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Abstract. Under historical warming, terrestrial ecosystems within the northern high latitudes have been a net carbon sink, pro-
viding vital mitigation against anthropogenic emissions of CO,. However, the long-term stability of this net sink is uncertain
due to complex carbon cycle feedbacks in response to future climate change. Here, the PRIME framework is used to proba-
bilistically quantify if and when this region will transition from a net carbon sink to a carbon source in a range of plausible
future climate scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5), including overshoot (SSP5-3.4-OS). JULES - the land surface model
component of PRIME, has the capability to explicitly simulate permafrost physics, dynamic vegetation and fire; key processes
within high-latitude terrestrial ecosystems that are yet to be coupled together in Earth system models. In a low emission sce-
nario, permafrost carbon emissions increase the risk of northern high latitudes becoming a net carbon source by more than 50%
at 2°C of warming, and at greater levels of warming in high emission scenarios. Conversely, in all emission scenarios dynamic
vegetation is found to limit the sink-to-source transition at all warming levels by enhancing the carbon sink. Fire emissions can
further weaken the sink by reducing its resilience to warming. A high temperature overshoot further limits the resilience of the
carbon sink due to a reduction in temperatures after the peak, providing less optimal conditions for vegetation growth. These
results highlight the importance of vegetation on the strength of the Arctic terrestrial carbon sink under warming and emphasise
the need for representing comprehensive terrestrial climate feedbacks in Earth system models to improve projections of the

land carbon response in future climate change trajectories.

1 Introduction

Terrestrial ecosystems within the northern high latitudes contain at least twice as much carbon as the atmosphere. Carbon
is stored in boreal forests, tundra, and include both permafrost and non-permafrost soils; ecosystems that are known to be
particularly sensitive to climate change (Schuur et al., 2022; Maes et al., 2024; Muccio et al., 2025). Currently, the land surface
globally absorbs approximately one third of anthropogenic emissions, limiting the increase in atmospheric CO, concentrations

and providing vital climate change mitigation (Friedlingstein et al., 2025). Understanding the fate of carbon within the northern
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high latitudes will help determine whether the Earth’s land surface will remain a carbon sink in the future, continuing to support
mitigation against elevated atmospheric CO, concentrations and the resultant climate change. The stability of the carbon sink
within the northern high-latitude region however, is associated with large uncertainty, both in terms of magnitude and sign
(Hugelius et al., 2024; Virkkala et al., 2025). Recent research suggests some regions may have already transitioned to a net
carbon source due to climate change (Natali et al., 2024; Zhu et al., 2024). Quantifying the resilience of the current net carbon
sink, and the likelihood of its transition to a net carbon source, is therefore essential to calculate rigorous carbon budgets
required for policy-relevant future emissions and climate mitigation scenarios (Cox et al., 2024).

The uncertainty in the net carbon balance is due to complex and interacting biological and physical processes that determine
the uptake and release of carbon between land ecosystems and the atmosphere. Under climate change, increases in atmospheric
CO; and global mean temperatures impact the net balance of carbon, and Arctic amplification means that northern high latitudes
have already and will continue to experience increases in global temperatures greater than in the rest of the world (Rantanen
et al., 2023; Previdi et al., 2021; England et al., 2021).

Carbon uptake by the land is predominantly due to the absorption of carbon by plants and the rate of vegetation productivity.
Elevated atmospheric CO, concentrations can increase land carbon uptake by enabling higher rates of photosynthesis (Schimel
etal., 2015), and in addition, increasing temperatures in the high latitudes creates more favourable conditions for photosynthesis
and vegetation growth (Dial et al., 2022). Model results suggest this will cause a northward expansion of boreal forests and an
increased growth of shrubs, which in turn would result in greater carbon uptake compared to typical tundra (Pugh et al., 2018),
though the extent of this change in observations is debated (Rotbarth et al., 2023).

Carbon losses by the land are predominantly due to heterotrophic respiration from soil organic matter, which is projected
to increase with warming temperatures as a result of both direct accelerated microbial decomposition and indirect permafrost
thaw, which exposes additional currently inert carbon to decomposition (Varney et al., 2020; Hugelius et al., 2020). Climate
change also impacts fire regimes, increasing the fire risk across the world both in terms of the magnitude and geographical
expansion (Gallo et al., 2025). Future projections suggest an increase in carbon emissions from burning vegetation, and fire is
likely to increase both abrupt and gradual permafrost thaw rates, which could result in a rapid release of CO, (McCarty et al.,
2021; Miner et al., 2022). If the magnitude of carbon loss becomes greater than the carbon uptake, the northern high latitudes

will become a source of carbon.

Earth system models (ESMs) are routinely used for-to produce large-scale climate change projections-using different-defined

tesprojections under a range of emissions scenarios representing different
otential future climate policy pathways. The most recent Coupled Model Intercomparison Project phase 6 (CMIP6;-) provides

an ensemble of ESMs representing the most up-to-date coupled model simulations (Eyring et al., 2016). Within CMIP6, the
northern high latitudes are projected to remain a carbon sink by 2100, regardless of climate scenario (Qiu et al., 2023). However,
the potential for a temporary source transition during the 22"¢ century is possible with a high overshoot scenario (Melnikova
et al., 2021; Koven et al., 2022). Although used to evaluate net land carbon fluxes (Canadell et al., 2021), even the most recent
ensemble of CMIP6 ESMs often omit key processes involved in ecosystem carbon cycling (Gier et al., 2024; Varney et al.,

2022; Burke et al., 2020). For example, despite some models explicitly simulating permafrost physics or including dynamic
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vegetation, no models include both processes coupled together in CMIP6 simulations (Arora et al., 2020; Varney et al., 2024).
An important challenge yet to be overcome is the delay between the most recent developments in land surface models and
their coupling into ESMs. For example, the most developed features of the UK land surface model (Joint UK Environment
Simulator; JULES) are yet to be coupled within an ESM. In addition there are many years between each CMIP phase, which
means there is a multi-year gap between the use of new model generations in a model intercomparison context (Bock et al.,
2020).

Projections of the net ecosystem carbon balance are subject to uncertainties caused by modelling limitations, uncertainty
in Earth’s climate sensitivity, and sensitivity to future climate scenarios. In this study, we address these limitations using the

PRIME framework

) with the state-of-the-art JULES land surface model. PRIME is an emissions-to-impacts Earth system model emulator and is
used here to project the northern high-latitude sink-to-source carbon transition in the context of a wide range of plausible
uncertainties. One advantage of PRIME is the possibility to use JULES configurations which include the most recent model
developments, yet to be coupled into an ESM;-ean-be-used. This is the first time JULES has been used to evaluate the future
carbon budgets in the northern high latitudes with the explicit representation of permafrost physics and dynamic vegetation -
processes which are key in understanding the net carbon balance in this region. Additional simulations including explicit fire
emissions are also included. PRIME allows for various sources of uncertainty to be addressed and quantified. PRIME is used to
produce a large ensemble of projections, where for each climate scenario, the ensemble covers the spread in global temperature
response to emissions uncertainties, and uncertainties due to variation in the spatial climate response to the global temperature
change (Munday et al., 2025).

Here, the probabilistic PRIME framework is used to investigate the northern high-latitude ecosystem carbon balance in a
variety of future policy-relevant SSP scenarios, with and without overshoot (O’Neill et al., 2016). We quantify the range and
likelihood of the timing of the sink-to-source transition using an ensemble covering a range of future climate sensitivities.
Further, multiple JULES configurations are used with PRIME to address potential underestimations in carbon source projec-
tions due to models without permafrost, and underestimations in carbon sink projections due to models without vegetation

competition.

2 Methods

2.1 PRIME framework

The PRIME (P framework is an ESM

emulator designed to rapidly explore spatially resolved climate impacts for any emissions scenario (Mathison et al., 2025). It
draws on available CMIP6 multi-model ensemble results, but extends these to fill gaps not yet populated by ESMs or impact
models, and can be used to simulate multi-century responses.

The main input to PRIME are scenarios of emissions which are required by FalR (Smith et al., 2018), a reduced com-

plexity climate model. FalR uses these emission scenarios and generates a probabilistic distribution of projections of global

Probabilistic Regional Impacts from Model patterns and Emissions; Mathison et al. (2025
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mean temperature and CO, concentrations. This distribution was sub-sampled by selecting the following percentiles of the
distributionglobal mean temperature in 2100 from SSP1-2.6: 0", 15t, 5th, 25th 50th 75th 95th 99th 100" (representing
low to high climate sensitivities). These samples were then used to reconstruct regional changes using pattern scaling for all of
the climate forcing variables required to drive the JULES land surface model (see Section 2.2). The changes in forcing data were
derived by combining spatial patterns of sensitivity to global mean temperature change with the FalR global mean temperature
projections. Here, time series of changes were created for 8 forcing variables required for JULES: near-surface air temperature,
diurnal temperature range, precipitation, short-wave radiation, long-wave radiation, near-surface specific humidity, 10 m wind
speed, and surface pressure. The spatial patterns of change were calculated on a monthly basis using the SSP5-8.5 scenario fer

with 18 CMIP6 ESMs, which were selected from the full CMIP6 ensemble and span the available range of uncertainty (Table

S1). The spatial patterns represent the different patterns of change in the climate variables used to drive JULES seen in each
CMIP6 ESM at the same global mean temperature change (i.e. different magnitudes of Arctic amplification). These changes in

forcing were superimposed on a spatially distributed monthly climatology to emulate internal climate variability (see Mathison
et al. (2025) for more details).

JULES was run for each ESM pattern individually with the global mean temperature change and CO, concentrations sampled
from the FalR distribution. This study used the PRIME framework to run a range of future climate scenarios: SSP1-2.6, SSP5-
3.4-0OS (overshoot), SSP2-4.5 and SSP5-8.5, with the CO, emissions shown in Fig. S2. These were extended to 2300, following
the methods in Meinshausen et al. (2020).

2.2 JULES land surface model

FheJomnt UK and EnvironmentStmutator (FHEES - Bestetal (264 Clarket-al (264> JULES is a process-based land sur-
face model which can be used to investigate land surface climate change impacts —3JUEES-(Best et al., 2011; Clark et al., 2011)
.and is also the land surface component of the UK Earth system model (UKESM; Sellar et al. (2019)). It simulates fluxes of
energy, water, and carbon and their exchange with the atmosphere. This enables, for example, the carbon stocks and the hy-
drological state to be simulated. JULES also includes an interactive nitrogen cycle, which can simulate the impact of nitrogen
limitations on vegetation productivity (Wiltshire et al., 2021).

JULES includes the simulation of dynamic vegetation. This allows for competition between plant functional types (PFTs)
by updating the plant and soil carbon distribution based on the land-atmosphere CO, fluxes (e.g. grassland transition to forest).
Recent developments of JULES include the explicit representation of processes that were not implemented within UKESM1.
These include an explicit representation of permafrost physics with vertically resolved soil carbon (Burke et al., 2017), and the
combustion and loss to the atmosphere of soil litter and vegetation carbon during fire (Burton et al., 2019).

To isolate the role of each of the above components, several configurations of JULES are used in this study (Table 1).
This study primarily focuses on the ‘JULES-pf’ configuration, which explicitly represents permafrost carbon and competition
between different PFTs, i.e. dynamic vegetation. Processes that are yet to be coupled together in an ESM and are important for

the northern high-latitude carbon budget.
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Table 1. The different JULES configurations used within this study, showing which explicit processes were included or not included in each

simulation.
Model version Permafrost carbon  Dynamic vegetation Interactive fire
JULES-pf Yes Yes No
JULES-ES No Yes No
JULES-pf-fixedveg Yes No No
JULES-INFERNO Yes Yes Yes

To isolate the impacts of permafrost and dynamic vegetation, the configurations ‘JULES-ES’ and ‘JULES-pf-fixedveg’ were
used. JULES-ES represents dynamic vegetation but does not include explicit permafrost carbon (UKESM1 configuration used
in CMIP6; Mathison et al. (2023)), and JULES-pf-fixedveg includes vertically resolved permafrost carbon but has no dynamic
vegetation (i.e. has fixed vegetation fractions rather than PFT competition). One further configuration, ‘JULES-INFERNO”, is
used to quantify the effect of fire on the carbon budgets. Feedbacks between fire and dynamic vegetation in JULES-INFERNO
which are not present in JULES-pf mean that a comparison between JULES-pf and JULES-INFERNO is not only a direct
result of fire emissions, meaning the configurations are not directly comparable (Table 1).

Net Ecosystem Productivity (NEP) is defined as the difference between Net Primary Productivity (NPP; the net carbon
assimilated by plants through photosynthesis minus loss due to plant respiration) and heterotrophic respiration (Rh; microbial
respiration within the soil): NEP = NPP - Rh. For the net carbon balance, a sink is then defined as positive NEP (NPP is greater
than Rh) and a carbon source as negative NEP (NPP is less than Rh). In JULES-INFERNO simulations, an additional fire
emissions variable (Ef;,.) can be calculated. In this paper, projections of the future carbon budgets are considered over the
REgional Carbon Cycle Assessment and Processes-2 (RECCAP2) northern high-latitude region used in Hugelius et al. (2024)
(Figure S1).

2.3 Evaluation of JULES-pf configuration

The new JULES-pf configuration is assessed using an observationally-informed model-data fusion analysis (CARDAMOM
V14, see Supplementary Material for more details on CARDAMOM). In brief, CARDAMOM has integrated time series Earth
observation estimates (and their uncertainties) of leaf area, absorbed photosynthetically active radiation, woody biomass and
geospatial estimates of soil carbon and several plant-traits into a systemic representation of the contemporary (2003-2024)
carbon cycle including gridbox specific estimates of uncertainty.

We evaluate JULES-pf against CARDAMOM'’s observationally informed estimates of carbon fluxes (NEP, NPP, R;,), carbon
stored in vegetation (C,), soil (C;) and key emergent ecosystem properties (CUE, 7., 75) which strongly influence seuree-/sink
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source-sink dynamics across the RECCAP?2 region (Table 2). CUE is the carbon use efficiency of vegetation (CUE=NPP/GPP),
while-and 7, and 7, are the mean carbon turnover times for the ecosystem (7. = (C,+C5)/(R,+R},); Carvalhais et al. (2014))
and the soil (75 = C/Ry,; Varney et al. (2020)). For The CARDAMOM values given are averaged over the period 2003-2024,
and fer-JULES 2000 to 2020. The percentage of the region which falls within the CARDAMOM 95% percentile range for each
JULES-pf variable is also presented. For CUE, 7, and NEP, maps indicate whether the JULES-pf estimate for each gridbox
falls below, within or above CARDAMOM'’s 95% uncertainty bound (Fig. 1). These variables are highlighted because they are
useful indicators of an ecosystem’s resilience to a changing climate.

JULES-pf is found to simulate the net carbon sink (NEP) consistently with CARDAMOM V 14, with the mean value falling
centrally within the 95% percentile range (Table 2) and the majority of JULES-pf gridboxes falling within the range (99%; Fig.
1). We also compared the NEP mean value with an ensemble of estimates for the contemporary period (2001-2019) derived
using a combination of top-down and bottom-up approaches (Hugelius et al., 2024). Hugelius et al. (2024) used three broad
methodological approaches to quantify the NEP: land surface models, atmospheric inversion and in-situ upscaling (including
JULES-ES and CARDAMOM V13), each of which has a large uncertainty range. The total plausible range of NEP spans from
a net source of -0.66 to a net sink of 1.37 Gt yr™!; the large range reflecting-data~reflects data uncertainties, including whether
fire is explicit or implicit, and methodological uncertainties.

The majority of JULES-pf domain aggregate evaluation variables fall within the CARDAMOM’s 95% uncertainty range
(Table 2). Only mean soil carbon stocks differ significantly, which are much lower in CARDAMOM compared with JULES-
pf. This is because CARDAMOM V14 simulates carbon to 1m depth while JULES-pf simulates to 3m depth. If JULES-pf
is compared with observational values down to greater depths than the values are more consistent (see Table 3 in Varney
et al. (2022)). Lower percentage values are seen in the carbon fluxes and stores compared to the emergent properties when
comparing JULES-pf patterns with the CARDAMOM’s 95% uncertainty range. Some differences with JULES-pf patterns are
expected, where inconsistencies are commonly seen in land ecosystem variables amongst CMIP6 ESMs when compared to
global observational datasets (Varney et al., 2022; Gier et al., 2024).

CUE is consistent between CARDAMOM and JULES-pf except on the east coast of Canada and Northern Europe (Fig.
1). These deviations are likely due to forests in these areas being intensively managed, deviating from the natural ecosystems
implicitly simulated by JULES. This does not undermine JULES’s ability to simulate the dominant natural ecosystem, the
focus of this study, but does highlight a need in specific domains of intensive land management to use models which can
explicitly simulate the impacts of management. JULES-pf estimate of 7 also largely agrees with CARDAMOM'’s uncertainty
bounds except in the far east of Russia which is likely due to a larger regional bias in soil carbon stocks in this region between

CARDAMOM and JULES-pf, driven by the previously mentioned differences in soil depth being represented.



Table 2. Evaluation of JULES-pf (2000-2020) configuration using CARDAMOM V14 (2003-2024). JULES-pf output variables are compared
with the domain average values for CARDAMOM'’s observationally-informed estimates, where the 50th (2.5th / 97.5th) percentiles are
shown. For these JULES-pf variables, the % of grid-points that fall within the CARDAMOM 95% percentile range is shown.

Area within CARDAMOM
Variable CARDAMOM  JULES-pf
95th percentile (%)

NEP (GtC yr ') 0.4 (-2.5/2.6) 0.3 99
NPP (GtC yr 1) 3.9(25/5.9) 5.5 36
Ry (GtCyr™1) 34(1.5/17.1) 52 53
C, (GtC) 34 (25/45) 379 25
C; (GtC) 224 (50/592) 1282 24
CUE (1) 0.47 (0.32/0.64) 0.51 70
Te (y1) 39 (11/116) 76 51
Ts (y1) 129 (36 /784) 485 83

175 3 Results and discussion
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3.1 Carbon sink-to-source transition

Figure 2 shows the net carbon balance (NEP, positive is a sink and negative is a source) for the RECCAP2 permafrost region
(Fig. S1) using JULES-pf projections. The simulated NEP depends on the choice of climate scenario (panels a-d), spatial
sensitivity of the climate patterns to climate change (lines of the same colour), and the sensitivity of the climate to emissions
(different coloured lines). In all scenarios, the strength of the carbon sink initially increases with a warming climate. This is
caused by a faster-acting CO, fertilisation effect, compared to a slower respiration response (Fig. S4 and S5). The simulations
show a projected maximum carbon uptake of between 0.32 and 0.47 GtC yr—! for SSP2-4.5 occurring in 2054. Similar peak
magnitudes are found across all climate scenarios, but occur in different years (0.37 for SSP1-2.6 in 2036, 0.47 for SSP5-
2.4-08 in 2055, 0.56 for SSP5-8.5 in 2074). Beyond this NEP peak, the carbon sink (positive NEP) declines because CO,
fertilisation becomes less effective and carbon uptake is counterbalanced by increasing carbon loss from soil respiration. The
majority of ensemble members, especially from higher temperatire-climate sensitivity percentiles, transition to a carbon source
(negative NEP) by 2300, despite all scenarios reducing CO, emissions beyond 2100 (Fig. S2). The projected decline in the
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(a) Carbon Use Efficiency (b) Soil turnover time (c) Net Ecosystem Productivity

Below Within Above Below Within Above Below Within Above
JULES-pf compared to CARDAMOM 2.5th-97.5th JULES-pf compared to CARDAMOM 2.5th-97.5th JULES-pf compared to CARDAMOM 2.5th-97.5th

Figure 1. Comparison of the JULES-pf configuration with the CARDAMOM 95% percentile range, for variables: (a) Carbon Use Efficiency
(NPP/GPP), (b) Soil carbon turnover time (75), and (c) Net ecosystem productivity (NEP).

carbon sink is in line with the predicted saturation of CO, fertilisation, primarily due to nutrient limitations (Wang et al., 2020),
and a delay in increased respiration of the system (Turetsky et al., 2019). The SSP2-4.5 and SSP5-8.5 scenarios have a larger
uncertainty range, with some simulations showing a large carbon source after 2100 and some remaining a sink. The SSP1-2.6
and SSP5-3.4-0S scenarios have a much smaller uncertainty range and a generally smaller projected carbon source. The larger
spread in projected NEP is greater in the scenarios with higher climate signals and is consistent with the greater variability in
the magnitude and pattern of future climate change amongst the Earth system models used{see-Metheds).

The year at which NEP becomes a carbon source (negative) is of particular interest because at this time the northern high
latitudes will release more carbon than it-takes-they take up and have a positive feedback on the atmosphere (Table 3). The
central estimate (50" percentile) projects the transition to a source to occur at similar times for SSP1-2.6 (2115; with 75—
25" percentiles of 2110-2206) and SSP5-3.4-0S (2107; with 75t"—25%" percentiles of 2103-2280). However, in SSP2-4.5
and SSP5-8.5 the carbon source transition is projected to occur later with central estimates in 2265 (2256-2298; 75t-25"
percentiles) and 2197 (2117-2253; 75'"-25!" percentiles), respectively. The higher emission scenarios have ensemble members
which don’t project a carbon source before 2300, but only from members with low climate sensitivities. Generally, the ensemble
members suggest that the lower the climate sensitivity, the greater the resilience of the land carbon sink.

Ensemble members with a high climate sensitivity (95" to 100*" percentiles) have sink-to-source transitions before 2100
(Table 3), and show potentially large source magnitudes in the medium and high warming scenarios (SSP2-4.5 and SSP5-8.5;
Fig. 2). In this case, the initial carbon uptake limited by the CO, fertilisation saturation is outpaced by strongly increased soil
respiration which includes permafrost-thaw induced soil carbon loss. Despite a sink-to-source transition occurring in other

scenarios and ensemble members, the carbon source is much stronger under higher warming due to the sustained warming
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exposure, leading to larger long-term cumulative emissions from the high latitudes (Fig. S6). This suggests that high warming
(eitherfrom-high-emissions-or-high-from high climate sensitivity) not only accelerates the timing of the sink-to-source transi-
tion but also amplifies the magnitude of carbon loss from northern high-latitude ecosystems, underscoring the critical role of

climate-carbon feedbacks in shaping future carbon budgets.

The results here highlight how the timing of the sink-to-source transition depends individually on the climate sensitivit
and climate scenario (Table 3). This means that the sensitivity of the carbon sink is a balance between changes in CO- and
temperature, and how they change with respect to one another. For example, in low climate sensitivity ensemble members (0"

to 5t ,
lower emission scenarios (SSP1-2.6, SSP5-3.4-0S). This is likely due to the hi
optimal conditions for vegetation growth and CO, fertilisation. However, if we compare results from low climate sensitivity.
0" o 5t 25th 1o 75t
ercentiles) and lower emission scenario (SSP1-2.6, SSP5-3.4-0OS
vary by more than 200 years despite similar amounts of global warming seen (i.e. not transitioned by 2300 versus transitioning.
carbon loss from the soil under higher emissions, but not in the lower emission scenarios.

ercentiles), the carbon sink is shown to be more resilient in high emission scenarios (SSP2-4.5, SSP5-8.5) compared to

her CO5 and temperature levels providing more

ercentiles) and high emission scenario (SSP2-4.5, SSP5-8.5) with medium climate sensitivit

the timing of the sink-to-source transition is shown to

3.2 Process contributions to net carbon balance

The PRIME framework was used to isolate the control of specific processes on the ecosystem carbon balance in the northern
high latitudes by including simulations with additional JULES configurations (JULES-ES and JULES-pf-fixedveg; Table 1).
Figure 3 presents the likelihood of a carbon source transition at different levels of global warming for the JULES-pf, JULES-
ES and JULES-pf-fixedveg configurations, for a range of future climate scenarios. JULES-pf (orange line; Fig. 3) projects a
typical sink-to-source transition between 2°C and 6°C depending on the scenario, with over 50% of the ensembles transitioning
by 6°C in all scenarios (Table 4). Nearly all of the ensemble members in SSP1-2.6, a lower emission scenario, transition to
a source by around 3.5°C and more than 50% of ensemble members by 2°C. This is in contrast to the two higher emissions
scenarios SSP2-4.5 and SSP5-8.5 where 30-40% remain a sink even at the very high temperature changes.

The inclusion of permafrost carbon (the main difference between the JULES-pf and JULES-ES configurations) had a notable
impact on net carbon balance. In contrast with JULES-pf, JULES-ES projects a very high likelihood (>94%) of a net carbon
sink with future warming in SSP1-2.6, SSP2-4.5 and SSP5-8.5; even with the extreme levels of warming seen in SSP5-8.5
(blue line; Fig. 3). The comparison of these two sets of simulations shows that simulating permafrost carbon reduces the net
carbon budget within this region, and highlights the importance of including permafrost carbon to accurately capture northern
high-latitude carbon cycling (Schidel et al., 2024).

Figure 3 also shows the strength of the net carbon sink is strongly related to the response of vegetation dynamics. JULES-pf-
fixedveg (green line) does not have competition between modelled PFTs, and hence cannot represent the geographic expansion
of vegetation cover (e.g. northward shift of Boreal forests). In nearly all ensemble members, a sink-to-source transition is

projected in JULES-pf-fixedveg earlier than the other configurations. It can be seen that ~100% of percentiles transition to a
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Figure 2. Timeseries of total Net ecosystem productivity (NEP; Gt C yr~!) over the RECCAP2 permafrost region in the JULES-pf con-
figuration, for: (a) SSP1-2.6, (b) SSP5-3.4-0S, (c) SSP2-4.5, and (d) SSP5-8.5. The different colours are for different PRIME percentiles
representing a range of climate sensitivities and the individual lines within each colour are different spatial patterns of change across the

selected CMIP6 ESMs. Note: the NEP y-axis range on (d) is different to that on (a-c).
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Table 3. The sink-to-source transition years for the JULES-pf configuration, presented for all PRIME percentiles and using the mean (and
standard deviation) of the climate patterns. A dash (-) represents the scenario remaining a carbon sink in this case. The light grey coloured
cells are the combinations which have a projected sink-to-source transition before 2100 and the dark grey combinations have a sink-to-source

transition after 2200.

Percentiles | SSP1-2.6 ~ SSP3SSP5-34-0S  SSP2-45  SSP5-8.5

0t 2143 (£ 7) 2118 (+2) - ]
15t 2140 (+ 10) 2117 (+ 3) . -
5th 2139 (+9) 2116 (& 26) - ]
25t 2124 (+ 6) 2109 (+4) 2298 (+21) 2253 (+ 44)
50t 2115 (+6) 2107 (+ 4) 2265 (£ 17) 2197 (+ 51)
75t 2110 (+ 16) 2103 (+ 5) 2256 (+44) 2117 (+ 41)

95th 2100 (£ 23) 2097 (£ 21) 2112 (£ 60) 2089 (£ 21)

99th 2090 (£ 9) 2088 (£ 7) 2095 (£=42) 2077 (£ 8)

100" 2078 (£ 15) 2075 (£ 7) 2081 (£9) 2072 (£ 7)

carbon source below 2.5°C of global warming across all scenarios. This means that vegetation expansion (from competition
between vegetation) is a strong determinant for the strength of the northern high-latitude carbon sink in JULES-pf. This result
highlights the reliance of the high-latitude ecosystem carbon sink on vegetation carbon cycling and suggests that without this
additional carbon uptake, there would be a transition to a carbon source much sooner. If the vegetation expansion and related
carbon uptake is overestimated, the projected net carbon sink will be overestimated which impacts global carbon budgets.

In SSP5-3.4-0S, which is a moderate overshoot scenario, there is a reduced likelihood of a net carbon sink compared with
the other climate scenarios (Fig. 3; note SSP1-2.6 also has a small overshoot but much lower than in SSP5-3.4-OS). For
example, in JULES-pf at 2°C projections of a net carbon sink are 62% more likely in SSP2-4.5 compared to SSP5-3.4-OS.
Under falling atmospheric CO, concentrations and temperature levels, plant productivity will respond relatively quickly whilst
the thermal inertia of the soil means the rate of respiration does not respond fully before temperatures decrease again due
to its lagged temperature response (Melnikova et al., 2021). In this overshoot scenario, the temperature increase is reversed
by negative emissions (Figs. S2 and S3), so the maximum temperature increase is lower and the exposure time of such high

temperatures is shorter than in, for example, SSP5-8.5 which initially follows the same pathway as SSP5-3.4-OS. Therefore,
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Table 4. Warming levels (AGMT) of the sink-to-source transition for 50% of ensemble members (transition more likely than not; see Fig. 3)
in all climate scenarios and JULES configurations (except JULES-INFERNO). A dash (-) means that more than 50% of ensemble members

remain a carbon sink.

JULES configuration | SSP1-2.6 ~ SSP3SSP5-3.4-0S  SSP2-4.5  SSP5-8.5

JULES-pf 1.6°C 1.8°C 4.3°C 6.0°C
JULES-ES - 1.6°C - -
JULES-pf-fixedveg 1.2°C 1.3°C 1.4°C 1.4°C

the temperature increase might not be sufficient or sustained enough to establish robust vegetation that is resilient against the
subsequent cooling. Any reduction in leaf area reduces carbon uptake from vegetation expansion. In this case, the increased
rate of respiration under smaller amounts of warming offsets carbon uptake from the vegetation faster than compared with a
non-overshoot scenario. In summary, in JULES, negative emissions reduce the duration and magnitude of the natural carbon
sink in the northern high latitudes, bringing the ecosystem sink-to-source transition earlier. These results highlight the increased
uncertainty of carbon cycle responses under climate overshoot. It should be noted that the change in the vegetation distribution
in response to climate change is dependent on the specific land model used. The overshoot can only be effective in reducing the
likelihood of carbon sink-to-source transitions if the cumulative warming is minimal because higher peak warming or longer

overshoot durations would likely lead to larger contributions of soil respiration to the carbon balance.
3.3 Spatial distribution of carbon sinks and sources

Fig. 4 (top row) shows the spatial distribution of the carbon sinks and sources within the northern high-latitude region for
JULES-pf. In 2005, the tundra region is relatively neutral and the boreal region is overall more of a sink as the amount of
climate change is relatively small up to that time. In JULES-pf, the increased carbon sink is projected to dominate in the
majority of areas within the region up until 2095. However by 2295, the projections are more spatially heterogenous and net
sources are more widely distributed. The increased carbon sink has been suggested to only be dominant in non-permafrost
ecosystems, as not negated by the carbon loss from permafrost (See et al., 2024). More specifically, Virkkala et al. (2025) state
that tundra regions could have already transitioned to a carbon source at present. In JULES-pf simulations, regions of boreal
forest become a net source, especially beyond 2100 within permafrost regions.

Cumulative NEP shows a net carbon sink within the more northern regions, likely to be due to enhanced forest growth within
the tundra. In this case, carbon loss from permafrost does not dominate the carbon balance, however it is shown to dominate in
the other areas of the region considered (top row; Fig. 4). In reality there are additional sources of uncertainty which determine
the net carbon balance, such as the amount of boreal forest expansion that will be seen (Rotbarth et al., 2023). For example, there

are uncertainties in the amount of tree growth potential within permafrost ecosystems, where (Adfaro-Sénchez-etal;2024)-
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Figure 3. The projected percentage of the simulation ensemble members which transition from a net sink to a net carbon source for the model
ensembles. This indicates the likelihood of a net carbon sink within the northern high latitudes at different levels of global warming (AGMT).
This is shown for each SSP scenario: (a) SSP1-2.6, (b) SSP5-3.4-0S, (c) SSP2-4.5, and (d) SSP5-8.5. In addition to JULES-pf (orange),
results for JULES-ES (blue) and JULES-pf-fixedveg (green) are included to explore the impact of different processes on the transition from
sink to source. The shaded bars at the bottom of each panel indicate the temperature range at which ensemble members transition from a
carbon sink to a carbon source, with the central estimate (i.e., 50% transitioned; source more likely than sink), shown by the vertical line
in the panels. The shaded bar is not included if the simulation does not see more than 50% of ensemble members transitioning to a carbon

source.
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Figure 4. Spatial patterns of Net ecosystem productivity (NEP) in the years 2005, 2095, 2295 and cumulative NEP for the period 2005-2295

(decadal means) for the northern high-latitude region using the JULES configurations: JULES-pf (top row), JULES-ES (middle row), and

JULES-pf-fixedveg (bottom row). The figures show the central estimate (50th percentile) using the mean of the climate patterns from PRIME

for the SSP5-8.5 climate scenario. The hatched area in 2005 represents the tundra regions in the pre-industrial climate, and the non-hatched

area represents boreal forests within JULES. Note that this can change in the simulations other than JULES-pf-fixedveg.
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argue-it is argued that the allocation of nutrients within a tree will prioritise remaining upright on unstable grounds rather than
growth in these regions (Alfaro-Sanchez et al., 2024). The spatial patterns will also be influenced by complex interactions with
water and nutrients which could limit growth potential (See et al., 2024; Zhao et al., 2022), and additionally, the impact of fire
creates large amounts of uncertainty to the spatial carbon loss (Virkkala et al., 2025).

In JULES-ES, the only configuration without explicit permafrost, a net carbon sink is seen across the region by 2095 (middle
row; Fig. 4). The cumulative gain in carbon shows the effect of poleward vegetation expansion, which in this configuration is
not being negated by permafrost carbon loss. The greatest increase in carbon uptake occurs between 2005 and 2095, whereas
by 2295 the carbon sink strength is shown to saturate. This is likely due to nitrogen limitations within JULES (Wiltshire et al.,
2021). In contrast, the JULES-pf-fixedveg configuration, which includes explicit permafrost carbon but no dynamic vegetation,
projects carbon loss from the majority of the region in 2095, and the entire region by 2295 (bottom row; Fig. 4). In this case,
the strength of the carbon source only increases with time and NEP continues to increase beyond 2100. This further emphasises

the delicate balance between increased input and output fluxes of carbon in the future.
3.4 TImpact of fire emissions

Final simulations were run with the JULES-INFERNO configuration, which includes a coupling to an explicit fire model (see
Table 1). Although the other simulations implicitly include fire emissions, this configuration allows us to explicitly quantify
the magnitude of the carbon flux due to fire emissions within the northern high-latitudes. Fire modelling presents significant
difficulties (Hantson et al., 2016), however these simulations provide an estimate of the order of magnitude of the carbon flux
due to fire emissions across a wide range of forcing conditions, and the contribution to the net ecosystem fluxes.

Figure 5 shows projections of the fire carbon flux magnitude, where negative is a net flux of COg into the atmosphere.
This flux is shown to increase across all future scenarios in JULES-INFERNO ((a) SSP1-2.6, (b) SSP5-3.4-0OS, (c¢) SSP2-4.5
and (d) SSP5-8.5), relating to higher projected rates and intensity of fire with higher global mean temperatures (figFig. S2).
The rates of increase are found to be related to the magnitude of global warming, with greater increases in fire fluxes seen
in higher warming scenarios. In the 50* percentile simulations, SSP2-4.5 reaches a maximum rate of 0.16 Gt C yr'!' in 2300
(120% increase compared to 2005) and in SSP5-8.5 0.42 Gt C yr'!' in 2244 (422% increase). In the SSP1-2.6 and SSP5-3.4-
OS scenarios, maximum rates of increase are seen much earlier in the years 2085 (42% increase) and 2075 (60% increase)
respectively, and then decrease again with reduced global warming.

Uncertainty in the projected increase of the net fire flux can be seen due to the climate scenario, climate sensitivity and
spatial warming patterns (Fig. 5). For example in SSP5-8.5, the maximum increase ranges between 0.27 and 0.45 Gt C yr'! for
the 5-95t" PRIME percentiles. Even at present day there is uncertainty in the contribution of fire to the northern high latitudes
carbon budgets, shown in Hugelius et al. (2014) using calculations from atmospheric inversions, upscaling methods, as well as
land surface models.

The fire flux between the land and the atmosphere inereases-is shown to increase in all areas of the northern high-latitude
region (Fig. 5). The greatest rates of increase are seen in lower-latitude areas, where the flux increased between 2005 to 2095,

and further between 2095 to 2295. In 2295, the increase in fire flux increases northward and covers large areas of the northern
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high latitudes. This increase suggests increased fire fluxes within the tundra region with greater levels of global warming,
however this increase is also likely due to the boreal expansion seen in these simulations.

These results agree with the assumption that fire activity in the northern high latitudes will increase under global warming,
which is expected to further offset the increased carbon sink for this region (Descals et al., 2022; Witze, 2020). It has been
projected that within permafrost ecosystems alone, the offset will be approximately 28-45% by the year 2100, depending
on the climate scenario (Zhu et al., 2024). For the 50% percentile, the simulations here project an increase in fire carbon
emissions of 41%-181% in the year 2100 within the RECCAP2 region, dependent on spatial warming patterns and climate
seenartosscenario. It should be noted that the current JULES-INFERNO configuration does not burn soil within the model,
or explicitly simulate peatland fires, which are key in carbon cycling within this region and would likely further decrease the

probability of a net carbon sink under future climate changes.

4 Conclusions

Quantifying global warming and climate impacts is associated with considerable uncertainty, depending on uncertain carbon
cycle feedbacks, the climate sensitivity of Earth, and the global climate policies implemented. ESMs currently include more
processes than ever before, providing vital tools to evaluate climate change and the subsequent possible impacts with a range
of future climate scenarios. However, these models are slow to run, limited due to computational power and lag behind offline
land surface model developments. The PRIME framework has allowed us to investigate net carbon fluxes in the northern high
latitudes with a range of climate sensitivities and policy-relevant climate scenarios, but with the advantage of including key
processes which have not yet been coupled together in ESMs and with significantly lower computational expense.

The net carbon balance within the northern high-latitude ecosystem is the result of large, counteracting fluxes between the
land and atmosphere, both sensitive to climate change. Physical processes such as permafrost and the movement of vegetation
heavily influence the rate of change of these fluxes, particularly in high-latitude regions, which are subject to the most extreme
rates of global warming. None of the most recent CMIP6 ESMs explicitly simulate the coupling of permafrost together with
dynamic vegetation, limiting the robustness of carbon budget projections in these regions (Arora et al., 2020; Varney et al.,
2024). The results presented here have highlighted the need to include key processes within ESMs that control the net ecosystem
carbon balance to accurately quantify and understand the strength and decline of the carbon sink.

This study highlights the reduced carbon budget in the northern high latitudes due to permafrost carbon loss under warming,
and the associated increased likelihood of a net carbon source. When explicitly included in medelsthe model, a net carbon
source transition occurs below 2°C of global warming in both SSP1-2.6 and SSP5-3.4-OS climate scenarios, which are both
overshoot scenarios. Due to boreal forest expansion, a carbon source transition is projected at higher global warming levels (4-
6°C) in SSP2-4.5 and SSP5-8.5. This indicates that overshoot scenarios cause an earlier (with respect to both time and warming
levels) sink-to-source transition of the northern high latitudes compared with scenarios of continuous warming. This source
behaviour arises because vegetation productivity declines rapidly once temperatures exeeed-drop back below the optimum

for growth, while delayed soil respiration continues to rise. Thus, just as the climate system relies on substantial net-negative
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Figure 5. Carbon flux due to fire emissions in the JULES-INFERNO configuration as a global total for each PRIME percentile (colours)
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emissions to bring temperatures back down, additional warming-induced natural carbon emissions emerge from high-latitude
ecosystems that are not typically accounted for in mitigation planning. However, overshoot trajectories ultimately prevent
much larger multi-century carbon emissions because they expose the northern high latitudes to lower cumulative warming
than continuous warming pathways. This highlights a profound temporal trade-off in the design and assessment of overshoot
mitigation strategies.

Overall, inereasedrising atmospheric CO; concentrations and global mean temperatures ereates-a-delicate-balance-betweena

seenarto-speetfic-environmentsuitable-for greater rates-of create a balance between enhanced vegetation productivity, but-with
inereasing rates of permafrost thaw; eurrently uncertain-amongst which strengthens the terrestrial carbon sink, and increasing
permafrost thaw. which releases previously frozen carbon and weakens the sink; where the magnitudes of these individual
responses remain uncertain across modelling studies (Pugh et al., 2018; Varney et al., 2023). It is found that this balance
stabilise after 2100, carbon loss from soils will continue long beyond the end of the 21%¢ century, however the initial increase
in vegetation storage will saturate. The-This highlights the importance of extending simulations beyond 2100 to account for
the full impact of slower processes on long-term carbon budgets, such as carbon stored in soils. Additional impacts on the net
carbon balance, such as additional carbon emissions due to fires, have been shown to further increase the likelihood of a carbon
source with greater levels of climate change.

Future generations of ESMs, such as those within CMIP7, are expected to see the inclusion of more land carbon cycle
processes, such as the ones considered here (Fisher and Koven, 2020). Investigating the balance of carbon fluxes in this region
in additional land surface models will allow for inter-model comparison and help to further understand the sensitivity of such
fluxes to climate change (Padrén et al., 2022). Additionally, simulations with coupled models will allow for an evaluation of
the ecosystem carbon balance including the additional biophysical feedbacks, a current limitation with the PRIME framework.
It is noted here that there are additional physical processes within the northern high latitudes which are yet to be included in
the majority of land surface models, and will likely not be developed on the timeline of CMIP7. Further processes, including
non-linear feedbacks such as thermokarst, are expected to further reduce the carbon budgets in this region (Turetsky et al.,
2020). Additionally, it is noted that this study focuses on the net balance of CO,, whereas methane emissions are additional
contributions to the overall net carbon balance and will also contribute to climate change impacts (Comyn-Platt et al., 2018).

To date, the global land carbon sink has been essential in absorbing increased CO, concentrations and offsetting fossil fuel
emissions (Friedlingstein et al., 2025). However, this study suggests the carbon sink within the northern high latitudes cannot

be relied upon under long-term warming when making policy decisions.

Code availability. The code used for analysis and plotting in this study is available here: https://github.com/rebeccamayvarney/PRIME-PF.

Data availability. The output data used in this study is available here: 10.5281/zenodo.17814696
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