgiob. Areas with a significant difference in

slope of RCP8.5 and RFG scenarios are hatched.
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a) Tnn differences (CCT - RCP8.5) b) Tnn differences (MSB - RCP8.5)
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c) Tyn differences (SAI - RCP8.5)
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Extended Data Fig. 3: Simulated global change in Tnn in CCT, MSB and SAI. Global pat-
tern of the difference between the RCP8.5 and the RFG scenarios in the slope of the linear
regression between Tnn of each grid cell and the Tgiob. Areas with a significant difference in

slope of RCP8.5 and RFG scenarios are hatched.
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a) Precipitation, CCT b) Precipitation, MSB
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Extended Data Fig. 4: Simulated change of precipitation in the Arctic for CCT, MSB and
SAI. Pattern of the difference between the respective RFG scenarios and the RCP8.5 scenario
in the linear regression slope between precipitation and Tgiob. Areas with a significant difference
in slope of RCP8.5 and RFG scenarios are hatched.



a) Soil heat content, CCT b)  Soil liquid water, CCT
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27 Extended Data Fig. 5: Simulated change of soil heat content and soil liquid water in the
28  Arctic for CCT, MSB and SAI. Pattern of the difference between the respective RFG



29  scenarios and the RCP8.5 scenario in the linear regression slope between soil heat content and
30  soil liquid water, respectively, and Tgiob. Areas with a significant difference in slope of RCP8.5
31 and RFG scenarios are hatched.



Personal Declaration 74

Personal Declaration

Personal declaration: I hereby declare that the submitted Thesis is the result of my own,

independent work. All external sources are explicitly acknowledged in the Thesis.

Uster, August 26 2022

Ritueo™

Rhonda Miiller



	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Methods
	Model description
	Radiative forcing geoengineering methods
	Analysis of model output
	Experimental design
	Linear regression analysis

	Results
	Mean and extreme temperature increase under RFG in the Arctic
	Change in energy budget components
	Impacts on Arctic system dynamics

	Discussion and Conclusions
	References
	Acknowledgement
	Appendix
	Linnux PowerShell
	Manuscript for Nature Communications


