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Abstract.
The northern high-latitude permafrost contains almost twice the carbon content of the atmosphere, and it is widely considered
as a non-linear and tipping element in the Earth's climate system under global warming. Solar geoengineering is a means of
mitigating temperature rise and reduce some of the associated climate impacts by increasing the planetary albedo, including
permafrost thaw. We analyze the permafrost response as simulated by five earth system models (ESMs) under four future
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scenarios; two solar geoengineering scenarios (G6solar and G6sulfur) restore the global temperature from the high emission
scenario (ssp585) levels to the moderate mitigation scenario (ssp245) levels via solar dimming and stratospheric aerosol
injection. G6solar and G6sulfur nearly restore the northern high-latitude permafrost area from ssp585 levels to those under
ssp245. But deeper active layer thickness and more exposed unfrozen soil organic carbon are produced due to robust residual
high-latitude warming, especially over Eurasia. However, G6solar and G6sulfur accumulate more soil carbon over the northern
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high-latitude permafrost region due to enhanced CO2 fertilization effects relative to ssp245 and weakened heterotrophic
respiration relative to ssp585. The asynchronous changes in soil carbon inputs and soil carbon decomposition directly result
from decoupling of temperature and atmospheric CO2 concentration under solar geoengineering. The permafrost ecosystem
remains a carbon sink throughout this century under all four scenarios, and solar geoengineering can delay the transition of
northern high-latitude permafrost ecosystem from carbon sink to carbon source.

30

1 Introduction
The extent of northern high-latitude permafrost is estimated to be 12.9-17.8 million km2 and accounts for 9-14 percent of
the exposed land surface area (Gruber, 2012). The carbon content of permafrost is nearly twice that of the atmosphere (Tarnocai
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et al., 2009), with approximately 1035 Pg organic carbon stored in the upper 3 m of soil (Hugelius et al., 2014), accounting for
roughly half of the global soil carbon (Strauss et al., 2017). In the past several decades, the northern high-latitude experienced
35

greater warming than the lower latitudes, and this rapid warming trend is expected to continue in the future, driven by Arctic
amplification (Serreze et al., 2011; Biskaborn et al., 2019). Continued climate warming over the northern high latitudes,
accelerated microbial decomposition and higher climatological temperature sensitivity of soil carbon in cold regions (Schuur
et al., 2008; Koven et al., 2017) renders the permafrost soil carbon increasingly vulnerable to loss (Crowther and Bradford,
2013; MacDougall et al., 2016; Burke et al., 2017; Varney et al., 2020). Significant amounts of soil organic carbon (SOC)
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would be decomposed and released into the atmosphere from the northern high-latitude thawing permafrost (Field and Raupach,
2004), increasing the atmospheric CO2 concentrations and activating positive permafrost carbon feedback to accelerate climate
warming (Koven et al., 2011; MacDougall et al., 2012).
The degradation of northern high-latitude permafrost has been widely studied using climate models. According to an
earlier study, under a high greenhouse gas emission scenario, only 1 million km2 of near-surface permafrost will remain by

45

2100 (Lawrence and Slater, 2005). The CMIP5 (the Coupled Model Intercomparison Project Phase 5, Taylor et al., 2012)
climate models show a linear relationship between the permafrost extent and near-surface air temperature over the observed
continuous and discontinuous permafrost region, with an average loss of 1.67 million km2 in permafrost area under one degree
of warming (Slater and Lawrence, 2013). With increased climate sensitivity (Zelinka et al., 2020; Meehl et al., 2020) and
warmer climate projections (Wyser et al., 2020), the CMIP6 (Coupled Model Intercomparison Project Phase 6, Eyring et al.,
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2016) models project a loss of permafrost area between 3.1 and 3.8 million km2 (25th and 75th percentiles) and a decrease of
annual mean frozen volume in the top 2 m soil between 10 % and 40 % per degree of global mean annual surface air temperature
increase (Burke et al., 2020). Simulations using the land surface model JSBACH show that, compared to 2005, the frozen
carbon in permafrost region at 2100 is reduced by 193 Pg C and 387 Pg C, respectively, under representative concentration
pathway 4.5 (rcp45) and 8.5 (rcp85) scenarios (Kleinen and Brovkin, 2018). While an analysis of ensemble simulations from
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five land surface models shows no significant net losses of permafrost soil carbon before 2100 under both rcp45 and rcp85
scenarios, permafrost in northern high latitudes would likely act as a net carbon source to the atmosphere after this century
under rcp85, when soil carbon release could not be compensated by vegetation production (McGuire et al., 2018). The
substantial degradation of near-surface permafrost under the rcp85 scenario would lead to an additional warming of around
0.1 oC by 2100 and 0.38 oC by 2200, according to large ensemble simulations performed by a reduced complexity carbon-
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cycle climate model (Deimling et al., 2012).
Geoengineering is considered as a theoretical option to offset the radiative forcing by anthropogenic factors in addition
to mitigation measures. Solar geoengineering as an efficient geoengineering option is designed to mitigate global temperature
and reduce some of the associated climate change by deflecting incoming solar radiation back to space and therefore altering
the earth's radiative energy budget (Crutzen 2006; Kravitz et al., 2013a; Zhang et al., 2015; Fawzy et al., 2020). Solar
2
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geoengineering has often been simulated by reducing the solar constant (known as solar dimming) or by stratospheric aerosol
injection (SAI), and experiments designed for implementation in many climate models have been designed (Kravitz et al.,
2011). The SAI changes the physical climate system and atmospheric chemistry, and presents an impact on the terrestrial
ecosystem and the carbon cycle (Muri et al., 2015; Cao, 2018; Plazzotta et al. 2019; Lee et al., 2021). SAI geoengineering can
enhance terrestrial photosynthesis by changing the ratio of direct to diffuse sunlight (Xia et al., 2016). In an SAI geoengineering
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simulation with an rcp85 greenhouse gas emissions scenario based on linearly increasing the stratospheric mass ratio of SO4
with the NorESM1-ME model, soil carbon storage slightly increases due to stabilized surface temperature and reduction in
heterotrophic respiration rate (Tjiputra et al., 2016). Enhanced CO2 fertilization under geoengineered climate also exerts
considerable impacts on the carbon cycle compared to a climate of the same warming level without geoengineering (Plazzotta
et al. 2019; Lee et al., 2021). In a solar dimming geoengineering plus aggressive mitigation simulated with an earth system
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model of intermediate complexity, the terrestrial biosphere sequestered more atmospheric CO2 by 2100 via enhancement of
tropical net primary production with greater accumulation in global total vegetation and soil carbon pools, this carbon feedback
also affects the solar dimming needed (Cao and Jiang, 2017).
The high-latitude permafrost region and its potential carbon feedback under solar geoengineering have been rarely studied.
Lee et al. (2019) studied the responses of the northern high-latitude permafrost and ecosystem under SAI geoengineering
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scenarios with NorESM1-ME, and found that SAI geoengineering can slow down the permafrost degradation and the
ecosystem is affected by both the inhibited warming and enhanced CO2 fertilization. Lee et al. (2019) also note that the
permafrost extent and soil temperature would rebound back to ungeoengineered states in two decades following the termination
of SAI geoengineering. Chen et al. (2020) used the soil temperature and net primary production simulated by several earth
system models (ESMs) to drive the Permafrost Carbon Network Incubation–Panarctic Thermal scaling model (PInc-PanTher,
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Koven et al., 2015) under the Geoengineering Model Intercomparison Project (GeoMIP) G4 scenario which uses rcp45
emissions with SAI geoengineering experiment. They found the permafrost carbon released as CO2 is halved and as CH4 is
reduced by 40% compared to the rcp45 experiment. The approaches used above make some simplifications, or even exclude
completely, permafrost physics and carbon dynamics, such as the cryoturbation effects on permafrost carbon vertical mixing
and accumulation (Koven et al., 2009, 2011). The PInc-PanTher approach assumes that soil carbon stocks do not decompose
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when frozen, but once thawed the soil carbon stocks follow predefined decomposition trajectories as a function of soil
temperature, this simplified approach neglects many important permafrost processes (Koven et al., 2015). An indirect estimate
of reduction in permafrost carbon loss ranged from 27 to 122 Pg C for rcp85 emissions with solar geoengineering maintaining
constant 21st century radiative forcing (Keith et al., 2017).
Different solar geoengineering strategies would exert different impacts on regional climate conditions (Kravitz et al.,
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2016) and might drive the northern high-latitude permafrost ecosystem response differently (Lee et al., 2019, 2021). Solar
dimming geoengineering produces uneven patterns of significant cooling, with the polar regions being warmer and the tropics
3
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being cooler compared to pure greenhouse gas scenarios of same level radiative forcing (Kravitz et al., 2013a; Yu et al., 2015;
Russotto and Ackerman, 2018; Visioni et al., 2021). Similarly equatorial SAI schemes in which sulphate aerosols or their
precursors were injected in the equatorial stratosphere, also tend to exhibit higher polar mean annual temperature (Muri et al.,
100

2018; Visioni et al., 2021), the so-called residual polar warming (Henry and Merlis, 2020). The residual polar warming under
solar geoengineering has been mainly attributed to seasonal differences in radiative forcing, shortwave reductions can only
occur when the sun is above the horizon, whereas as longwave greenhouse gas forcing occurs year-round. Whether the residual
polar warming affects the efficacy of solar geoengineering on slowing down permafrost degradation has not been studied.
Given very limited existing studies and associated large uncertainty, the response of the northern high-latitude permafrost
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under solar geoengineering deserves further investigation. Additionally, given the climate model differences in dealing with
stratospheric aerosols and their chemistry, using a multi-model approach helps quantify the uncertainties associated with the
response.
In this study, we investigate the response of the northern high-latitude permafrost ecosystem under solar geoengineering
experiments using multiple models. Our study is organized as follows: In section 2, the observation based dataset, model
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simulations and methods are presented. In section 3, we present the responses of northern high-latitude permafrost and
terrestrial carbon to solar geoengineering. Section 4 is discussion and conclusions.

2 Data and methods
We examine the permafrost extent and terrestrial carbon fluxes and stocks simulated by all five of the CMIP6 earth system
models (ESMs) participating in the Geoengineering Model Intercomparison Project (GeoMIP) that have carried out the
115

G6solar and G6sulfur scenarios, and compare with results from the ssp245 and ssp585 scenarios. G6solar reduces radiative
forcing from a high-tier emission scenario (Shared Socioeconomic Pathway; ssp585; Meinshausen et al., 2020) to a mediumtier emission scenario (ssp245) levels with uniform reduction in solar constant, whereas G6sulfur through stratospheric aerosol
injection from 10°S to 10°N along a single longitude band (Kravitz et al., 2015). The simulated permafrost extent and SOC
during the baseline period (1995-2014) are compared with the International Permafrost Association (IPA) permafrost map
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(Brown et al., 1997) and Northern Circumpolar Soil Carbon Database version 2 (NCSCDv2) (Hugelius et al., 2013, 2014)
datasets. Changes in permafrost extent and area, active layer thickness (ALT), carbon fluxes and carbon stocks over the
permafrost region under the four scenarios at the end period of this century (2080-2099) relative to the baseline period are
analyzed. The multi-model response is reported as the ensemble mean and one standard error.
2.1 Observation based datasets
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The NCSCDv2 provides estimated storage of SOC in the northern circumpolar permafrost region identified by the IPA
permafrost map. The dataset aggregates pedons from regional soil maps homogenized to the U.S. Soil Taxonomy, allowing

4
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SOC storage to be calculated. In pedons where the dataset is incomplete, gap-filling was used to complete calculations over
the whole IPA permafrost map. The soil organic carbon content (SOCC) (units of kg C m-2) over the northern circumpolar
permafrost region from NCSCDv2 is available at four soil layers: 0-30 cm, 0-100 cm, 100-200 cm and 200-300 cm depth, and
130

at a horizontal resolution of 0.5° × 0.5° is used in this study.
2.2 Model simulations
The five CMIP6 ESMs used in this study are: CESM2-WACCM, UKESM1-0-LL, CNRM-ESM2-1, IPSL-CM6A-LR
and MPI-ESM1-2-LR (Table 1). We downloaded monthly data of surface air temperature (tas), precipitation rate (pr), surface
downwelling shortwave radiation (rsds), surface upwelling shortwave radiation (rsus), soil temperature (tsl), terrestrial carbon

135

pool (cLand), soil organic carbon pool (cSoil), vegetation carbon pool (cVeg), litter carbon pool (cLitter, not available for
UKESM1-0-LL), coarse wood debris pool (cCwd, only available for CESM2-WACCM), gross primary production (gpp), net
primary production (npp), heterotrophic respiration (rh) and net ecosystem production (nep, not available for UKESM1-0-LL)
from G6solar and G6sulfur simulations along with their historical, ssp245 and ssp585 simulations. All ensemble members of
each experiment are averaged for each model and bilinearly regridded to a common resolution of 0.5° × 0.5°. The five models
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used for analysis have varying representations of terrestrial carbon pools, and we use the relevant combination as shown in
Table 1. The net ecosystem production has not been published online for UKESM1-0-LL and is calculated by subtracting
heterotrophic respiration from net primary production.
2.3 Deriving permafrost extent and ALT
Two different methods are used to derive permafrost extent. First, we follow the procedures detailed in Chadburn et al.
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(2017) to derive the probability of permafrost in northern high-latitude by ensemble-mean surface air temperature for each
experiment of each model based on an observation-based mean annual air temperature (MAAT)-permafrost probability
relationship, which updated an earlier work by Gruber (2012). In this approach, the probability of permafrost is a cumulative
normal distribution function of MAAT at each grid cell: 𝐹!""# =

$
%

!""#&'

𝑒𝑟𝑓𝑐 (

(%) !

), with mean μ=-4.38°C and standard

derivation σ=2.59°C (Chadburn et al., 2017). All grid cells with the probability of finding permafrost ≥ 0.01 are considered as
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permafrost regions, those with the probability ≥ 0.5 are considered as continuous and discontinuous permafrost, while those
with the probability＜0.5 are considered as sporadic and isolated permafrost patches. This approach is also used by Burke et
al. (2020) in evaluating permafrost physics in the CMIP6 models and their sensitivity to climate change. Following Burke et
al. (2020), the permafrost area is defined as the area of grid cells with the permafrost probability ≥ 0.01, the permafrost extent
is defined as the area of grid cells weighted by the permafrost probability in each grid cell. The PF50% area, on the other hand,
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is the area of the grid cells where the probability of finding permafrost is ≥ 0.5 and it is not weighted by the proportion of
permafrost. To facilitate analysis, we choose the five models' ensemble mean PF50% region during the baseline period (1995-
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2014) as a common region to compare the surface climate, terrestrial carbon fluxes and carbon stocks among different scenarios.
This baseline PF50% region is determined by firstly calculating permafrost probability for each grid cell for each model during
the baseline period, then calculating the multi-model ensemble mean permafrost probability and deriving the area of all grid
160

cells with multi-model ensemble mean permafrost probability ≥ 0.5.
The second method identifies the existence of permafrost as those grid cells in which the annual maximum monthly ALT
is less than 3 m. This method and its variations have been widely used in permafrost studies (e.g. Dankers et al., 2011; Lawrence
et al., 2012; Peng et al., 2016; Andresen et al., 2020). To derive ALT for each simulation, the monthly soil temperature was
linearly interpolated along the soil depth within the upper 3 m, the maximum depth throughout the year where the soil
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temperature crosses 0 °C is defined as ALT (Lawrence et al., 2012). For the baseline period and the end period of this century,
we use the 20-year averaged monthly soil temperature to diagnose the averaged ALT and the permafrost extent. In the five
models, UKESM1-0-LL has a shallow soil column of 3 m depth with the node depth of its lowest soil layer of 2 m, IPSLCM6A-LR simulates much warmer soil temperature and therefore much smaller permafrost extent during the baseline period
possibly due to not accounting for the latent heat release/consumption associated with water freezing/thawing (Boucher et al.,
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2020; Table 1), therefore these two models were excluded in the analysis based on ALT. The peripheral permafrost area around
Greenland is small and its land types are represented inconsistently in climate models, therefore we exclude the Greenland
permafrost.

3 Results
3.1 Changes in surface climate
175

Solar geoengineering is designed to reduce shortwave radiation at the land surface. However, over the baseline PF50%
region at the end period of this century (2080-2099), all four scenarios show increases in surface absorbed solar radiation (RN)
in summer relative to the baseline period (1995-2014) due to reduced surface albedo under the warmer climate, while in winter
only minor changes occur due to the lack of solar insolation (not shown). The largest increase in RN under ssp585 with respect
to ssp245 at the end period of this century is mainly due to the largest snow extent retreat among the four scenarios in summer
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(Figure 1a). G6solar shows similar changes in RN seasonal cycle as that of ssp245, but G6sulfur shows a decrease in RN. The
spatial pattern of RN shows an almost uniform decrease under G6sulfur relative to ssp245 in summer at the end period of this
century (Figure 1c), which is not the case for G6solar (Figure 1b). RN is a primary component of the surface energy budget
and a fundamental force driving the exchanges of energy, water and carbon between land and the atmosphere (Sellers et al.,
1997). The different seasonality change in RN indicates the surface climate would be different for G6solar and G6suflur.

185

The annual mean surface air warming over the baseline PF50% region is about twice the mean global warming by the end
period of this century, but the annual mean surface air temperature is still well below 0 ℃ under G6solar, G6sulfur and ssp245

6
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scenarios, and rises above the freezing point under the ssp585 scenario (0.5±0.8 ℃), when the permafrost thaws nearly
completely. In all models the G6solar and G6sulfur reduce global mean annual surface air temperature to within 0.2 ℃ of
ssp245 levels (Visioni et al., 2021). However, G6solar and G6sulfur show a large residual warming pattern over the high190

latitude permafrost region with respect to ssp245 (Figure 1d), especially in the winter over northern Eurasia where G6solar
shows year-round residual warming (0.6±0.1 ℃ for winter, 0.5±0.1 ℃ for summer), while under G6sulfur there is stronger
seasonality in the year-round residual warming (2.1±0.4 ℃ for winter, 0.2±0.2 ℃ for summer). The relatively warmer summer
across the baseline PF50% region under G6solar relative to ssp245 is a robust feature among the five CMIP6 ESMs (Figure 1e).
G6sulfur shows a greater 2 m soil warming than G6solar with respect to ssp245 in the end period of this century, especially
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over the northern Eurasia permafrost region. The 2 m soil temperature in the baseline PF50% region over northern Eurasia has
0.2±0.1 and 0.8±0.4 ℃ residual warming in winter, 0.3±0.1 and 0.6±0.3 ℃ residual warming in summer, respectively under
G6solar and G6sulfur relative to ssp245. The residual winter warming in near-surface air temperature will affect the summer
permafrost thawing (Burn and Zhang, 2010), and which can be seen by the residual warming in 2 m soil being larger under
G6sulfur than G6solar in summer (Figure 1h-i), although it seems quite the opposite of the near-surface air temperature, in
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which the resisual warming in near-surface air temperature being larger under G6solar than G6sulfur in summer (Figure 1e-f).
Precipitation under solar geoengineering is lower than pure greenhouse gas scenarios of the same warming level due to
atmospheric heating imbalance (Niemeier et al., 2013; Kravitz et al., 2013b), enhanced atmospheric stability (Ferraro et al.,
2014) and weaker hydrological cycle (Bala et al., 2010; Schmidt et al., 2012; Tilmes et al., 2013; Simpson et al., 2019), and
this holds over the northern high-latitude permafrost region as well. G6solar shows similar precipitation changes as ssp245
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during the non-summer seasons, G6sulfur shows a relatively small increase in precipitation relative to ssp245 during the nonsummer seasons, but the precipitation clearly decreases in both G6solar and G6sulfur relative to ssp245 during summer (Figure
1j-l), when the incoming solar radiation has maximum reductions. The reduction in summer total precipitation is 14.6±3.7 mm
for G6solar and 18.7±5.0 mm for G6sulfur relative to ssp245 over the baseline PF50% region, and it is robust among the five
earth system models (Figure 1k-l). The larger precipitation reduction in G6sulfur than G6solar can be ascribed to larger RN
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reduction in G6sulfur (Figure 1a), as the absorption of longwave radiation by the sulfate aerosols requires a stronger reduction
of net downward shortwave surface fluxes than in the case of G6solar, and enhances atmospheric heating imbalance (Niemeier
et al., 2013).
3.2 Changes in permafrost extent and ALT
The estimated permafrost extent (permafrost area weighted by permafrost probability in each grid cell) derived from the
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five earth system models simulated surface air temperature (using 1960-1990 period) is in the range of 12.1-17.5 million km2
(multi-model ensemble mean: 13.9 million km2), which is comparable to the 12.0-18.2 million km2 (mean: 15.5 million km2)
from the reconstructed permafrost map for the same period (Chadburn et al., 2017) and the actual area underlain by permafrost
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(12.21 to 16.98 million km2, Zhang et al., 2000). The baseline permafrost area for the period of 1995-2014 is in the range of
11.0-15.5 million km2 (multi-model ensemble mean: 12.3 million km2), covering all permafrost zones in the IPA permafrost
220

map and extending further south (Figure 2a). Our results agree well with existing studies, such as the permafrost area of
15.1±2.6 million km2 for the period 2000-2014 (Aalto et al., 2018) and 13.9 million km2 for the period 2000-2016 (Obu et al.,
2019). The baseline permafrost of more than 50% probability, the baseline PF50% region (corresponding to MAAT < -4.38 °C)
all locates within the IPA permafrost map with a total area of 12.3 million km2.
The residual warming over high-latitude permafrost region under G6solar and G6sulfur relative to ssp245 generates some
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disparities in the permafrost distribution. For the high warming scenario ssp585, the majority of permafrost will thaw by the
end period of this century (Burke et al., 2020), with a remnant area of only 1.4 million km2 that is mostly as sporadic and
isolated patches (1.2 million km2, Figure 2c). For G6solar, G6sulfur and ssp245, however, about 41%, 39% and 45% of the
baseline permafrost is preserved respectively (5.0, 4.8 and 5.5 million km2 for G6solar, G6sulfur and ssp245 respectively), in
which the majority is maintained as continuous and discontinuous permafrost, with areas of 3.1, 2.9 and 3.5 million km2

230

respectively. The modest losses of continuous and discontinuous permafrost zones in G6solar and G6sulfur relative to ssp245
mainly appear at the southern edge, central Canada and Central Siberian Highlands (Figure 2b, d, e). The area of sporadic and
isolated patches under G6solar, G6sulfur and ssp245 shows little differences (1.9, 1.9 and 2.0 million km2 for G6solar, G6sulfur
and ssp245 respectively), as they could be transformed from continuous and discontinuous permafrost under a warmer climate.
The existence of surface permafrost is also diagnosed according to whether the annual maximum monthly ALT exceeds
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3 m for CESM2-WACCM, CNRM-ESM2-1 and MPI-ESM1-2-LR. Baseline permafrost area diagnosed by the ALT method
shows a large spread among the three models: CESM2-WACCM (9.6 million km2, black curve in Figure 3a, b) and CNRMESM2-1 (14.9 million km2, black curve in Figure 3c, d) show a permafrost area comparable with the IPA permafrost map,
MPI-ESM1-2-LR (6.8 million km2, black curve in Figure 3e, f) shows a considerably smaller permafrost region enclosed in
the IPA map. Despite the considerable spread in the baseline permafrost area, an unanimously intensive thawing of permafrost
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is projected for all three models under ssp585 scenario with 91.3-99.3% of the baseline permafrost disappearing due to rapid
warming of top 3 m soil by the end period of this century. By contrast, much large proportion of permafrost remains under
G6solar, G6sulfur and ssp245, 20.5-31.2%, 11.3-27.1% and 32.1-47.2% of baseline permafrost respectively, which is
consistent with the permafrost extent change diagnosed with the observational relationship between MAAT and permafrost
probability. CESM2-WACCM shows very similar permafrost extent and relatively smaller differences in ALT under G6solar,

245

G6sulfur and ssp245, especially over Eurasia under G6sulfur, which is due to it having least residual warming with respect to
ssp245 over this region among five models (Visioni et al., 2020). CNRM-ESM2-1 and MPI-ESM1-2-LR under G6solar and
G6sulfur all show more permafrost losses occurring in the warmer south edges compared to ssp245.
The ALT is generally deeper under G6solar and G6sulfur than ssp245 across much of northern Eurasia despite their spatial
patterns of permafrost region being similar (Figure 3). In CESM2-WACCM, ALT over Eurasia tends to be deeper under
8
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G6solar than that under ssp245, while over northern Canada its tends to be shallower under G6sulfur (Figure 3a, b). In CNRMESM2-1 the average ALT over Eurasia is 0.04 m and 0.18 m deeper under G6solar and G6sulfur respectively than under ssp245
(Figure 3c, d). In contrast for MPI-ESM1-2-LR, the permafrost extent under G6solar and G6sulfur is significantly smaller than
ssp245, and the average ALT over northern Eurasia is 0.27 m and 0.37 m deeper than ssp245 (Figure 3e, f). The thicker active
layer over northern Eurasia under G6sulfur than G6solar is consistent with warmer 2 m soil temperatures under G6sulfur,
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although it seems quite the opposite of the near-surface air temperature in summer (Figure 1e-f). Thus, the permafrost extents
diagnosed by two different methods confirms that G6solar and G6sulfur can preserve much more high-latitude permafrost than
ssp585, but the permafrost area under G6solar and G6sulfur is less than that under ssp245 due to the widespread warmer soil
temperature and thicker active layer over northern Eurasia under G6solar and G6sulfur.
3.3 Changes in terrestrial carbon fluxes and carbon stocks
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3.3.1 Terrestrial carbon fluxes
Changes in temperature and CO2 fertilization effect would alter the terrestrial carbon cycle. In the baseline PF50% region,
the modeled NPP follows a unified upward trend for the four scenarios during this century as climate warms (Figure 4a).
Compared with the baseline period over the PF50% region, the projected multi-model mean NPP increases by 2.0±0.4, 1.9±0.4,
1.5±0.2 and 2.5±0.4 Pg C yr-1 for G6solar, G6sulfur, ssp245 and ssp585 respectively at the end period of this century. Warmer
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climate over the permafrost region under ssp585 scenario alleviates the temperature limits on high-latitude ecosystem, and
results in larger increases in NPP. Surface cooling by implementing G6solar and G6sulfur geoengineering suppresses plant
growth at high latitudes relative to ssp585, and the increasing rates in NPP are slower under G6solar and G6sulfur than that
for ssp585, although the three scenarios share the same atmospheric CO2 concentration. NPP seasonal cycle differences among
the four scenarios mainly occur from the start of the growing season (April) to late autumn (October) (Figure 4b). Differences

270

in NPP under G6solar and G6sulfur relative to ssp245 peak in June, the relatively larger NPP in G6solar than that of G6sulfur
is consistent with warmer temperature and more absorbed surface shortwave radiation under G6solar during summer. G6solar
and G6sulfur growth start later in spring than with ssp585 and ends earlier in autumn, which is in line with an earlier study
concluding that the reductions in plant primary production at high latitudes under solar geoengineering scenarios were mainly
attributable to the shorter growth season (Duan et al., 2020). Therefore, the higher level of atmospheric CO2 and the warmer

275

climate under G6solar and G6sulfur than for ssp245 enhance plant photosynthesis and primary production, even though soil
tends to be slightly drier as precipitation is reduced during summer under G6solar and G6sulfur, indicating that temperature
and CO2 fertilization at high-latitudes play more important roles than soil moisture in plant carbon uptake.
Soil carbon heterotrophic respiration (Rh) in the baseline PF50% region rises in all scenarios because of warmer soil
temperatures (Figure 4c). Compared with the baseline period, multi-model ensemble mean Rh increases by 1.6±0.3, 1.6±0.3,

280

1.4±0.2 and 2.3±0.3 Pg C yr-1 at the end period of this century for G6solar, G6sulfur, ssp245 and ssp585 respectively. Warmer
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winter soil temperature over the high-latitude permafrost region under G6solar and G6sulfur relative to ssp245 does not
significantly accelerate soil carbon decomposition during winter because the soil is well frozen which effectively inhibits
microbial activities (Figure 4d). In other seasons, soil carbon decomposition increases under G6solar and G6sulfur relative to
ssp245, and Rh increases more in G6solar during summer. The increases in Rh during summer is not only due to warmer
285

summer temperature accelerating microbial activity, but also due to deeper ALT turning more previously frozen SOC to
unfrozen states under a warmer decomposition environment. Compared with G6solar and G6sulfur, there is a significant Rh
increase in winter under ssp585 at the end period of this century as most of the soil over the baseline PF50% region does not
refreeze due to heating from the deep layer. The increases in Rh during spring, summer and autumn are more profound under
ssp585 than G6solar and G6sulfur, showing the significant alleviating effects of G6solar and G6sulfur on permafrost carbon
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decomposition.
The net ecosystem production (NEP) changes over the baseline PF50% region are more complex than NPP and Rh. The
multi-model ensemble mean NEP suggests that the northern permafrost region is a carbon sink under G6solar, G6sulfur, ssp245
and ssp585 scenarios throughout this century (Figure 4e), but the ability of carbon uptake for ssp245 and ssp585 declines
around the middle of this century, while for G6solar and G6sulfur the decline of carbon uptake is delayed until the 2080s.
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Intensified carbon uptakes under G6solar, G6sulfur and ssp585 relative to ssp245 can be attributed to enhanced carbon uptake
in plants during the growing season. The relatively larger carbon uptake under G6solar and G6sulfur than under ssp585 at the
end period of this century is due to enhanced CO2 fertilization being less counteracted by increased soil heterotrophic
respiration under G6solar and G6sulfur in summer (Figure 4d), and the permafrost region behaves as a stronger carbon source
during cold season under ssp585, weakening its carbon uptake. The increases in NEP suggest that the permafrost ecosystem
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will still serve as a sink for atmospheric CO2 for this century, but the decreases in NEP in the middle to late century suggest a
lower carbon sequestration capacity, that may become a carbon source in the future even under moderate mitigation or
geoengineering implementations. Individual models disagree on the timing of the northern permafrost region switch from
carbon sink to carbon source, for example, CESM2-WACCM shows that the permafrost region under ssp585 becomes a carbon
source around the middle of 2070s. Overall, the differences in the seasonal cycle of NEP between G6solar, G6sulfur and ssp245
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follow the differences in NPP and Rh. Non-uniform seasonally residual warming in G6sulfur and G6solar impact terrestrial
carbon fluxes almost only in summer and nearly no effects in winter.
The spatial patterns of changes in NPP, Rh and NEP under G6solar and G6sulfur relative to ssp245 during summer by
the end period of this century (Figure 5) resemble the changes in near-surface air temperature (Figure 1e-f). Larger changes in
NPP, Rh and NEP in the permafrost region under G6solar and G6sulfur relative to ssp245 occur at more southerly latitudes,
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with smaller changes at higher latitudes. The uncentered pattern correlation between changes in NPP and surface air
temperature is 0.95 for G6solar, and 0.35 for G6sulfur. Correspondingly, the uncentered pattern correlation between changes
in Rh and surface air temperature is 0.92 for G6solar, and 0.39 for G6sulfur. The uncentered pattern correlation between
10
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changes in NEP and surface air temperature is 0.90 for G6solar, and 0.22 for G6sulfur. The pattern correlation between changes
in surface carbon fluxes and surface air temperature are consistently higher for G6solar than that for G6sulfur, this might be
315

due to relatively larger changes in surface air temperature (Figure 1e-f) and surface carbon fluxes (Figure 5) during summer
under G6solar than that under G6sulfur relative to ssp245, hence relatively larger signal-to-noise ratios manifested as higher
spatial pattern correlations. The above results indicate residual warming in summer plays an important role in differential
responses of high-latitude permafrost ecosystem under G6solar and G6sulfur relative to ssp245.
3.3.2 Terrestrial carbon stocks

320

The enhanced plant photosynthesis under high atmospheric CO2 concentration and warmer climate results in gains in
vegetation carbon over the permafrost region (Figure 6). As with NPP, the projections of vegetation carbon accumulation in
the baseline PF50% region until the end period of this century are 15.7±2.6, 15.2±2.4, 13.5±2.0 and 18.7±2.8 Pg C for G6solar,
G6sulfur, ssp245 and ssp585. Except for IPSL-CM6A-LR under G6sulfur, all models show that vegetation carbon gains under
G6solar and G6sulfur are greater than that under ssp245. IPSL-CM6A-LR shows a smaller NPP for G6sulfur than ssp245 from
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the 2070s and this slows down the gains in vegetation carbon under G6sulfur, with 0.6 Pg C less than that for ssp245 at the
end period of this century. The litter carbon pool is expected to increase as the vegetation carbon increases. Four of the five
earth system models (CESM2-WACCM, CNRM-ESM2-1, IPSL-CM6A-LR and MPI-ESM1-2-LR) have litter carbon pools
available, and show increases of 8.2±3.9, 7.4±3.6, 5.9±2.2 and 6.5±3.0 Pg C for G6solar, G6sulfur, ssp245 and ssp585
scenarios respectively. Gains in litter carbon pool have direct impacts on soil carbon inputs, along with enhanced soil
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decomposition rates under warmer soil temperatures.
The total SOC increases more under G6solar and G6sulfur than that under ssp245 and ssp585 scenarios over the
permafrost region (Figure 6). It is projected that multi-model ensemble mean total SOC over the baseline PF50% region
increases by 17.7±8.0, 16.4±7.5, 13.6±5.7 and 13.0±8.0 Pg C for G6solar, G6sulfer, ssp245 and ssp585, respectively. The
slower accumulation in SOC under ssp585 is mainly due to enhanced soil carbon decomposition under much warmer

335

temperatures compared with the other three scenarios. There is a large spread in the baseline permafrost SOC amount among
the five earth system models, which affects the SOC available to participate in microbial decomposition under warmer
conditions (Chen et al., 2020). In the five models, only CESM2-WACCM simulates a baseline permafrost SOC of 847.3 Pg C
that is comparable to the observational estimate of 1091.3 Pg C according to the NCSCDv2 dataset. However, CESM2WACCM projects net loss in SOC by 1.3, 0.8, 2.8 and 11.7 Pg C during this century for G6solar, G6sulfur, ssp245 and ssp585,

340

respectively, as a result of its large baseline SOC stock and rapid soil carbon decomposition under warming. The other four
models all project gains in permafrost SOC under the four scenarios.
The vegetation carbon increases faster under G6solar and G6sulfur than ssp245 but slower than ssp585 over the
permafrost region as G6solar and G6sulfur have stronger CO2 fertilization effects than ssp245 and are cooler than ssp585, as
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evidenced by the differences in the accumulated NPP (Figure 6). However, soil carbon increases faster under G6solar and
345

G6sulfur than both ssp245 and ssp585 over the permafrost region as G6solar and G6sulfur have more vegetation carbon
available to transfer to soil carbon than ssp245 and less soil carbon decomposition than ssp585 as evidenced by the differences
in the accumulated Rh (Figure 6). The vegetation carbon uptake and soil carbon decomposition moderate the changes of
terrestrial carbon pools under future scenarios.
All models consistently project increases in permafrost terrestrial carbon under the four scenarios (Figure 6), with multi-
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model average gains in terrestrial carbon of 32.2±10.0, 30.6±9.5, 26.1±6.8 and 30.8±9.6 Pg C at the end period of this century
for G6solar, G6sulfur, ssp245 and ssp585 respectively, in the baseline PF50% region. For CESM2-WACCM, although it projects
net loss in SOC during this century for all the four scenarios, gains in vegetation carbon over the baseline PF50% region
compensates for soil carbon loss due to enhanced soil carbon decomposition, and terrestrial carbon increases by 10.7, 10.4,
8.1 and 5.0 Pg C at the end period of this century for G6solar, G6sulfur, ssp245 and ssp585 respectively. The simulations under
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the four scenarios suggest net losses of permafrost ecosystem carbon would not happen before the end of this century, the
enhanced soil carbon decomposition cannot offset increased vegetation carbon uptake, and the northern high-latitude
permafrost region is expected to be a small carbon sink, this is consistent with previous estimations from CMIP5 models
(Burke et al., 2013) and land model only simulations (McGuire et al., 2018).
3.4 Changes in soil carbon inputs and turnover times

360

Soil carbon inputs are derived from changes in SOC and the organic carbon that is decomposed. The collective increases
in NPP lead to soil carbon inputs growth under all four scenarios (Figure 7a). In the baseline PF50% region, the increase in
annual soil carbon inputs during this century is most remarkable for ssp585 (2.2±0.3 PgC∙yr-1), then 1.8±0.4 PgC∙yr-1 for
G6solar and 1.7±0.4 PgC∙yr-1 for G6sulfur. ssp245 has the lowest CO2 fertilization effect and the smallest growth in NPP so
its increases in permafrost soil carbon inputs (1.4±0.2 PgC∙yr-1) is also the smallest among the four scenarios. Annual soil
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carbon inputs in the baseline PF50% region vary considerably among the models with the smallest amounts in IPSL-CM6A-LR
(3.2, 2.8, 3.1 and 3.4 PgC∙yr-1 under G6solar, G6sulfur, ssp245 and ssp585 respectively) and the largest amounts in CNRMESM2-1 (6.6, 6.6, 5.4 and 6.8 PgC∙yr-1 under G6solar, G6sulfur, ssp245 and ssp585 respectively) at the end period of this
century. However, the ratio of soil carbon inputs to NPP is similar for all scenarios: 93.1±1.0%, 93.7±0.9%, 94.1±0.9% and
91.8±1.2% of NPP for G6solar, G6sulfur, ssp245 and ssp585, respectively. The majority of annual NPP becomes soil carbon

370

inputs in permafrost area just as it does for global terrestrial NPP in CMIP5 models (Todd-Brown et al., 2014), and G6solar
and G6sulfur are relatively more efficient than ssp245 in turning assimilated vegetation carbon to soil carbon. The less efficient
conversion of NPP to soil carbon under ssp585 might be due to more frequent wild fires in the warmer climate with more dry
ground fuel in degraded permafrost (Krause et al., 2014; Turetsky et al., 2015; Veraverbeke et al., 2017) and four of the five
models (except for UKESM1-0-LL) analyzed in this study simulate wild fires.
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Changes in turnover times arise from both soil carbon input changes from litter-fall related to carbon-concentration
feedback, and heterotrophic respiration change associated with carbon-climate feedback. The SOC turnover times are
calculated as the ratio of total SOC stock and heterotrophic respiration for each model (Todd-Brown et al., 2014). In the
baseline PF50% region, the models show a wide spread in permafrost SOC turnover times during the baseline period, mainly
due to their large differences in the SOC stocks, and poor representation of permafrost SOC dynamics may also lead to

380

inaccurate turnover time (Shu et al., 2020). Of the five models, only CESM2-WACCM explicitly considers vertically
heterogeneities in SOC resulting from the cryoturbation process which would slow down SOC decomposition, and CESM2WACCM simulates a much longer turnover time (336 years) than the other four models (32-108 years) during the baseline
period. The decline over this century in permafrost SOC turnover time from CESM2-WACCM is 2.7-13.2 times of the other
four models due to stronger heterotrophic respiration in CESM2-WACCM. However, the magnitude of SOC turnover time and

385

its decline of CESM2-WACCM is in line with a land surface model including a detailed description of vertical heterogeneity
in permafrost soils (Shu et al., 2020). Despite the large inter-model spread in permafrost SOC turnover times, the relative
changes in turnover time are more consistent among models, with declines of 32.0±2.9 %, 31.4±2.8%, 28.9±2.5% and 42.5±3.0%
for G6solar, G6sulfur, ssp245 and ssp585 through this century (Figure 7b). The turnover times decrease by 13.7±1.4% for

ssp585 relative to ssp245, while only decrease by 3.2±1.1% and 2.5±1.8% for G6solar and G6sulfur relative to
390

ssp245. ssp585 shows the largest increases in soil carbon inputs and largest decreases in turnover time, while ssp245
shows the smallest increase in soil carbon inputs and smallest decrease in turnover time (Figure 7), illustrating that
changes in turnover times arise mostly from the heterotrophic respiration change associated with carbon-climate feedback over
the permafrost region. This is further confirmed by the fact that the turnover time changes under G6solar and G6sulfur are
more like ssp245 (Figure 7b), although G6solar and G6sulfur have soil carbon inputs between ssp245 and ssp585 (Figure 7a).

395

3.5 Drivers of SOC change
The fates of permafrost carbon are not quite the same for G6solar and G6sulfur as for ssp585 and ssp245. Increases in
soil carbon inputs and decomposition rates oppose each other in changing SOC (Todd-Brown et al., 2014). Soil carbon inputs
and decomposition rates show similar increases during this century for all except for the ssp585 scenario. Soil carbon inputs
increase by 70.0±9.5%, 65.3±8.5%, 57.2±8.8% and 89.2±8.5%, soil carbon decomposition rates increase by 69.1±10.6%,

400

65.6±8.9%, 58.9±10.0% and 97.1±10.8% for G6solar, G6sulfur, ssp245 and ssp585, respectively. Soil carbon decomposition
rates increase faster than that of soil carbon inputs under ssp585. However, because soil carbon inputs are larger than soil
carbon decomposition, multi-model ensemble mean permafrost SOC continues increasing throughout this century under the
four scenarios. During the period 2015-2099 over the baseline PF50% region, G6solar and G6sulfur gain 13.9±8.7 and 11.7±9.0
Pg C more soil carbon than ssp245, mostly due to the enhanced CO2 fertilization, which reinforces plant growth and litter-fall,

405

thus further increasing soil carbon inputs and soil carbon storage. At the same time, G6solar and G6sulfur decompose 8.9±5.1
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and 8.2±6.2 Pg C more SOC than ssp245, with net gains of 5.0±3.5 and 3.5±3.0 Pg C more SOC than ssp245. In
contrast, under the joint action of enhanced CO2 fertilization effects and more warming, ssp585 gains 30.6±6.5 Pg C more
soil carbon inputs and decomposes 32.4±6.1 Pg C more SOC relative to ssp245, with a net accumulation of 1.9±3.2 Pg

C less SOC than ssp245.
410

3.6 Changes in thawed permafrost soil carbon
As ALT deepens under warmer climates, more previously frozen SOC becomes vulnerable to decomposition within
thawed soil volume, especially during summer when both annual ALT and SOC decomposition rates reach their maximum.
The CESM2-WCCM simulation of historical permafrost extent based on annual maximum ALT, and permafrost SOC are both
close to the observational estimates. CESM2-WACCM also has a sensitivity of thawed permafrost volume to global MAAT

415

close to the median of CMIP6 models (Burke et al., 2020). Hence, CESM2-WACCM simulated ALT changes can be useful in
representing SOC thaw and exposure to accelerated decomposition during summer under the four scenarios. As layered soil
carbon mass is not available, we use the total SOC simulated by CESM2-WACCM and the vertical SOC density profile derived
from the NCSCDv2 dataset to distribute simulated SOC with soil depth and neglect changes in vertical SOC density profile
under warming. Burke et al. (2012, 2013) used a similar approach to diagnose permafrost carbon vulnerable to decomposition

420

per degree of global warming.
As shown in Section 3.2, CESM2-WACCM has a baseline permafrost extent of 9.6 million km2 where the top 3 m soil is
not completely thawed (Figure 3a, b), over this permafrost region during the baseline period, the annual maximum thawed
volume and SOC of upper 3 m of soil are 12.0×103 km3 and 317.5 Pg C, while the total SOC is 766.6 Pg C. Under G6solar,
G6sulfur, ssp245 and ssp585, the annual maximum thawed volume increases by 9.6×103, 9.3×103, 9.9×103 and 16.0×103 km3

425

respectively, the annual maximum thawed amount of SOC increases by 186.7, 174.5, 189.8 and 406.3 Pg C respectively.
Consequently, the proportion of exposed permafrost SOC increases from 41.4% during the baseline period to 65.8%, 64.2%,
66.2% and 94.4% under the combined effects of ALT deepening and soil carbon accumulation. In summer, nearly all permafrost
at the top 3m soil would be thawed by the end period of this century under ssp585, with almost all the permafrost SOC unfrozen
and exposed to accelerated decomposition conditions, potentially releasing more greenhouse gases to the atmosphere and

430

amplifying climate warming through the permafrost carbon feedback. Conversely, G6solar, G6sulfur and ssp245 preserve more
frozen soil and SOC (Figure 8a, b) and alleviate the permafrost carbon feedback, reducing the exposure of permafrost SOC to
decomposition. The frozen soil volume and SOC under G6solar and G6sulfur are close to that under ssp245 due to the weak
residual warming simulated by CESM2-WACCM, especially for G6sulfur over northern Eurasia (Visioni et al., 2020).
Changes in the exposed permafrost soil carbon depend not only on the varying ALT but also on varying permafrost SOC,

435

their relative importance in modulating annual maximum thawed SOC can be illustrated by fixing ALT at the baseline period
and evaluating how the exposed permafrost SOC changes. Figure 8c shows the amount of SOC in the baseline thawed volume

14

https://doi.org/10.5194/esd-2022-34
Preprint. Discussion started: 22 July 2022
c Author(s) 2022. CC BY 4.0 License.

decreases relatively slowly even for ssp585, which reflects the overall trend of SOC simulated by CESM2-WACCM under the
four scenarios through this century. Hence, the time-varying permafrost SOC exerts relatively minor impacts on the changes
in the thawed SOC. It is ALT deepening that dominates the changes in the amount of thawed SOC under different warming
440

scenarios. As the residual high-latitude warming under G6solar and G6sulfur relative to ssp245 is not large for CESM2WACCM, the spatial distributions of ALT among G6solar, G6sulfur and ssp245 are close, hence the annual maximum thawed
SOC is also similar. For models with larger residual high-latitude warming, such as CNRM-ESM2-1, the annual maximum
thawed SOC may be considerably larger under G6solar and G6sulfur than that under ssp245, although still much less than that
under ssp585. Therefore, G6solar and G6sulfur alleviate the permafrost carbon feedback mainly by reducing the ALT

445

deepening. If the residual warming over high-latitude permafrost regions is well controlled, solar geoengineering would be
more effective in alleviating permafrost carbon feedback.

4 Discussion and conclusions
The soil stores the majority of organic carbon in the terrestrial biosphere with the largest stocks in the northern highlatitude permafrost regions (Hengl et al., 2014), which is widely considered as a non-linear tipping point element in the Earth's
450

climate system (Lenton et al., 2008). How the northern high-latitude permafrost carbon responds in the future has drawn
significant attention (Schuur et al., 2015), but its response to solar geoengineering has been rarely studied. This study compares
changes in permafrost and terrestrial carbon responses under G6solar and G6sulfur solar geoengineering scenarios with that
under ssp245 and ssp585 scenarios.
G6solar and G6sulfur show significant residual warming over the northern high-latitudes relative to ssp245, even though

455

mean global temperatures were changed from ssp585 to ssp245 levels. The residual warming of near-surface air is more
profound over northern Eurasia in winter under G6sulfur, and this exerts significant influence on the degradation of permafrost
in summer. The winter surface warming at high latitudes under SAI geoengineering has previously been reported by Jiang et
al. (2019), Simpson et al. (2019), Banerjee et al. (2021) and Visioni et al. (2021), and it is attributed to seasonal differences in
radiative forcing and dynamical effects of injected stratospheric aerosol (Jones et al., 2021). The broad-scale patterns of

460

temperature perturbation over northern Eurasia during boreal winter under SAI resemble those associated with a positive phase
of the North Atlantic Oscillation (NAO) observed subsequent to large tropical volcanic eruptions (Shindell et al., 2004; Jones
et al., 2021), similar results were found in another SAI experiment manifested as altered seasonal cycles of temperature and
snow at northern high latitudes (Jiang et al., 2019). In addition, even without the dynamical effects of SAI, the difference in
the vertical structure of temperature change between increasing CO2, decreasing insolation, and decreasing atmospheric energy

465

transport also produce residual surface warming at northern high latitudes under solar geoengineering (Henry and Merlis,
2020).
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Precipitation under solar geoengineering is generally less than that of pure greenhouse gas scenarios with the same
warming level (Bala et al., 2010; Schmidt et al., 2012; Niemeier et al., 2013; Tilmes et al., 2013; Ferraro et al., 2014; Simpson
et al., 2019), and this also holds over the northern high-latitude permafrost region under G6solar and G6sulfur. G6solar and
470

G6sulfur show mild reductions in summer precipitation relative to ssp245 over the northern high-latitude permafrost region,
and similar precipitation as ssp245 in other seasons. The mild reduction in summer precipitation would be expected to only
slightly modify surface soil moisture and it is not likely to significantly affect the vegetation growth and environment for SOC
decomposition according to the sensitivity analysis for CMIP5 models (Todd-Brown et al., 2013, 2014). Therefore, the main
factors affecting the northern high-latitude permafrost ecosystem are the residual warming and enhanced CO2 fertilization
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effects (Govindasamy et al., 2002; Glienke et al., 2015) under G6solar and G6sulfur compared with ssp245.
Based on the observationally constructed relationship between MAAT and permafrost probability, the diagnosed multimodel mean permafrost area during the baseline period is 12.3 million km2. At the end period of this century, only 11% of the
baseline permafrost will be preserved under ssp585 and most of them are sporadic and isolated patches being confined to the
northernmost part of the Arctic. G6solar, G6sulfur and ssp245 would preserve 41%, 39% and 45% of the baseline permafrost
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area respectively to the end period of this century. The surviving continuous and discontinuous permafrost under the mitigation
and geoengineering scenarios are mostly in central and eastern parts of both northern Canada and northern Siberia. G6solar
and G6sulfur have thicker active layer and more unfrozen SOC than ssp245 due to the robust residual high-latitude warming
under solar geoengineering. The winter residual warming over northern Eurasia exerts profound effects on permafrost
degradation under G6sulfur.

485

G6solar and G6sulfur accumulate more soil carbon than ssp245 and ssp585 over the northern high-latitude permafrost
region due to enhanced CO2 fertilization effects relative to ssp245 and weakened heterotrophic respiration relative to ssp585.
The asynchronous changes in CO2 fertilization effects and heterotrophic respiration, and hence soil carbon inputs and soil
carbon decomposition directly result from decoupling of atmospheric CO2 concentration and temperature under solar
geoengineering. The northern high-latitude permafrost region remains as a carbon sink throughout this century under the four
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scenarios, and the geoengineering scenarios tend to delay the timing of the northern high-latitude permafrost region switching
from carbon sink to carbon source in the future. These results are in line with several previous studies, which suggest that with
warming and elevated atmospheric CO2 concentrations, northern high‐latitude ecosystems will sequester additional carbon
through the end of this century because increases in plant productivity offset accelerated decomposition rates (Koven et al.,
2015; McGuire et al., 2018).

495

G6solar and G6sulfur can slow permafrost degradation and protect a large part of permafrost carbon from microbial
decomposition compared to ssp585. These results are consistent with Lee et al. (2019), who found that solar geoengineering
can slow down permafrost degradation and increase NPP of high-latitude vegetation based on simulations conducted with a
single earth system model. However, G6solar and G6sulfur cannot restore the northern high-latitude permafrost system under
16
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ssp585 greenhouse gas concentrations to that under ssp245 due to regional climate variations resulting from the residual high500

latitude warming (Kravitz et al., 2013a; Henry and Merlis, 2020). The decoupling of temperature and atmospheric CO2
concentration under solar geoengineering means that G6solar and G6sulfur store more SOC than ssp245 and ssp585. If G6solar
and G6sulfur geoengineering were terminated in an uncontrolled way the soil temperature would rebound rather quickly to
ssp585 levels (Lee et al., 2019) triggering rapid permafrost carbon feedback.
The projection of future permafrost degradation not only depends on the model's sensitivity of permafrost volume to
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global MAAT (Burker et al., 2020), but also depends on the model's climate sensitivity, simulated Arctic amplification and
many other factors as well. CMIP6 models exhibit a higher transient climate response (Meehl et al., 2020) and effective
equilibrium climate sensitivity than previous generations of climate models (Zelinka et al., 2020). Two of the five models
(IPSL-CM6A-LR and UKESM1-0-LL) used in this study are of high climate sensitivity models (Hausfather et al., 2022),
which can be expected to show relatively larger permafrost degradation under future climate scenarios. The five models used
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in this study can reasonably reproduce the historical permafrost extent based on the observational relationship between MAAT
and permafrost probability, but the models could not reconstruct the historical permafrost extent well using simulated soil
temperature, which reflects their divergence in land-atmosphere coupling and defects in biogeophysical and hydrological
parameterizations over cold regions (Wang et al., 2016; Burke et al., 2020). The five models agree on the increasing trends in
NPP, Rh and terrestrial carbon stocks under the four scenarios mainly driven by enhanced CO2 fertilization effects and warmer
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climate. All models except CESM2-WACCM agree on the increasing trends of SOC under the four scenarios, but these four
models largely underestimate the permafrost carbon stocks, which is also a common problem of many CMIP5 and CMIP6
models (Todd-Brown et al., 2013; Ito et al., 2020; Varney et al., 2022). Our results show that future projections of permafrost
soil carbon stock are driven by changes in plant productivity and microbial activity under both geoengineered and pure
greenhouse gas climates, therefore the uncertainties in projected changes over high-latitude permafrost ecosystem can be
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attributed to the response of GPP to atmospheric CO2 fertilization, the modeling of heterotrophic respiration and the fate of
soil carbon in newly thawed permafrost (McGuire et al., 2016).
Despite implications for permafrost carbon feedback under climate warming, most CMIP6 earth system models still have
inadequate representation of permafrost carbon cycle (Melnikova et al., 2020; Varney et al., 2022), which hinders a
comprehensive assessment of permafrost response to solar geoengineering. In the five models analyzed, only CESM2-
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WACCM vertically resolves SOC and considers the impacts of cryoturbation mixing on vertical SOC transportation, which
are important processes to accumulate permafrost carbon stock and further affects the magnitude of cumulative carbon
decomposition (Koven et al., 2009; 2010). The current generation of earth system models do not well parameterize the
evolution of mineral-organic interactions with permafrost thaw (Opfergelt, 2020), subgrid processes such as the development
of thermokarst landscapes and lakes (Anthony et al., 2018), interactions between permafrost degradation and fire activities
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(Box et al., 2019), and the microbial decomposition of SOC and subsequent CO2 release in winter (Natali et al., 2019).
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Therefore, the complex nature of the northern high-latitude permafrost ecosystem emphasizes the importance of using more
detailed earth system models to study the regional impacts of solar geoengineering.
This study analyzes the response of high-latitude permafrost under solar geoengineering, without assessing its feedback
on regional or global climate systems. Cao and Jiang (2017) find the carbon cycle-climate feedback raises the amount of
535

required solar geoengineering to reach targeted warming levels without considering the permafrost carbon feedback. How
much the permafrost carbon feedback would change the efficiency of solar geoengineering depends on specific warming targets
and pathways to reach them (Gasser et al., 2018; Kleinen and Brovkin, 2018), these require specifically designed
geoengineering experiments to access and are beyond the current scope of GeoMIP. Earth system models are an indispensable
tool to examine the effects of different solar geoengineering methods, but only a few models have conducted the G6solar and
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G6sulfur experiments, and few studies have focused on the regional carbon cycle responses to solar geoengineering. We
encourage more modeling groups to focus on high-latitude and perform the GeoMIP-type experiments.
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Table 1. Summary of land scheme, the constitution of soil carbon and simulations for each CMIP6 earth system model.

Model Name

Land Scheme

CESM2-WACCM
(Lauritzen et al.,
2018)

CLM5
(Lawrence et
al., 2019)
JULES-ES-1.0
(Sellar et al.,
2019)
ISBA-CTRIP
(Decharme et
al. 2019 ;
Delire et al.,
2020)
ORCHIDEE
(v2.0, Water/
Carbon/Energy
Mode)
(Krinner et al.,
2005)
JSBACH 3.20
(Reick et al.,
2021)

UKESM1-0-LL
(Sellar et al., 2019)
CNRM-ESM2-1
(Séférian et al.,
2019)

IPSL-CM6A-LR
(Boucher et al.,
2020)
MPI-ESM1-2-LR
(Mauritsen et al.,
2019)

Soil
Layers

Soil
Depth
(m)

Latent Heat
from Water
Freeze/Thaw

Organic
Soil
Insulation

Carbon
Dynamics*

Soil Carbon
Constitution

Ensemble
Member
(historical/
ssp245/
ssp585/
G6solar/
G6sulfur)

25

48.6

Yes

Yes

Yes

cSoil+cLitter+
cCwd

2/2/2/2/2

4

3.0

Yes

Yes

No

cSoil

3/3/3/3/3

14

12.0

Yes

Yes

No

cSoil+cLitter

3/3/3/1/3

18

90.0

No

Yes

No

cSoil+cLitter

1/1/1/1/1

5

9.8

Yes

Yes

No

cSoil+cLitter

3/3/3/3/3

*Model vertically resolving soil organic carbon and considering cryoturbation effects on soil organic carbon.
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Figure 1. The multi-model ensemble mean changes of surface absorbed shortwave radiation (∆RN; a, b, c), near-surface air
temperature (∆Tas; d, e, f), 2 m soil temperature (∆Tsoil; g, h, i) and precipitation (∆P; j, k, l) under G6solar, G6sulfur and ssp585
relative to ssp245 during the period 2080-2099 over the baseline PF50% region. The left column (a, d, g, j) shows monthly climatology
changes. The middle column (b, e, h, k) shows changes between G6solar and ssp245, while the right column (c, f, i, l) shows changes
between G6sulfur and ssp245 in summer (June, July, and August). The vertical bar of each month in the left column denotes 1
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standard error above/below multi-model ensemble mean. The hatched areas in the middle and right columns indicate where less
than 80% of the models (four out of five) agree on the sign of the differences in that grid cell.
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Figure 2. Multi-model ensemble mean permafrost probability (shading) and extent (curves) derived according to the observation-

930

based MAAT-permafrost probability relationship (Chadburn et al., 2017) for the last 20 years of each experiment. The black curve
in (a) is the extent of the permafrost region defined by IPA permafrost map. The brown and purple curves are the multi-model
ensemble mean permafrost extents (permafrost probability ³ 0.01) for historical and ssp245 simulations, respectively. The red and
orange curves are the multi-model ensemble mean permafrost extent where the permafrost probability ³ 0.5 for historical and ssp245
simulations, respectively.
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Figure 3. Changes in annual maximum active layer thickness (ALT, color filled contour) in G6solar and G6sulfur relative to ssp245
simulated by CESM2-WACCM (a, b), CNRM-ESM2-1 (c, d) and MPI-ESM1-2-LR (e, f) averaged for the period 2080-2099. The
black and green lines denote the permafrost region during the period 1995-2014 in historical experiment and the period 2080-2099
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in ssp245 experiment, respectively. The shaded permafrost region shows where the annual maximal ALT is less than 3 m in both
G6solar and ssp245 (left column), G6sulfur and ssp245 (right column).
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Figure 4. The multi-model ensemble mean of terrestrial carbon fluxes changes over the baseline PF50% region. Left column shows
changes in NPP (a), Rh (c) and NEP (e) relative to the baseline period 1995-2014 under ssp245, ssp585, G6solar and G6sulfur. Right
column shows changes in monthly climatology of NPP (b), Rh (d) and NEP (f) under G6solar, G6sulfur and ssp585 relative to ssp245
during the period 2080-2099. The vertical bar denotes 1 standard error above/below multi-model ensemble mean. In panel (e), an
11-year running average is applied on NEP to filter its large inter-annual variation.
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Figure 5. The multi-model ensemble mean changes in NPP (a, b), Rh (c, d), and NEP (e, f) relative to ssp245 during summer averaged
for the period 2080-2099 over the baseline PF50% region. Left column shows difference between G6solar and ssp245, right column
shows difference between G6sulfur and ssp245. All carbon fluxes are accumulations over the summer (June, July, and August).
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Hatched areas indicate where less than 80% of the models (four out of five) agree on the sign of the differences in that grid cell.
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Figure 6. Multi-model ensemble mean differences in accumulated NPP and Rh relative to ssp245 for G6solar, G6sulfur and ssp585
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scenarios over the baseline PF50% region between the periods 1995-2014 and 2080-2099 (dashed bar). Multi-model ensemble mean
changes in terrestrial carbon pools over the baseline PF50% region for ssp245, ssp585, G6solar and G6sulfur scenarios between the
periods 1995-2014 and 2080-2099 (solid bar).
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Figure 7. The multi-model ensemble mean changes of soil carbon inputs (a) and percentage changes of soil turnover time (b) relative
to the baseline period 1995-2014 over the baseline PF50% region. The vertical bar denotes 1 standard error above/below multi-model
ensemble mean for the period 2080-2099.
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Figure 8. Changes in annual maximum thawed permafrost volume (a) and soil organic carbon (b, c) projected by CESM2-WACCM
for ssp245, ssp585, G6solar and G6sulfur. Panel (c) shows annual maximum thawed permafrost SOC with the ALT fixed at the
baseline period 1995-2014.
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