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Carbon dioxide removal (CDR) could change terrestrial carbon uptake due to biosphere responses. Here we
examine the seasonal and regional responses of net biome productivity (NBP) and its components to carbon
emissions reduction under the SSP5-3.4 overshoot scenario simulated by eight CMIP6 Earth system models.
Globally averaged NBP is lower under SSP5-3.4 than under SSP5-8.5, with 102+7 Pg C (51%) less accumulated
during 2041 to 2100. About 59% of accumulated change in NBP is from reduction in net ecosystem productivity

in the boreal growing season, associated with the reduction in atmospheric CO2 concentrations and the resulting
climate change. The rest of the accumulated reduction in NBP is due to greater disturbances from bioenergy crop
expansion and land use change. These results imply that improved land management, more aggressive carbon
emissions reduction and CDR will be needed to reach time flagged carbon neutrality targets after considering the
adjustment in the terrestrial carbon sink.

1. Introduction

The IPCC goals of maintaining global mean temperature well below
2 °Cand pursuing 1.5 °C led to the 2015 Paris set of emissions reductions
pledges to reduce Greenhouse Gas (GHG) emissions. However, the
pledges do not meet the IPCC targets, and typically it is assumed that
carbon dioxide removal (CDR) will be required to lower GHG concen-
trations to achieve the temperature targets (Fuss et al., 2014; Rogelj
et al., 2018). CDR refers to approaches that remove CO; from the at-
mosphere by enhancing biological or geochemical carbon sinks, or by
direct air capture and long term storage (Minx et al., 2018; Keller et al.,
2018). CDR could be used to compensate for GHG emissions that are
difficult or costly to eliminate, and to offset earlier CO2 emissions.
Because technology is far from capable of significant negative emissions
at present, achieving long-term climate goals with CDR will ramp up

* Corresponding author.

over many decades and so global temperatures are likely to overshoot
the IPCC targets in the mid-21st century.

The climate system includes terrestrial ecosystem carbon dynamics,
e.g., gross primary productivity, soil respiration and vegetation dy-
namics and these also act as major climate feedbacks. Idealised “pulse”
removal of atmospheric CO; in Earth System Model (ESM) simulations
show that the atmospheric CO; concentration rebounds due to COs
release from the terrestrial biosphere and the ocean due to lowered at-
mospheric CO3 (Cao and Caldeira, 2010). Under low emission future
scenarios, the significantly weakened carbon sinks in the ocean and land
hinder the effectiveness of CDR (Jones et al., 2016; Jones and Fried-
lingstein, 2020). This negative feedbacks on atmospheric CO levels
produces further climate feedbacks through radiative forcing.

Change in terrestrial carbon uptake is partially caused by variations
in terrestrial gross primary productivity (GPP) that is a cumulative rate
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over time of gross plant photosynthesis at the ecosystem level (Jung
et al., 2011). Terrestrial GPP is usually jointly influenced by ecosystem
plant phenology (Xia et al., 2015), photosynthetic capacity (Zhang et al.,
2022), extreme climate events (Ciais et al., 2005), and disturbances
(Amiro et al., 2010). The dependency of GPP variability on greenness
declines with climatic humidity due to opposite dynamics between
canopy structure and physiology (Green et al., 2019; Hu et al., 2022).
Wang et al. (2022) explored regional and seasonal contributions to the
correlations of annual land carbon uptake against terrestrial water
storage and temperature using data-driven models, process-based
vegetation models, and atmospheric inversions. Limitation of soil
moisture can reduce GPP by ecosystem water stress and
land-atmosphere interactions.

Ecosystem respiration is a major part of the terrestrial carbon cycle,
which includes heterotrophic respiration (Rh) from microbial decom-
position of soil organic matter and autotrophic respiration (Ra) from
plants. Vegetation class determines the contributions of the autotrophic
respiration and the heterotrophic respiration (Mukhortova et al., 2021).
Autotrophic respiration is more sensitive to grazing and nitrogen addi-
tion than heterotrophic respiration in a meadow steppe (Shi et al.,
2022). The respiration response to climate warming is mixed. Decreased
autotrophic respiration under climate warming has been associated with
warming-induced reduction of the winter annual productivity in a
prairie caused by invasive Bromus japonicas in Southern Great Plains,
USA (Li et al., 2013). The dynamics of heterotrophic respiration is
related to different climatic and environmental factors, e.g., soil mois-
ture, soil properties, temperature, soil carbon stocks, and microbial
decomposition (Hawkes et al., 2017; Lei et al., 2021). Warming-related
increases in soil respiration flux have been explained by increased
below-ground carbon flux (Giardina et al., 2014). There is a universal
decrease in the temperature sensitivity of respiration at soil temperature
greater than 25 °C (Carey et al., 2016). Deadwood decomposition rates
raise with temperature (Seibold et al., 2021), and the strongest tem-
perature effect is located at high precipitation levels.

Human land use activities have produced huge changes in the
biogeochemical and biophysical properties of the Earth’s surface,
resulting in changes in climate and other ecosystem services. In the
future, land use activities are likely to expand and strengthen further to
meet increasing demands for food, fiber and energy (Hurtt et al., 2020).
Warmer and drier conditions particularly bring about drought, fire and
insect disturbances, while warmer and wetter conditions raise distur-
bances from wind and pathogens (Seidl et al., 2017). Melnikova et al.
(2022) explored the effects of large-scale bioenergy deployment on the
climate carbon cycle feedbacks, and found increases in carbon emissions
from land use change and the associated reduction in potential terres-
trial carbon uptake. Although boreal forests show a generally increasing
trend in resilience from CO; fertilization and warming, there is a sig-
nificant decrease in resilience in arid, tropical and temperate forests
associated with climate variability and increased water limitations
(Forzieri et al., 2022; Senf et al., 2020). Forzieri et al. (2021) found
about 33.4 billion tonnes of forest biomass could be seriously influenced
by windthrows, fires and insect outbreaks in the period 1979-2018.

CMIP6 climate projections are simulated using the latest versions of
ESMs, driven by shared socioeconomic pathway (SSP) and related to the
representative concentration pathways (RCPs; Riahi et al., 2017;
O’Neill et al., 2016). The SSP5-3.4 “overshoot” scenario specifies a
decrease in atmospheric COy concentrations after several decades of
unmitigated (SSP5-8.5) emissions growth, by carbon removal which
lowers radiative forcing and temperatures. Koven et al. (2022) explored
the changes in the carbon cycles and climate in the overshoot scenario
beyond 2100, to the year 2300. Models show a land carbon sink until the
end of century but decreasing rate of carbon uptake precedes the CO,
concentration peak due to ecosystem respiration increasing faster than
increases in gross primary production, which is also related to increase
in land use change emission increases caused by biofuel croplands
expansion (Melnikova et al., 2022, 2021). However, there is no analysis
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of seasonal and regional terrestrial net biome productivity in the
SSP5-3.4 overshoot scenario.

In this study, we use all eight CMIP6 ESMs which simulate the
SSP5-3.4 scenario that provide the terrestrial carbon flux outputs
needed to investigate the annual, seasonal, and regional features of the
terrestrial biome productivity and its components in a carbon emissions
reduction climate. The rest of the paper is structured as follows. In
Section 2, we describe ESMs, simulation experiments, and terrestrial
carbon budget. Section 3.1 includes analyses of global and regional
climate changes due to carbon emissions reduction. Section 3.2 contains
changes in global terrestrial productivity. Section 3.3 describes analyses
of terrestrial respiration and human and natural disturbances. Section
3.4 shows terrestrial carbon uptake and atmospheric CO; trajectory
adjustments. In Section 4, we conclude and discuss the seasonal and
regional responses of terrestrial carbon uptake in the carbon emissions
reduction overshoot scenario.

2. Methods
2.1. Models and simulation experiments

The eight CMIP6 ESMs which simulate the SSP5-3.4 and provide the
terrestrial carbon flux outputs (Table A.1) are described in detail in
Arora et al. (2020). The eight models differ in respect of the structure
and the representation of carbon cycle processes. In these models, five
models explicitly represent the nitrogen cycle coupling to their carbon
cycle: ACCESS-ESM1-5, CESM2-WACCM, CMCC-ESM2, MIROC-ES2L
and UKESM1-0-LL. UKESM1-0-LL has a land model that simulate
vegetation cover dynamically with competition between plant func-
tional types (Sellar et al., 2019). We use one ensemble member of each
model for the analysis to weight the ESMs equally.

The SSP5-8.5 scenario shows radiative forcing close to specified in
the RCP8.5 scenario of 8.5 W m ~ 2 in 2100, which represents the no-
mitigation end of the range of future pathways (O’Neill et al., 2016).
SSP5 is characterized by material-intensive consumption, and rapid and
resource-intensive development patterns (Kriegler et al, 2017).
SSP5-3.4 scenario fills a gap in existing Earth system simulations by
exploring the impacts of a substantial 21st century overshoot in radia-
tive forcing. This SSP5-3.4 scenario follows the SSP5-8.5 unmitigated
scenario, through to 2040, at which point aggressive mitigation is un-
dertaken to rapidly decrease carbon emissions to zero by around 2070
and to net negative levels thereafter. The two SSP5 scenarios permit an
evaluation of possible changes in the climate system, impacts on eco-
systems, and the effectiveness of mitigation by carbon emissions
reduction.

2.2. Terrestrial carbon budget

In the terrestrial ecosystem, the carbon budget can be expressed,
based on the Intergovernmental Panel on Climate Change (Watson et al.,
2000) as:

GPP = NPP + R, = NEP + R, + R, = NBP + disturbance + R, + R, (1)

where GPP represents the gross primary productivity, NPP is the net
primary productivity, R, is the autotrophic respiration, NEP is the net
ecosystem productivity, R, is the heterotrophic respiration, NBP repre-
sents the net biome productivity, and disturbance includes anthropo-
genic emissions from land cover and land use changes, fires and crop
harvest. In this study, NBP, NEP, GPP, NPP, R,, and R;, are direct outputs
from simulations, while disturbance is estimated by subtracting NBP
from NEP. We use NBP to inspect the carbon storage flux in terrestrial
ecosystems. A positive NBP value represents atmospheric CO; is
sequestered in the terrestrial ecosystem, while a negative NBP value
indicates carbon releases from the terrestrial ecosystem to the
atmosphere.
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A fixed ratio of 1:2.13 is used to covert the carbon amount (unit: Pg
C) released from or stored in the terrestrial ecosystem to the equivalent
amount of airborne CO, mole fractions (unit: ppm; Clark, 1982; O’Hara,
1990).

2.3. Statistical analyses

In subsequent analyses, we utilize the multi-model mean of the
SSP5-8.5 simulations during 2015-2025 as the baseline for comparisons
with the SSP5-8.5 runs and the SSP5-3.4 runs during 2081-2100. These
changes represent the responses to a carbon removal and global
warming compared with current climate state, respectively. Change in
SSP5-3.4 is compared with SSP5-8.5 at the end of this century, which
exhibits the response under carbon emissions reduction relative to
business as usual. Differences are quoted with a range denoting the
standard error in the difference.

The model outputs are quite Normally distributed, and we utilize
Student’s t-test at each grid point on the maps in the figures A.16 and
A.17. Stippling shows regions where changes are statistically significant
at the 5% level. The Null hypotheses are “perturbated run = baseline”
over the 20 years period. The returned probability for each grid is two-
tailed. Stippling in other maps denotes regions where fewer than five of
eight models agree on the sign of the model response, when variable
outputs all are available in the eight ESMs.

Changes in terrestrial carbon fluxes under the SSP5-8.5 and
SSP5-3.4 simulations are computed over different regions of the globe,
where the signal for terrestrial carbon flux is robust. We calculate the
regional responses using the AR6 WGI reference set of land regions
(Iturbide et al., 2020).
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3. Results

3.1. Global and regional climate changes due to carbon emissions
reduction

Surface air temperatures averaged over land are projected to be 5.6
=+ 0.1 °C higher in SSP5-8.5 at the end of century than that during the
2015-2025 (baseline, Fig. 1) due to increase in GHG levels (IPCC, 2021).
Relative to the baseline, there is a 1.9 + 0.1 °C warming in SSP5-3.4
during 2081 to 2100 (Table 1). The high latitudes warm faster under
both SSP5 scenarios than the tropics (Figure A.1) because of tempera-
ture feedbacks (Pithan and Mauritsen, 2014). The monthly mean surface
air temperature over land increase by about 2 °C and 6 °C under
SSP5-3.4 and SSP5-8.5 respectively compared with the baseline during
2081-2100, without significant monthly fluctuations (Figure A.2). The
global mean surface air temperature over land is 3.7 &+ 0.1 °C lower in
SSP5-3.4 than SSP5-8.5 during 2081-2100 owing to changes in radia-
tive forcings associated with change in CO2 concentrations (Table 1).
Largest temperature differences are at high latitudes in winter
(Figure A.3).

Compared with the baseline, precipitation averaged over land in-
creases by about 64-£6 mm yr™! in SSP5-8.5 during 2081-2100 (Fig. 1),
caused by elevated water vapor content in the lower troposphere and
change in atmospheric circulation (Bony et al., 2013; Cheng et al.,
2022a; Konapala et al., 2020). The monthly mean precipitation over
land increases by 20 mm yr™! in June and 90 mm yr'! in December under
SSP5-8.5 (Figure A.2). Relative to the baseline, there is 37+6 mm yr'1
increase in precipitation under SSP5-3.4 during 2081-2100 (Table 1).
The precipitation over land in December is about 40 mm yr! greater
under SSP5-3.4 than the baseline (Figure A.2). Increase in precipitation
appears in the mid-high latitudes over land, the equatorial region and
the Southern Ocean in SSP5-3.4. Relative to the baseline, annual mean
precipitation increases by over 8% in the northwestern North America,
Tibetan Plateau and East Asia under SSP5-3.4, and the precipitation
during June-July-August (JJA) is over 200 mm yr! higher in both

Fig. 1. Annual mean time evolution of changes
in surface air temperature over land (°C, a),
precipitation over land (mm yr'l, b), gross pri-
mary productivity (GPP, Pg C yr, c), Total
(autotrophic and heterotrophic) respiration
(TR, Pg C yr'l, d), disturbance (NEP-NBP, Pg C
yr'l, e) and net biome productivity (NBP, Pg C
yr'l, f) of each ESM (colored lines) and multi-

model mean (red lines) for the 21st century in
SSP5-8.5 (dashed lines) and SSP5-3.4 (solid
lines) scenarios. Changes are relative to the

average of SSP5-8.5 during 2015-2025.
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Table 1

Annual mean changes in climate and terrestrial carbon fluxes. Numbers represent changes in SSP5-8.5 and SSP5-3.4 in 2081-2100 relative to the average of SSP5-8.5
during 2015-2025 (baseline), and changes in SSP5-3.4 compared with SSP5-8.5 in 2081-2100. +range indicates the cross-model standard error of the eight ESMs in
estimating the change. Percentage values represent changes divided by the baseline value. Radiative fluxes in the downward direction are positive. Positive values for
gross primary productivity (GPP), net primary productivity (NPP), net ecosystem productivity (NEP) and net biome productivity (NBP) represent carbon sequestration
in ecosystems, while negative values indicate carbon releases to the atmosphere; the opposite applies to total respiration (TR), autotrophic respiration (AR), het-
erotrophic respiration (HR) and disturbance.

Variable SSP5-8.5 relative to baseline SSP5-3.4 relative to baseline SSP5-3.4 relative to SSP5-8.5
Change Percentage Change Percentage Change Percentage
Surface air temperature over land (°C) 5.6 £0.1 55.6 + 0.7% 1.9+ 0.1 18.9 £ 0.7% -3.7+£0.1 -23.6 + 0.4%
Precipitation over land (mm yr') 64+6 7.4 £ 0.7% 37+t6 4.2 £ 0.7% -2748 -2.9 £ 0.8%
Surface net longwave over land (W m ~ ) 2.8+0.2 4.1 + 0.2% -0.2 +£ 0.2 -0.3 + 0.2% -3.1+0.2 -4.6 £+ 0.3%
Surface net shortwave over land (W m ~ %) 29+0.2 2.0 £0.1% 3.4+0.1 2.3+ 0.1% 0.5+ 0.2 0.3 £ 0.1%
Gross primary productivity 42.9 + 0.8 34.6 + 0.6% 159 £ 0.7 12.8 £ 0.6% -27+1 -16.2 + 0.5%
(PgC yr'l)
Net primary productivity 17.4 £ 0.4 30.7 + 0.8% 7.3+0.4 12.8 + 0.8% -10.1 £ 0.5 -13.7 £ 0.7%
(Pg Cyrh)
Net ecosystem productivity 21+05 40+9% 0.2+04 3+ 8% 1.9+ 0.5 -26+7%
(Pg Cyr'l)
Net biome productivity 1.4+ 0.5 86+28% -1.0 £ 0.4 -63+26% -2.5+ 0.6 -80+18%
(Pg Cyrh)
Total respiration 40.5 + 0.5 35.0 &+ 0.4% 15.7 £ 0.5 13.6 + 0.4% -24.8 + 0.6 -15.9 + 0.4%
(PgC yr'l)
Autotrophic respiration 2524+ 0.4 39.1 £ 0.6% 8.6 £0.4 13.3 £ 0.6% -16.6 = 0.4 -18.5 + 0.5%
(Pg C yr'l)
Heterotrophic respiration 15.3 £ 0.2 29.9 + 0.5% 7.1+0.2 14.0 + 0.4% -8.1 +£0.3 -12.3 £ 0.4%
(Pg Cyrh)
Disturbance 0.7 £ 0.1 194+2% 1.2+0.1 33+2% 0.5+ 0.1 124+2%
(Pg CyrY)
Canopy transpiration -15+1 -6.6 + 0.5% 5+1 2.0 £ 0.5% 20+1 9.2 + 0.5%
(mm yr')
Soil liquid water 61+1 5.3+ 0.1% 26+1 2.2+ 0.1% -36+2 -2.9 £ 0.1%
(kgm™?)
SSP5-3.4 minus SSP5-8.5 SSP5-3.4 minus baseline
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Fig. 2. Maps showing simulated (a and b) annual average, (c and d) JJA mean, and (e and f) DJF mean changes in gross primary productivity (g C m 2 yr'!) under the
SSP5-3.4 multi-model mean compared with SSP5-8.5 during 2081-2100 (Left) and under the SSP5-3.4 multi-model mean compared with the baseline (SSP5-8.5
during 2015-2025, Right). Stippling denotes regions where fewer than five of eight models agree on the sign of the model response.
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Tibetan Plateau and East Asia. Carbon emissions reduction under
SSP5-3.4 compensates for zonal mean change in precipitation under
climate warming in SSP5-8.5, especially in the mid-high latitudes
(Figures A.1 and A.4). The global mean precipitation over land is 27+8
mm yr'1 lower in SSP5-3.4 than SSP5-8.5 during 2081-2100 (Table 1),
which is consistent with cooling effect due to change in COy concen-
trations. In December-January-February (DJF), precipitation over land
decreases by 47+11 mm yr'! under SSP5-3.4, however the change is not
statistically significant in JJA (Tables A.2 and A.3). Relative to
SSP5-8.5, there are 23%, 19% and 17% increases in annual precipitation
under SSP5-3.4 in southern Central America, Northern South America
and Mediterranean, respectively, with stronger increase in precipitation
during JJA (Figure A.4).

3.2. Global terrestrial productivity

Global mean gross primary productivity (GPP) for both SSP5-8.5 and
SSP5-3.4 substantially are 42.9 - 0.8 Pg C yr'! and 15.9 + 0.7 Pg C yr'!
separately greater than the baseline, consistent with rising atmospheric
CO4 levels (Figs. 1 and A.5, Table 1). Relative to the baseline, the
monthly mean GPP under SSP5-8.5 increases by about 65 Pg C yr! in
June and 30 Pg C yr'! in December (Figure A.2). There is about 25 Pg G
yr'l increase in GPP over land in June and 10 Pg C yr’1 in December
under SSP5-3.4. GPP increases by 40-600 g Cm "~ 2 yr'! in the vegetation
covered area during the growing season under SSP5-3.4, which is
related to warming effect from higher CO, concentrations than the
baseline and increases in surface net shortwave flux (Figures A.3, A.5
and A.6). The global mean GPP is 2741 Pg C yr'! lower in SSP5-3.4 than
SSP5-8.5, associated with reduction in atmospheric COy levels and
cooling effect (Table 1). In JJA, GPP decreases by 3441 Pg C yr'! under
SSP5-3.4, and there is an 18+1 Pg C yr'! reduction in DJF (Tables A.2
and A.3). Carbon emissions reduction under SSP5-3.4 weakens GPP,
especially at the tropics and mid-latitudes (Tables 1 and 2, Figure A.1).
There are decreases in GPP under SSP5-3.4 compared with SSP5-8.5 on
the most of vegetated land area (Fig. 2), except Central North America in
JJA related to increase in precipitation.

Net primary productivity (NPP) is computed by the exclusion of
autotrophic respiration (see Section 3.3) from GPP. Relative to the
baseline, NPP for both SSP5-8.5 and SSP5-3.4 substantially increase by
17.4 + 0.4 Pg C yr'! and 7.3 + 0.4 Pg C yr'! respectively, because of a
larger increase in gross primary productivity than the increase in auto-
trophic respiration (Table 1, Figure A.7). The monthly mean NPP under
SSP5-8.5 increases by about 32 Pg C yr'! in May and less than 10 Pg C yr’
1 in December (Figure A.2). Compared with baseline, there is about 12
Pg C yr'! increase in NPP over land in June and 5 Pg C yr'! in December
under SSP5-3.4. Compared with SSP5-8.5, the global mean NPP de-
creases by 10.1 £ 0.5Pg C yr'1 in SSP5-3.4 during 2081-2100 (Table 1),
which is dominated by the decrease in gross primary productivity from
change in CO; concentrations. In JJA, NPP decreases by 12.1 + 0.7 Pg C
yr'! under SSP5-3.4, and the reduction in DJF is 6.5 + 0.7 Pg C yr!
(Tables A.2 and A.3). There are decreases in NPP under SSP5-3.4
compared with SSP5-8.5 in almost land area, except Central North
America in JJA and at high latitudes in DJF which is mainly influenced
by regional increase in GPP associated with bioenergy deployment
(Melnikova et al., 2022) and reduction in autotrophic respiration,
respectively (Figures A.8, A.9 and A.10).

Net ecosystem productivity (NEP) is calculated by the exclusion of
heterotrophic respiration (see Section 3.3) from NPP. Relative to base-
line, NEP for SSP5-8.5 increase by 2.1 + 0.5 Pg C yr'!, associated with a
smaller increase in heterotrophic respiration than the increase in net
primary productivity in climate warming (Table 1, Figure A.7). The
monthly mean NEP is about 15 Pg C yr'! greater in May and 5 Pg C yr
lower in November under SSP5-8.5 than the baseline (Figure A.11).
Relative to the baseline, change in NEP under SSP5-3.4 during
2081-2100 is not statistically significant, because the 7.3 + 0.4 Pg Cyr'!
increase in NPP is almost counteracted by increase in heterotrophic
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respiration (Table 1). However, there is about 4 Pg C yr'! increase in NEP
in June and 0.5 Pg C yr! reduction in December under SSP5-3.4
(Figure A.11). Compared with SSP5-8.5, the global mean NEP decreases
by 1.9 + 0.5 Pg C yr'! in SSP5-3.4 during 2081-2100 (Table 1), asso-
ciated with a larger decrease in NPP than the decrease in autotrophic
respiration in carbon emissions reduction. In JJA, NEP decreases by 2.7
+ 0.7 Pg Cyr'! under SSP5-3.4, and the change in DJF is not statistically
significant (Tables A.2 and A.3, Figure A.9). There are increases in NEP
under SSP5-3.4 compared with SSP5-8.5 at mid-high latitudes of
northern hemisphere in DJF (Figures A.9 and A.12) consistent with
decrease in respiration under the SSP5-3.4 overshoot scenario.

3.3. Terrestrial respiration and human and natural disturbances

Global mean total respiration (TR, including autotrophic respiration
and heterotrophic respiration) for both SSP5-8.5 and SSP5-3.4 sub-
stantially increase by 40.5 + 0.5 Pg C yr'! and 15.7 + 0.5 Pg C yr’!
respectively relative to the baseline, owing to increases in plants pri-
mary productivity and soil organic matter (Fig. 1, Table 1). Proportion of
heterotrophic respiration (HR) in TR is 38% under SSP5-8.5, and the
proportion increases to 45% in SSP5-3.4 compared with the baseline,
associated with vegetation dynamics (Figure A.13; Mukhortova et al.,
2021). The monthly mean TR is about 55 Pg C yr'! in June and 30 Pg C
yr'! in December greater under SSP5-8.5 than the baseline (Figure A.2).
These changes are partially suppressed under SSP5-3.4, with about 20
Pg Cyr'!increase in TR in June and 10 Pg C yr'! in December. Compared
with SSP5-8.5, the global mean TR decreases by 24.8 + 0.6 Pg C yr'! in
SSP5-3.4 during 2081-2100 (Table 1), and two-thirds of the change
comes from the reduction in autotrophic respiration, which allows a
larger decrease in TR during boreal growing season (May-August) than
the other seasons (Figure A.2). In JJA, TR decreases by 31+1 Pg C yr'!
under SSP5-3.4, and the reduction in DJF is 18.4 + 0.7 Pg C yr'!
(Tables A.2 and A.3). There are decreases in TR under SSP5-3.4
compared with SSP5-8.5 on most of land area, especially on the abun-
dant vegetation regions e.g., eastern North America, the Amazon, Cen-
tral Africa and East Asia, which is dominated by reduction in autotrophic
respiration (Figs. 3, A.14 and A.15; Table 2).

Disturbance is calculated by the exclusion of NBP (see Section 3.4)
from NEP, which illustrate the caron flux to air from human and natural
disturbances. Relative to the baseline, global mean disturbance for both
SSP5-8.5 and SSP5-3.4 increase by 0.7 + 0.1 Pg Cyr'* and 1.2 + 0.1 Pg
C yr'1 respectively (Figs. 1, A.13 and A.16; Table 1). Relative to the
baseline, the monthly mean disturbance under SSP5-8.5 increases by
about 1.2 Pg Cyr'! in August and 0.5 Pg C yr'! in December (Figure A.2).
There is about 1.6 Pg C yr'! increase in disturbance in June and 1 Pg C yr~
! in December under SSP5-3.4. Compared with SSP5-8.5, the global
mean disturbance increases by 0.5 + 0.1 Pg C yr'! in SSP5-3.4 during
2081-2100 (Table 1), which is associated bioenergy crop expansion in
eastern North America, western Europe and Centra Africa, and fires in
Southeast Asia (Figure A.17). Change in disturbance during JJA is not
statistically significant, but in DJF disturbance is 0.6 + 0.1 Pg C yr’!
greater under SSP5-3.4 than SSP5-8.5 (Fig. 4, Tables A.2 and A.3). In-
creases in C4 cropland area fraction under SSP5-3.4 appear in the
eastern United States, Southeastern South America, Europe, western
Central Asia, East Asia, and South Asia, which is associated with bio-
energy crop expansion (Table 2, Figures A.16 and A.18).

3.4. NBP and atmospheric CO2 trajectory adjustments

The variations of NEP and disturbance affect the perturbations of
NBP, which indicates the long-term and large-scale carbon exchanges
between atmosphere and land by terrestrial ecosystems (see Eq. (1)).
Relative to the baseline, NBP for SSP5-8.5 increases by 1.4 + 0.5 Pg C
yr'l, because of rising atmospheric GO, fertilization effect (Chen et al.,
2022; Table 1; Figure A.5). The global average NBP decreases by 1.0 +
0.4 Pg C yr! in SSP5-3.4 during 2081-2100 (Table 1), which is
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Fig. 3. Maps showing simulated (a and b) annual average, (c and d) JJA mean, and (e and f) DJF mean changes in total respiration (g Cm " 2 yr'}) under the SSP5-3.4
multi-model mean compared with SSP5-8.5 during 2081-2100 (Left) and under the SSP5-3.4 multi-model mean compared with the baseline (SSP5-8.5 during
2015-2025, Right). Stippling denotes regions where fewer than five of eight models agree on the sign of the model response.

associated with 1.2 + 0.1 Pg C yr' increase in disturbance (Fig. 4,
Table 1). Relative to the baseline, the monthly mean NBP under
SSP5-8.5 increases by about 12 Pg C yr'! in May and decreases by 5 Pg C
yr'! in November (Figure A.2). There is about 2 Pg C yr! increase in NBP
in May and 3 Pg C yr'! reduction in November under SSP5-3.4, which
indicates that carbon emissions reduction suppresses seasonal variations
in the NBP under climate warming (Figure A.2).

Relative to baseline, annual mean NBP decreases by about 8-37 g C
m "~ 2 yr! under SSP5-3.4 in the eastern United States, northeastern
South America, northern Europe, western central Africa and East Asia,
which is consistent with a larger increase in total respiration and
disturbance than the increase in GPP (Figs. 2, 3, 5 and A.18; Table 2). In
DJF, there are decreases in NBP under SSP5-3.4 in northern North
America, western South America, northern Europe, Siberia, and south-
ern Australia, which is dominated by enhancement of total respiration
under carbon emissions reduction (Figs. 3 and 5). But NBP during JJA
increases by more 39 and 60 g C m ~ 2 yr'! in the northwestern North
America and Russian Arctic region, respectively, consistent with about
2° warming and increase in gross primary productivity (Figs. 2 and A.3;
Table 2).

Compared with SSP5-8.5, carbon emissions reduction in SSP5-3.4
weakens NBP in JJA with 2.7 + 0.8 Pg C yr'! reduction, and the change
in DJF is not statistically significant (Tables 1, A.2 and A.3; Fig. 5).
Annual mean NBP decreases by over 11-49 ¢ Cm ~ 2 yr'! in northern
North America, the eastern United States, the western United States,
southern South America, northern Europe, Siberia, and East Asia under
SSP5-3.4 (Fig. 5, Table 2). NBP during JJA is over 60 g C m ~ 2 yr'!
greater under SSP5-3.4 than SSP5-8.5 in the eastern and central United
States, western Central Europe and East Asia (Fig. 5). There are increases

in NBP under SSP5-3.4 in northern North America, northern Europe,
and Siberia in DJF, which is dominated by reduction in total respiration
under the SSP5-3.4 overshoot scenario (Figs. 5 and A.9).

The perturbations of NBP represents atmospheric COs is stored in the
terrestrial ecosystem or carbon releases from the terrestrial ecosystem to
the atmosphere. CO5 concentrations in SSP5-3.4 provided by integrated
assessment model do not includes the terrestrial carbon feedback under
carbon emissions reduction. Here, a fixed ratio of 1:2.13 is used to covert
the carbon amount (unit: Pg C) released from or stored in the terrestrial
ecosystem to the equivalent amount of airborne CO, mole fractions
(unit: ppm; Clark, 1982; O’Hara, 1990). Given the assumption that the
terrestrial carbon fluxes in SSP5-8.5 are in line with the specified at-
mospheric CO trajectory, we estimate carbon absorption changes on
land due to changes in radiative forcings associated with carbon emis-
sions reduction through comparing between SSP5-3.4 and SSP5-8.5.
The terrestrial carbon sequestration strength is estimated by the accu-
mulated NBP over 2040-2100.

Fig. 6 shows the accumulated global carbon amount changes for
carbon fluxes NBP, GPP, TR, NEP in Eq. (1). Relative to SSP5-8.5,
decrease in accumulated NBP reaches to about 115 Pg C under SSP5.34
at the end of century. About 30% of the reduction in accumulated NBP is
from the disturbance, the rest part of reduction in accumulated NBP is
caused by 80 Pg C decrease in accumulated NEP. The decrease in NEP is
due to a larger decrease in gross primary production than the decrease in
ecosystem respiration (Fig. 6). Considering the adjustment in terrestrial
carbon exchange, the decreases in accumulated NBP is equivalent to an
increase of 26 ppm in 2065 and 50 ppm in 2100 relative to original
concentrations in SSP5-3.4, which implies a reduced effectiveness of
carbon emissions reduction from atmosphere in SSP5-3.4.
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Annual mean regional changes in terrestrial carbon fluxes. Numbers represent changes in SSP5-3.4 compared with SSP5-8.5 in a period of 2081-2100. +range that
indicates the cross-model standard error of the eight ESMs in estimating the change. Positive values for gross primary productivity (GPP) and net biome productivity
(NBP) indicate carbon gains in ecosystems while negative values represent carbon losses to the atmosphere; the opposite applies to autotrophic respiration (AR),
heterotrophic respiration (HR) and disturbance. Land regions used the AR6 WGI Reference Set of Land and Ocean Regions (Iturbide et al., 2020). The land regions
where change in NBP is statistically significant under SSP5-3.4 compared with SSP5-8.5 are shown in this table.

Change in SSP5-3.4 relative to SSP5-8.5 Gross Autotrophic Heterotrophic Disturbance Net biome
primary respiration respiration (gCm 2yrh) productivity
productivity (g Cm 2 yr'!) (gCm 2yr!) (gCm 2yr!) (gCm 2yrh)

Greenland/Iceland -25+1 -14.7 £ 0.7 -8.7+ 04 0.0 £ 0.1 -1.4+ 0.5

N.W.North America -259+11 -144+6 -86+4 -4+2 -2245

N.E.North America -173+7 -101+4 -54+3 3+2 -11+4

W.North America -253+26 -149+13 -78+7 -5+3 -17+11

E.North America -423420 -259+11 -127+9 1845 -49+14

N.W.South America -417+18 -259+10 -111+8 6+2 -43+14

N.E.South America -169+50 -117+23 -43+14 14+3 -22+20

S.W.South America -156+16 -89+8 -38+5 -24+08 -24+6

S.South America -171+18 -100+10 -48+4 -0.9 £ 0.6 -20+6

N.Europe -310+14 -177+8 -95+6 8+3 -26+8

West.Central Europe -274+27 -155+13 -88+12 -2+6 -20+15

E.Europe -283+23 -155+12 -87+9 9+13 -24+18

Mediterranean -97+16 -58+7 -29+5 241 -10+8

Central Africa -401+31 -231+19 -125+11 16+4 -57+£15

N.Eastern Africa -254+28 -147+15 -90+7 2+2 -17+14

S.Eastern Africa -323+40 -179+22 -114+11 4+3 -26+14

Madagascar -276+53 -166+25 -82+17 19+2 -42+21

Russian Arctic -207+9 -114+£5 -78+3 -1.3+£0.2 -12+4

W.Siberia -2274+17 -122+8 -70+7 9+8 -21+12

E.Siberia -328+14 -164+7 -113+5 7+3 -40+8

Russian Far East -316+12 -173+6 -105+4 -1.7 £ 0.8 -33+6

E.C.Asia -91+9 -46+5 -35+3 -1.1 +£0.3 8+4

Tibetan Plateau -254+9 -131+4 -93+5 2+1 -26+5

E.Asia -428+20 -245+12 -139+10 2+4 -40+£15

S.E.Asia -455+45 -269+29 -105+15 2346 -98+22

N.Australia -194+61 -116+36 -54+10 5+2 -29+21

New zealand -371+18 -229+11 -132+13 23+1 -29+12
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4. Conclusions and discussion

The SSP5-3.4 overshoot scenario demands additional consideration
because of its aggressive decrease in atmospheric CO, concentrations by
net negative CO, emissions. We used eight CMIP6 Earth system models’
simulations to investigate annual, seasonal, and regional responses of

|
Net biome productivity

I SSP5-3.4 - SSP5-8.5

terrestrial carbon uptake and its components to the carbon emissions
reduction under SSP5-3.4. Globally averaged net biome productivity is
weaker under the SSP5-3.4 overshoot scenario compared with business
as usual, with 102+7 Pg C reduction in accumulated net biome pro-
ductivity during 2040 to 2100. The decrease in NBP, which is equivalent
to 50 ppm increase in CO5 concentration at the end of the century,
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Fig. 5. Maps showing simulated (a and b) annual average, (c and d) JJA mean, and (e and f) DJF mean changes in net biome productivity (§ Cm ~ 2 yr’l) under the
SSP5-3.4 multi-model mean compared with SSP5-8.5 during 2081-2100 (Left) and under the SSP5-3.4 multi-model mean compared with the baseline (SSP5-8.5
during 2015-2025, Right). Positive values denote carbon sequestration in ecosystems while negative values represent carbon releases to the atmosphere. Stippling
indicates regions where fewer than five of eight models agree on the sign of the model response.

indicates a reduced effectiveness of carbon emissions reduction from
atmosphere. About 59% of accumulated reduction in net biome pro-
ductivity is from reduction in net ecosystem productivity during the
boreal growing season (Fig. 6). The rest of the accumulated reduction in
NBP could be caused by enhanced human and natural disturbances
caused by bioenergy crop expansion, land use change and fires.

Net ecosystem productivity is affected by variations in terrestrial
gross primary productivity and total respiration. The global mean net
ecosystem productivity decreases by 1.9 + 0.5 Pg C yr'! in SSP5-3.4
relative to SSP5-8.5 during 2081-2100, associated with a larger
decrease in gross primary productivity than the decrease in total respi-
ration. However, there is about 10 g C m ~ 2 yr'! increases in net
ecosystem productivity in northern Eurasia and northern North America
during winter, which is dominated by decrease in respiration under the
SSP5-3.4 overshoot scenario. Compared with SSP5-8.5, the global mean
gross primary productivity decreases by 27+1 Pg C yr'! under SSP5-3.4
associated with reduction in atmospheric CO3 levels and consequent
cooling effect. Terrestrial gross primary productivity is jointly controlled
by ecosystem plant phenology, terrestrial water availability and
photosynthetic capacity (Wang et al., 2022; Xia et al., 2015; Zhang et al.,
2022). The decreases in gross primary productivity are distributed
across most of the vegetated land area, except Central North America
during JJA, which is related to increases in precipitation.

Change in gross primary productivity under SSP5-3.4 is related to
reduction in atmospheric CO2 levels. Change in surface CO2

concentrations modifies cumulative rate over time of photosynthesis by
altering the CO, gradient between intercellular and leaf surface (Chen
et al., 2022), which changes photosynthesis in plants. The global annual
mean 3.7 + 0.1°C cooling from change in CO5 concentrations also af-
fects photosynthetic capacity. All grid cells are cooler in SSP5-3.4
compared with SSP5-8.5, but stronger cooling occurs mainly at high
latitudes in winter with over 7°C cooling in northern North America and
Russia Arctic regions. The reduction in surface air temperature over land
is caused by changes in radiative forcings consistent with change in CO»
concentrations and climate feedbacks (Cheng et al., 2022b). Surface net
longwave over land decreases by 3.1 + 0.2 W m ~ 2 in SSP5-3.4
compared with SSP5-8.5 during 2081-2100, indicating a reduced
greenhouse effect due to carbon emissions reduction. In DJF, surface net
shortwave over land increases by about 0.9 + 0.3 W m ~ 2 under
SSP5-3.4 compared with SSP5-8.5 associated with reduction in atmo-
sphere moisture due to global cooling.

Water limitation also changes the growth of new cells, especially in
the xylem and phloem (Gentine et al., 2019). The global mean precipi-
tation over land decreases by 27+8 mm yr! in SSP5-3.4 relative to
SSP5-8.5, which is consistent with the reduction in temperature. Limi-
tation of soil moisture can reduce GPP by ecosystem water stress and
land-atmosphere interactions (Green et al., 2019). Global mean soil
liquid water is projected lower in SSP5-3.4 than that in SSP5-8.5
(Figure A.19). Relative to the SSP5-8.5, annual mean canopy transpi-
ration increases by 20+1 mm yr'! under SSP5-3.4, which is associated
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Fig. 6. The trajectories of accumulated global mean changes (Pg C) in NBP (a), GPP (b), TR (c), NEP (d), and disturbance (e) under SSP5-3.4 compared with
SSP5-8.5 during 2040-2100 due to carbon emissions reduction; (f) the atmospheric CO, mole fraction (ppm) during 2040-2100 for SSP5-3.4 (dashed line) and the
adjusted atmospheric CO, mole fraction due to terrestrial biogeochemistry feedbacks under SSP5-3.4 compared with SSP5-8.5. Colored line is for each ESM, and red

line is for multi-model mean.

with CO5 concentration reduction and mitigation of stomatal conduc-
tance reduction (Figure A.20). Soil moisture content provides the
amount of water can be extracted by plant roots and regulates stomatal
conductance (Stocker et al., 2018), which in turn affects plant water
status, as well as the rate of GPP and transpiration.

Total respiration includes autotrophic respiration from plants and
heterotrophic respiration. In JJA, total respiration decreases by 31+1 Pg
C yr'! under SSP5-3.4 compared with SSP5-8.5, and is seen on most
vegetated land areas, e.g., mid-high latitudes, which is dominated by
reduction in autotrophic respiration. Two-thirds of the change in total
respiration comes from the reduction in autotrophic respiration.
Terrestrial ecosystem carbon flux is dominated by respiration at night
and for deciduous ecosystems, in leafless periods (Valentini et al., 2000).
Vegetation dynamics could alter the contribution of the autotrophic
respiration to the total respiration (Mukhortova et al., 2021). Increases
in C4 cropland area fraction under SSP5-3.4 appear in the eastern United
States, South-eastern South America, Europe, western Central Asia, East
Asia, and South Asia.

Increases in disturbance could significantly alter the total biomass
and reduce climate resilience (Forzieri et al., 2022; Overpeck et al.,
1990). Relative to SSP5-8.5, land use shows strong cropland expansion
mainly at the cost of grazing land area under SSP5-3.4, which leads to
change in carbon mass flux into atmosphere and contributes to the
disturbance (Figure A.17). Increases in C4 cropland area fraction under
SSP5-3.4 appear in the eastern United States, Southeastern South
America, Europe, western Central Asia, East Asia, and South Asia, which
is associated with bioenergy crop expansion (Melnikova et al., 2022).
Disturbance increases by 0.6 + 0.1 Pg C yr'! under SSP5-3.4 compared
with SSP5-8.5 during DJF. The cropland expansion drives the
enhancement of carbon turnover and reduces terrestrial carbon uptake

driven by the CO, fertilization effect, although carbon gains can come
from the bioenergy yield without considering energy consumption and
emissions capture.

Five of the eight models used in this study include explicit nitrogen
cycle coupling in their carbon cycle. UKESM1-0-LL has a land model
that simulate vegetation cover dynamically and competition between
their plant functional types. In SSP5-3.4 simulations, bioenergy crops
were not treated as energy crops definitely but a generic crop vegetation
type with high photosynthesis rate grass (Melnikova et al., 2022). Cur-
rent models include potential scenarios for land use changes (Lawrence
et al., 2016), however, land management still lacks a parameterization
scheme in the models (Deryng et al., 2016). The carbon cycle exhibits
path dependence under aggressive carbon emissions reduction and high
levels of overshoot should be used with caution for limiting the envi-
ronment change (Tokarska et al., 2019), e.g., permafrost thawing, gla-
ciers melting and sea level rise.

Decrease in the terrestrial carbon uptake is caused by a stronger
decrease in the photosynthetic carbon absorption than the decrease in
the ecosystem respiration, and enhanced disturbance due to biofuel
crops expansion under aggressive carbon emissions reduction in the
SSP5-3.4 overshoot scenario. The decrease in terrestrial carbon uptake
implies that a larger amount of CO2 would need to be removed to
compensate for the part of emissions caused by reduced terrestrial
ecosystem absorption under the carbon emissions reduction pathway.
This study of seasonal and regional of changes in terrestrial carbon
uptake under aggressive carbon emission reduction in an overshoot
scenario could provide insights for designing more effective policies for
climate change. Future studies should explore the trade-offs between the
carbon sinks from the bioenergy yield and carbon releases from land use
change disturbance. Natural climate solutions adopting landscape-scale
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planning is promising for avoiding greenhouse gas emissions across
forests, wetlands, grasslands, and agricultural lands, and enhancing
ecological resilience under aggressive carbon emission reduction.
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