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Abstract

Climate change will have significant impacts on vegetation and biodiversity. Solar geoengi-
neering has potential to reduce the climate effects of greenhouse gas emissions through
albedo modification, yet more research is needed to better understand how these techniques
might impact terrestrial ecosystems. Here, we utilize the fully coupled version of the Com-
munity Earth System Model to run transient solar geoengineering simulations designed to
stabilize radiative forcing starting mid-century, relative to the Representative Concentration
Pathway 6 (RCP6) scenario. Using results from 100-year simulations, we analyze model
output through the lens of ecosystem-relevant metrics. We find that solar geoengineering
improves the conservation outlook under climate change, but there are still potential impacts
on terrestrial vegetation. We show that rates of warming and the climate velocity of temper-
ature are minimized globally under solar geoengineering by the end of the century, while
trends persist over land in the Northern Hemisphere. Moisture is an additional constraint
on vegetation, and in the tropics the climate velocity of precipitation dominates over that
of temperature. Shifts in the amplitude of temperature and precipitation seasonal cycles
have implications for vegetation phenology. Different metrics for vegetation productivity
also show decreases under solar geoengineering relative to RCP6, but could be related to
the model parameterization of nutrient cycling. The coupling of water and carbon cycles is
found to be an important mechanism for understanding changes in ecosystems under solar
geoengineering.
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1 Introduction

Anthropogenic climate change is already having an impact on biodiversity and ecosystems.
Recent studies have found evidence for species range shifts (Parmesan and Yohe 2003),
alterations to phenology (Cleland et al. 2007), and changes in population dynamics (Bellard
et al. 2012; Thuiller et al. 2008) due to biological impacts of climate change. Solar geoengi-
neering is a proposed method of counteracting climate change through albedo modification
to decrease incoming solar radiation (e.g., Crutzen 2006; Rasch et al. 2008; Shepherd and
Rayner 2009; Keith and MacMartin 2015). Model simulations have found that decreasing
incoming sunlight can help compensate for the climate effects of greenhouse gases such as
carbon dioxide (CO;) (Govindasamy and Caldeira 2000; Caldeira and Wood 2008; Kravitz
et al. 2013). However, studies have also shown this compensation can lead to a decrease in
regional precipitation (Bala et al. 2008; Schmidt et al. 2012; Kravitz et al. 2013; Niemeier
et al. 2013; Tilmes et al. 2013; Kalidindi et al. 2015). The terrestrial hydrologic cycle is
further influenced by changes in vegetation, for example, when changes in CO; influence
stomatal conductance and other physiological factors affecting transpiration (Bala et al.
2006; Betts et al. 2007; Doutriaux-Boucher et al. 2009; Franks et al. 2013; Peng et al. 2014).
Solar geoengineering is expected to have impacts on vegetation through both changes in the
hydrologic cycle and feedbacks on plant physiology (Dagon and Schrag 2016).

Very little work has been focused on potential ecosystem impacts from solar geo-
engineering, despite the importance of understanding how these techniques might impact
vegetation and biodiversity. Recent review papers have pointed to the need for more com-
prehensive assessments on how solar geoengineering of different forms might impact
ecosystems (Russell et al. 2012; McCormack et al. 2016). One of the primary open ques-
tions is how vegetation might respond to a high-CO,, low temperature climate created by
solar geoengineering, in contrast to the current low-CO;, low temperature climate, or the
future high-CO,, high temperature climate with unmitigated global warming. A number of
recent studies analyze the response of terrestrial productivity to solar geoengineering, but do
not explicitly model shifts in vegetation distributions (Govindasamy et al. 2002; Naik et al.
2003; Jones et al. 2013; Glienke et al. 2015; Muri et al. 2015; Dagon and Schrag 2016; Xia
et al. 2016; Ito 2017). Other studies have focused on the large-scale carbon cycle responses,
including how changes in biogeochemical cycling impact precipitation (Fyfe et al. 2013)
and how solar geoengineering impacts land and ocean carbon cycles (Tjiputra et al. 2016;
Cao 2018). Typically, these studies use models that prescribe land surface vegetation distri-
butions. While land surface schemes may dynamically evolve terrestrial carbon and nitrogen
cycling including photosynthesis and leaf area index, the specific plant functional types
remain fixed unless a dynamic ecosystem model is used (e.g., Fisher et al. 2015). Thus
in order to simulate changes in biome boundaries in the absence of dynamic vegetation,
ecosystem responses must be calculated from other climate model output such as tempera-
ture and precipitation. Climate classification systems have been used to study the effects of
climate change on ecosystems and biodiversity (e.g., Leemans 1990; Fraedrich et al. 2001;
Feng et al. 2012, 2014; Belda et al. 2016; Gallardo et al. 2016), but these systems have not
yet been applied in the context of solar geoengineering. In addition, the climate velocity of
temperature has been used to study the ability of species to adapt to climate changes (Loarie
et al. 2009; Burrows et al. 2011; Burrows et al. 2014) and can be applied in a similar manner
to model projections with solar geoengineering (Trisos et al. 2018).

In this paper, we analyze model output relevant to ecosystems, with the aim of under-
standing how geoengineering might impact adaptation and conservation efforts now and
in the future. We explore changes in terrestrial vegetation under simulations of solar
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geoengineering designed to stabilize global anthropogenic radiative forcing. In particular,
we utilize a representation of solar geoengineering implementation that includes time-
varying forcing. We first run a long-term transient climate simulation that is based on a
policy-relevant climate change scenario. Two solar geoengineering simulations are designed
to hold anthropogenic radiative forcing fixed at certain thresholds starting mid-century,
relative to the climate change simulation. In our analysis, we study how the velocity of cli-
mate change, seasonality shifts, and productivity changes contribute to overall ecosystem
responses and how these responses vary between model simulations with greenhouse warm-
ing and those simulations with solar geoengineering designed to stabilize anthropogenic
radiative forcing by mid-century.

2 Methods

Here, we use the Community Earth System Model, version 1.2.2 (CESM1.2.2). We uti-
lize a previously spun-up case to initialize our model simulations. Specifically, we choose
a twentieth century transient all-forcing simulation run from 1850 to 2005. This run itself
was initialized from a 1000-year pre-industrial control simulation (details on the avail-
able CESM experiments can be found at: http://www.cesm.ucar.edu/experiments/cesm1.0).
These simulations were run fully coupled using physics from the Community Atmosphere
Model, version 4 (CAM4), the Community Land Model, version 4 (CLM4), the Carbon-
Nitrogen (CN) model for the land, and the full ocean model. The model horizontal resolution
is 1.9° in latitude and 2.5° in longitude.

CLM4 is a dynamic land surface model developed by the National Center for Atmo-
spheric Research (Oleson et al. 2010). The model separates grid cells into land surface type
and simulates vertical moisture transport in a multilayer soil column model. Vegetated land
units are further partitioned into at most 15 possible plant functional types (PFT) plus bare
ground. Evaporative fluxes are a weighted averaged over all the PFT present in each land
unit. Leaf and stem area indices as well as canopy top and bottom heights are determined
dynamically using the fully prognostic CN model. The CN model simulates terrestrial bio-
geochemistry including phenology, vegetation structure, and carbon and nitrogen pools for
leaves, stems, and roots. Dynamic vegetation is not active in this configuration of CLM,
and as a result vegetation distributions are determined by satellite observations (Bonan et al.
2002). The model couples leaf stomatal conductance, needed for calculating transpiration,
to leaf photosynthesis (Farquhar et al. 1980) and scales conductance with relative humidity
and CO; concentration at the leaf surface (Collatz et al. 1991).

We first set up a control run using the Representative Concentration Pathway 6 (RCP6)
forcing. This scenario, RCP6, is designed to hold radiative forcing fixed at 6 W m~2 by
the year 2100. We choose this scenario as a mid-range approximation of future emissions, a
more conservative case than business-as-usual, but not as dramatic as some low-emissions
scenarios (van Vuuren et al. 2011). The control run is set up identical to the aforemen-
tioned spin-up simulations, except with the forcing appropriate for the RCP6 future scenario
(Masui et al. 2011; Fujino et al. 2006). This simulation is run for 50 years, from 2000 to
2050.

Results from RCP6 model year 2050 are used as starting conditions to branch off two
solar geoengineering simulations. Accompanying the RCP6 forcing is a time-varying input
for annual total solar irradiance (TSI), which is specified over the time period of 1610 to
2140 using the reconstruction from Lean et al. (1995). The first solar geoengineering sim-
ulation, SG2050, uses a modified TSI input file to hold the anthropogenic radiative forcing
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fixed at year 2050 values as specified by RCP6. Specific values for RCP6 radiative forc-
ing are calculated using the liveMAGICC model (Meinshausen et al. 2011), which can
be accessed at: http://live.magicc.org. The solar modification is calculated by taking the
known ratio of solar constant reduction to radiative forcing required to compensate a dou-
bling of atmospheric CO; (Kravitz et al. 2015; Dagon and Schrag 2016) and multiplying it
by the decrease in radiative forcing required for that year. We use the estimate of doubled
CO», instantaneous radiative forcing of 3.7 W m~—2 from Myhre et al. (1998). The SG2050
simulation is then run for 50 years to finish at the beginning of year 2100.

The second solar geoengineering simulation, SG2000, again uses a modified TSI input
file for a more aggressive geoengineering scenario. The solar forcing is designed to linearly
ramp down radiative forcing from 2050 to 2000 values, as specified by RCP6, over the first
10 years. Then the radiative forcing is held fixed at year 2000 values. The same method for
calculating solar reduction in the SG2050 simulation is used here. The model is again run
for a total of 50 years to finish by the year 2100.

The RCP6 control is also run for an additional 50 years to finish at the same time as
the solar geoengineering simulations. Figure S1 shows a schematic of the annual radiative
forcing for all three simulations, and Fig. S2 details the annual solar reduction input for
SG2050 and SG2000. All simulations are run at the same horizontal resolution as the spin-
up, with monthly averaged atmosphere and land output files used in the analysis.

3 Results

The resulting global mean surface air temperature response for all three simulations is
shown in Fig. 1. Our simulations behave as expected, with continuous warming in the RCP6
scenario and stabilized warming in the solar geoengineering runs. SG2050 keeps global
temperature approximately constant around year 2050, while SG2000 ramps down the tem-
perature to close to present-day values as reported by the model, though it overcompensates
in some years.

We first utilize two climate classification systems to analyze changes in biome areas
under solar geoengineering and climate change, based on model output of temperature
and moisture-related variables. Both the simplified Koppen-Geiger and modified Thorn-
thwaite systems show shifts in vegetation under solar geoengineering relative to RCP6,
though we acknowledge the associated uncertainties with these systems (Supplemental
Material, Tables S1-S3, Figs. S3-S5). To better investigate changes in vegetation, we focus
on ecosystem-relevant model output such as the climate velocity, seasonality metrics, and
coupled carbon-water fluxes.

3.1 Climate velocity

The rate of temperature change is important for species’ abilities to adapt to changes in cli-
mate. In order to account for spatially varying changes in surface temperature, we analyze
explicit rates of warming over time. Figure S6 shows warming per decade for 30-year peri-
ods. We use 30-year periods to avoid the strong cooling trend apparent in the first 10-20
years of the SG2000 simulation. This trend is due to its design to initially ramp down radia-
tive forcing from 2050 back to 2000 levels. A warming signal is observed globally in the
first and last 30 years of the 100-year RCP6 run. This trend is stronger at high latitudes. The
trends in the SG2050 simulation are closer to zero, with some regional warming trends over
land in the Northern Hemisphere and cooling in parts of the Southern Hemisphere. Cooling
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Fig.1 Annual mean global mean surface air temperature for all three simulations

is observed across the tropics and Southern Hemisphere land area in SG2000, with residual
warming in the Northern Hemisphere.

To test whether rates of warming have stabilized by the end of the century, we calculate
land surface temperature trends over time globally and in both hemispheres using a moving
30-year window. The results for all three simulations are shown in Fig. S7. RCP6 shows a
continuous positive trend in warming, with a larger rate in the Northern Hemisphere than
in the Southern Hemisphere. Both solar geoengineering simulations approach zero global
trends by 2100, with the SG2050 simulation stabilizing relatively quickly and the SG2000
simulation recovering from a cooling trend observed in the initial years of analysis. Both
solar geoengineering simulations show warming trends in the Northern Hemisphere and
cooling trends in the Southern Hemisphere by 2100.

To better connect with potential species range shifts, we also calculate the velocity of
climate change as a measure of thermal shift (Loarie et al. 2009; Burrows et al. 2011,
2014). This measure represents the local surface velocity required to keep temperatures
constant. The velocity of climate change is calculated as the 30-year decadal temperature
trend (Fig. S6) divided by the spatial gradient of temperature (units of °C km~!) to result
in units of km decade™!. We use the average maximum technique to calculate a spatial gra-
dient that combines changes in latitude and longitude (Loarie et al. 2009). The resulting
climate velocities are shown in Fig. 2 for all four cases. The spatial responses are char-
acteristically similar to what is observed in the rate of warming. However, the velocity of
climate change shows a strong response in some areas, especially in the tropics. This is par-
tially driven by the fact that the spatial gradient of temperature is small here, resulting in a
larger climate velocity (Koven 2013). While the climate velocity increases throughout the
RCP6 scenario, there is little observed increase over land in the SG2050 simulation, with
some exceptions in the Northern Hemisphere. The SG2000 simulation shows a decrease in
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Fig.2 The velocity of climate change (km decade™") derived from temperature changes for the first 30 years
of RCP6 (a), the last 30 years of RCP6 (b), the last 30 years of SG2050 (c), and the last 30 years of SG2000
(@)

climate velocity in the tropics and Southern Hemisphere, and an increase in velocity in the
Northern Hemisphere including areas in Russia and the central United States.

Moisture constraints are an important consideration for vegetation, and the climate veloc-
ity of temperature alone may not be sufficient to understand the potential responses of
ecosystems to solar geoengineering. To address this, we also calculate the climate velocity
of precipitation in a similar manner to that of temperature, by dividing the temporal change
in monthly mean precipitation rate by the spatial gradient in precipitation. The results for
all four time periods are shown in Fig. S8. These results to do not show concise patterns
or trends as seen in the temperature analysis, driven by the varying spatial responses of
precipitation to both climate change and solar geoengineering. Because the sign of the cli-
mate velocity is driven by the temporal gradient, our results show increases and decreases
in all scenarios; however, there are more decreases over land under solar geoengineering.
To simplify these results and connect with the temperature analysis, we compare Fig. S8
with Fig. 2 and mask out regions where the climate velocity of temperature is greater than
that of precipitation, since the two fields are both in units of km decade™!. What is left is
shown in Fig. S9, and highlights areas where precipitation changes dominate. There are not
many regions evident under RCP6, but under solar geoengineering we see more land areas
appear unmasked. Because temperature changes are minimized under solar geoengineer-
ing by design, the resulting precipitation changes become more important, even if they are
relatively small.

3.2 Seasonality

Changes in seasonality can impart changes in phenology and thus affect the timing of veg-
etation life cycles. We analyze seasonal cycles of temperature and moisture to understand
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how vegetation might be impacted by changes in seasonality. The top panels of Fig. 3 show
global mean temperature and precipitation climatologies for 15-year periods. There is some
implicit warming associated with the “present-day” climatology because we calculate it as
the first 15 years of the RCP6 simulation; however, its effect is minimal. SG2000 slightly
overcompensates but does the best job of returning the seasonal cycle of temperature to
present day. However, SG2050 is the simulation that most closely matches the present-day
climatology of global mean precipitation. SG2000 decreases precipitation in all months, rel-
ative to present day. Neither temperature nor precipitation show any major phase shift in the
global mean climatology, and differences between the simulations are best characterized by
shifts in amplitude.

To investigate how changes in climate from our simulations affect modeled changes in
vegetation growth, we also plot changes in 15-year climatologies of net primary productivity
(NPP) and leaf area index (LAI) relative to present day in the bottom panels of Fig. 3. Both
solar geoengineering simulations show a large increase in NPP and LAI from present-day
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Fig.3 15-year climatologies of global mean a temperature (°C) and b precipitation (mm day~!) for all four
cases. Anomalies in 15-year climatologies of global mean ¢ net primary productivity (NPP, gC m~2 year™!)
and d leaf area index (LAI) for the three simulations, relative to present day

@ Springer



242 Climatic Change (2019) 153:235-251

values due primarily to the increase in atmospheric CO;. Relative to RCP6, solar geoengi-
neering decreases NPP and LAI in most months except boreal summer when NPP increases
on a global mean basis. While SG2000 has a greater effect on decreasing NPP relative to
the climate change scenario than the effect of SG2050, the opposite is true for LAI. The
response is fairly consistent across months, with again the exception of July—September for
NPP and April-May for LAIL

3.3 Water and carbon fluxes

Water availability is a key element in the response of vegetation to climate changes. Pre-
vious studies have shown that solar geoengineering has regionally varying impacts on the
terrestrial hydrologic cycle (Schmidt et al. 2012; Kravitz et al. 2013; Tilmes et al. 2013;
Niemeier et al. 2013). In particular, water cycling slows down under model simulations of
solar geoengineering, with less precipitation and less evapotranspiration over land (Dagon
and Schrag 2016). These changes are driven both by the decrease in solar radiation and the
increase of atmospheric CO;. The former acts to limit surface energy available for evapora-
tion, while the latter has a direct effect on plant physiology through stomatal conductance
and photosynthesis.

Here, we more closely examine changes in water cycling under solar geoengineering
relative to the RCP6 future scenario, as an additional constraint to quantifying terrestrial
vegetation changes. Plots showing changes in 30-year mean precipitation minus evapotran-
spiration (P-ET) and soil moisture of the top 10 cm are shown in Fig. 4. By comparing solar
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Fig. 4 Annual mean precipitation minus evapotranspiration (P-ET, mm/day) changes shown in panels (a)
and (b), and soil moisture of the top 10 cm (%) changes shown in panels (¢) and (d) for the last 30 years
of the solar geoengineering simulations, relative to the last 30 years of RCP6. The left panels show SG2050
relative to RCP6, and the right panels show SG2000 relative to RCP6
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geoengineering with RCP6, we focus on simulations that have the same CO; forcing over
time and thus will not show the influence of CO; on changes in water cycling. However,
these comparisons do highlight how changes in solar radiation affect surface hydrology.
ET mostly decreases over land due to less energy input into the surface and less vegetation
productivity, the latter of which limits plant water use. However, P-ET changes are largely
driven by the precipitation response, which varies locally. There are large areas where soil
moisture increases, though less so in places where P-ET decreases significantly.

In the top panels of Fig. 5, we show zonal mean changes in the three fluxes contributing
to ET changes over land: ground evaporation, canopy evaporation, and plant transpiration.
This analysis helps shed light on what mechanisms are driving changes in total ET. For
both solar geoengineering simulations we see that transpiration is driving most of the large
decreases in ET over land. Furthermore, there are specific latitude bands that have the largest
decreases in transpiration and thus ET, namely around 40 °S (southern South America),
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Fig.5 Annual mean, zonal mean changes in land water fluxes (mm/day) shown in panels (a) and (b), and land
carbon fluxes (gC m~2 year~!) shown in panels (c) and (d) for the last 30 years of the solar geoengineering
simulations, relative to the last 30 years of RCP6. The left panels show SG2050 relative to RCP6, and the
right panels show SG2000 relative to RCP6
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the equator (Amazon, Congo, and southeast Asia), and 50 °N (eastern North America and
parts of Russia). Changes in ground and canopy evaporation are small by comparison, but
both show decreases over almost all latitudes. In general, changes are larger in the SG2000
simulation than in SG2050, due to the greater decrease in solar radiation when comparing
that simulation with RCP6. We further see that the decreases in zonal mean transpiration are
matched by decreases in land carbon fluxes (bottom panels of Fig. 5), demonstrating that
the coupling between vegetation water use and productivity is driving the response of ET
over land. While gross primary productivity (GPP) and respiration decreases are of similar
magnitude, GPP changes dominate at almost all latitudes driving an overall decrease in NPP.

4 Discussion

Ecosystems will be impacted by climate change in a multitude of ways. Here, we contrast
the response of terrestrial vegetation under a model simulation with greenhouse warming to
simulations with solar geoengineering. To target ecosystem impacts, we focus on temporal
and spatial trends in temperature, hydrology, and plant growth. Overall, our results show
that solar geoengineering produces a twenty-first century climate that is more favorable for
vegetation than the simulation with greenhouse warming. However, there are still changes
that occur under solar geoengineering that could have implications for future conservation
and biodiversity.

To explore changes in vegetation, we first analyze global rates of surface temperature
change. Thirty-year time periods show robust warming trends in RCP6, little change in
SG2050, and cooling in SG2000 with the exception of Northern Hemisphere high latitudes
where there is a residual warming trend (Fig. S6). The trends for all scenarios are generally
stronger in the Northern Hemisphere than in the Southern Hemisphere (Fig. S7). Given
that warming is implied for the first 50 years of our RCP6 simulation, the benefit to a
delayed solar geoengineering implementation will be limited to species that can adapt to
initial climate changes. A stabilized or cooled climate after 2050 will help prevent further
vegetation shifts or extinctions, with the exception of species that have already adapted to a
higher mean temperature and may not survive if the climate is cooled back down. The time
history of temperature change is crucial in an ecosystems context (Parmesan and Yohe 2003;
Loarie et al. 2009; Higgins and Scheiter 2012); while some species may persist through
initial warming, others may disappear before the climate can be cooled in the second half of
the century. Furthermore, warming trends persist in the Northern Hemisphere, suggesting
ecosystems in those places will still have to adapt to increases in temperature by the end
of the century even with solar geoengineering as we have specified it here. The residual
warming in the Northern Hemisphere echoes results shown in other studies where uniform
solar geoengineering creates a meridional gradient in boreal summer surface temperature
(Dagon and Schrag 2017). High latitudes warm more than low latitudes, due to the seasonal
and spatial pattern of solar radiation (Kravitz et al. 2013).

Changes in climate velocity help map potential geographic shifts over time. Increases
in the climate velocity of temperature observed over land in the RCP6 simulation are
compensated for in the solar geoengineering simulations, with potential benefits for ter-
restrial species that might otherwise be limited in their ability to adapt to thermal shifts
(Fig. 2). Areas of slow velocity could act as repositories for biodiversity if other regions are
threatened (Burrows et al. 2011). While plants will certainly respond to aspects of climate
other than just temperature, the climate velocity calculated here gives a first order assess-
ment of how the thermal environment might impact vegetation. Moisture constraints are an
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important consideration, yet calculation of the climate velocity of precipitation did not
show clear trends (Fig. S8). However, when the climate velocity magnitudes were com-
pared across temperature and precipitation, regions in the tropics emerged as having a
greater climate velocity of precipitation under solar geoengineering, despite reduced ther-
mal risks (Fig. S9). This result indicates greater sensitivity of tropical ecosystems to
future hydrologic changes under uniform solar geoengineering. It is important to note that
species may not move at constant rates, for example an uphill movement may proceed
at a different rate than a downhill migration (Loarie et al. 2009), and thus, the veloc-
ities presented here are relative to climate changes, not indicators of precise migration
rates.

Changes in seasonality on a global mean basis show that SG2000 is better suited to
compensate large-scale climatological changes in temperature from RCP6, while SG2050
is more appropriate for precipitation changes (Fig. 3a and b). This point illustrates the diffi-
cultly that model simulations of solar geoengineering have in simultaneously compensating
for temperature and precipitation changes from global warming (e.g., Ricke et al. 2010).
While these results do not show major shifts in the phase of temperature or precipitation
annual cycles, a change in amplitude alone can cause phenological impacts such as earlier
flowering or leafing (Cleland et al. 2007; Wolkovich et al. 2012). NPP and LAI show global
mean seasonality decreases under solar geoengineering relative to RCP6, fairly consistently
throughout the annual cycle (Fig. 3c and d). The global mean NPP response seems to be
driven mostly by mid-latitude regions such as the Central US and western Europe, though
the Amazon response shows similar characteristics (Fig. S10). LAI also shows regionally
varying climatological responses, with some regions showing an increase in leaf area under
one solar geoengineering simulation and a decrease in the other (Fig. S11). This implies that
a variety of mechanisms could responsible for the productivity responses, such that NPP
responds to different climate drivers than what LAI is most sensitive to Luo et al. (2004).
While the land surface model used here does include active carbon cycling and plant growth,
the specific plant functional types are fixed by satellite data (Bonan et al. 2002). The model
may evolve NPP and LAI in response to climate changes, but the vegetation composition
does not respond dynamically. This limitation illustrates why we also explore climate clas-
sifications of vegetation using the climate envelope approach, as a substitute for explicitly
modeling plant types (Supplemental Material). It is expected that phenology will shift with
climate change (Walther et al. 2002; Parmesan and Yohe 2003; Burrows et al. 2011), and fur-
ther investigating how solar geoengineering might compensate seasonal shifts in vegetation
is an important topic for future work.

Changes in water cycling are essential to understanding vegetation impacts under solar
geoengineering. Our simulations show areas of P-ET increase and decrease over land, under
solar geoengineering relative to RCP6 (Fig. 4a and b). Despite regional heterogeneity in
P-ET, soil moisture increases over most of the land area (Fig. 4c and d), indicating that ter-
restrial water storage could increase under solar geoengineering. A closer examination of
changes in land water fluxes shows that transpiration is driving most of the ET decreases
over land, with certain latitude bands (including the tropics) affected more than others
(Fig. 5a and b). Decreasing plant water use due to a decrease in transpiration is likely driv-
ing the increase in global soil moisture. Changes in water cycling in tropical rainforests will
certainly have downstream impacts on biodiversity (Myers et al. 2000; Lewis et al. 2004).
Furthermore zonal mean changes in land carbon fluxes match the pattern of decreases in
transpiration (Fig. 5c and d), suggesting that it is the inherent plant response driving the
terrestrial hydrologic response to solar geoengineering, rather than surface energy limita-
tion. The direct response of less sunlight could decrease NPP, though modeling studies with
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solar geoengineering of a similar magnitude have demonstrated that this effect is small
(Govindasamy et al. 2002; Naik et al. 2003).

Here, we prescribe solar geoengineering as a decrease in solar radiation, an approxima-
tion for stratospheric aerosol injection. As a result, we do not include potential changes in
the partitioning of diffuse and direct radiation. Aerosols tend to scatter incoming radiation,
resulting in a greater diffuse fraction. Enhancements in the diffuse fraction have been shown
in observations and modeling studies to increase vegetation productivity, because plants are
able to more efficiently utilize the incoming radiation without becoming light-saturated (Gu
et al. 2002; Mercado et al. 2003; Alton et al. 2007; Cheng et al. 2015). This response varies
regionally and depends on canopy structure, and in some cases, the increased diffuse frac-
tion may not compensate for the overall decrease in available light (Tingley et al. 2014;
Kalidindi et al. 2015; Proctor et al. 2018). Xia et al. (2016) included changes in diffuse radi-
ation under model simulations of solar geoengineering, and found that globally averaged
photosynthesis increased relative to RCP6. This effect was due to both the diffuse enhance-
ment as well as the cooling effect of solar geoengineering, with the global response driven
primarily by the increase in productivity in the tropics. High latitudes showed an over-
all decrease in photosynthesis because the temperature effect dominated over the radiation
effect (Xia et al. 2016). However, this study did not use the CN model with CLM, and thus
the photosynthesis response does not include potential changes in LAI and nutrient cycling,
important potential feedbacks shown in our results. Because our simulations do not include
the diffuse enhancement, our results are more indicative of the effect of changes in temper-
ature, hydrology, and biogeochemistry on plant productivity rather than radiation impacts
or changes in plant types and distributions.

A potential source of uncertainty in our results is the use of a single climate model
to study the vegetation responses to solar geoengineering. Previous studies using model
intercomparisons have shown a wide range of NPP responses to solar geoengineering (Jones
et al. 2013; Glienke et al. 2015). One of the primary reasons for this difference is whether or
not the land model includes an active nitrogen cycle (Cao 2018). Other studies have pointed
to the importance of the nitrogen cycle in CLM4 (Bonan and Levis 2010; Irvine et al. 2014;
Lee et al. 2013). Models with nitrogen cycling show an increase in soil respiration with
warming, which increases nitrogen availability and NPP where nitrogen is limiting. On the
other hand, models without nitrogen cycling could overestimate the CO, fertilization effect
because they do not account for nutrient limitation (Thornton et al. 2007). Our results show
a global decrease in NPP under solar geoengineering relative to RCP6, because surface
cooling and nitrogen cycling limit nutrient availability, and there is no CO» fertilization to
compensate the loss of productivity. This result is consistent with the sign of the global
mean NPP responses of Glienke et al. (2015) when considering the models that include a
nitrogen cycle. While nitrogen cycling does act to decrease respiration influenced by the
cooling effect of solar geoengineering, we find that the zonal mean NPP decrease is driven
by a decrease in GPP which dominates over the decrease in respiration. However, if these
decreases in NPP and ET are exaggerated by the model, the increase in soil moisture under
solar geoengineering could be overestimated.

Finally, there is uncertainty in ecological impacts as related to the implementation of
solar geoengineering and the choice of emissions scenario. It is challenging to predict the
impacts of solar geoengineering on vegetation when those impacts are sensitive to the choice
of scenario. Previous studies have shown that the climate response to geoengineering may
be roughly linear in terms of global mean temperature, but regional and seasonal changes
and hydrologic responses exhibit nonlinearities (Dagon and Schrag 2016; Irvine et al. 2010;
Modak and Bala 2014; Kravitz et al. 2014). The termination effect is also discussed in this
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context, as in the possible shock to the climate system that would occur if solar geoengi-
neering were imposed and then suddenly discontinued (Jones et al. 2013; McCusker et al.
2014; Ito 2017; Trisos et al. 2018). Here, we model solar geoengineering in a transient man-
ner, to stabilize global radiative forcing as greenhouse gases continue to increase during the
second half of the twenty-first century. Our results are very much dependent on the choice
of geoengineering and emissions scenarios, and how the resulting climate changes influence
vegetation. In the future it will be important to consider a range of models and scenarios to
capture the full spread of ecosystems responses to solar geoengineering.

5 Conclusions

We have demonstrated potential impacts on terrestrial ecosystems due to solar geoengi-
neering simulations that minimize anthropogenic radiative forcing by mid-century. Rates of
warming and the climate velocity associated with temperature changes are both minimized
under solar geoengineering relative to the greenhouse gas forcing simulation. However,
warming trends persist over land in the Northern Hemisphere, and the delayed imple-
mentation of solar geoengineering assumes ecosystems survive long enough to see the
potential benefits. Global mean seasonal cycles of vegetation-related climate variables
show shifts in amplitude but not phase, and have implications for plant phenology. Mod-
eled productivity metrics show varying responses to solar geoengineering, but could be
affected by land surface model biases. Changes in water cycling confirm that the vegetation
response to solar geoengineering is driving the response of terrestrial hydrology, though
these changes are inherently tied to the model representations of carbon, nitrogen, and
water.

Both solar geoengineering simulations generate a climate that is better suited for pre-
serving vegetation than the changes induced by greenhouse warming. Nevertheless, there
are still changes in climate under solar geoengineering that would impact future ecosys-
tems. Regional rates of warming remain elevated in the Northern Hemisphere and seasonal
shifts are likely due to changes in productivity. While terrestrial water storage may increase
through a decrease in evapotranspiration, changes in vegetation water cycling, especially in
tropical regions, are likely to impact biodiversity. Arguments that solar geoengineering can
effectively neutralize all vegetation shifts are not straightforward. Instead our model results
indicate a nuanced situation and highlight important tradeoffs. Though solar geoengineer-
ing might make certain aspects of conservation easier, strategies for biodiversity and habitat
preservation will need to adapt to suit the resulting climate changes.
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