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Abstract: Vegetation and soils are taking up approximately 30% of anthropogenic CO2
emissions because of small imbalances in large gross carbon exchanges from productivity and
turnover that are poorly constrained. We combine a new budget of radiocarbon (**C) produced
by nuclear bomb testing in the 1960s with model simulations to evaluate carbon cycling in
terrestrial vegetation. We find that most state-of-the-art vegetation models used in the Coupled
Model Intercomparison Project underestimate the '*C accumulation in vegetation biomass. Our
findings, combined with constraints on vegetation carbon stocks and productivity trends, imply
that net primary productivity is likely at least 80 PgC/yr presently, compared to 43-76 PgC/yr
predicted by current models. Storage of anthropogenic carbon in terrestrial vegetation is likely
more short-lived and vulnerable than previously predicted.

One-Sentence Summary: Carbon uptake into vegetation is underestimated, but the carbon is
turned over quickly.
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Main Text:

The processes contributing to the net sink of COz in the terrestrial biosphere are not yet well
understood and will likely change in the future (/), making it difficult to predict future climate
change and create effective mitigation and adaptation policies. Future climate predictions require
robust representation of the global carbon cycle, which is challenging when basic properties still
have large uncertainties. In particular, observational constraints on global net primary
productivity (NPP) - the rate of creation of new plant tissues and products - and on carbon
turnover rates are lacking. Estimates of global NPP rely on statistical or model-based estimates
that use site-scale data (2); however, it is very difficult to measure all components of NPP (3)
and there are not many sites with comprehensive measurements, especially in the tropics (4). A
large range of global NPP of 43-76 PgC/yr is currently simulated by models (3, 6), and models
do not generally show a strong trend over the 20" century, in conflict with the trend found for
gross primary productivity (+30%) (7), which is typically twice as large as NPP. Here we
provide global-scale constraints on NPP and carbon turnover by analyzing radiocarbon ('*C)
produced by nuclear bomb testing and models of the terrestrial biosphere and vegetation.

Global bomb radiocarbon budget

Nuclear bomb testing in the 1950s and 1960s produced excess radiocarbon (**C) in the
atmosphere (Figure 1a), which was assimilated into the terrestrial biosphere and ocean through
photosynthesis and air-sea gas exchange over time. Tracking how *C accumulated in the
terrestrial biosphere after the bomb testing can therefore enable evaluation of the rates of carbon
uptake and turnover (8). However, the global accumulation of '*C in the biosphere cannot be
observed directly: from new leaves to highly aged soil carbon, there is too much heterogeneity in
14C content in the biosphere.

We use a budgeting approach to diagnose the *C accumulation in the terrestrial biosphere
caused by bomb testing in order to evaluate carbon cycling in terrestrial biosphere models. In this
approach, the '*C accumulation in the terrestrial biosphere is calculated using observations in the
stratosphere and troposphere and observationally-constrained ocean models to close the '*C
budget. In contrast to prior work (9) that examined the period 1945-2000, here we focus on the
period 1963-67, when atmospheric '“C was highly elevated relative to the biosphere but when no
significant detonations took place (blue area in Figure 1a). Therefore, total '*C in the Earth
system was roughly constant but exchanged between reservoirs over 1963-67. This allows us to
focus on the period where there is good observational coverage of the stratosphere by aircraft
and balloon sampling, and to avoid uncertainty and assumptions with calculating the total '*C
produced by the bombs and estimating the pre-bomb '“C content. Another advantage of focusing
on 1963-67 is that we sharpen the constraint on *C uptake and turnover in vegetation, where the
14C first entered the terrestrial biosphere, before much '“C was transferred to litter and soil pools.

We use stratospheric data originally published in reports of the Health and Safety Laboratories,
which were reassessed and recalculated with corrected standard values (/0-72) and used in an
atmospheric model to calculate global stratospheric '*C inventories (/1) (Figure 1). Tropospheric
14C inventories were calculated from global compilations recently produced for modelling
purposes (13, 14). Ocean “C simulations (15-18) that match revised ocean '*C inventories (19,
20) from the 1970s (GEOSECS) and 1990s (WOCE) were used for ocean '*C inventories.
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After the '*C was initially deposited in the stratosphere, the stratosphere lost roughly 200x102
atoms of '*C through mixing of the '“C into the troposphere over 1963-67, which experienced a
net gain of about 40x102® atoms. The ocean gained about 80x10%¢ atoms through air-sea
exchange (Figure 1b). We estimate that the terrestrial biosphere therefore must have accumulated
8618 x10?° atoms (95% confidence) (21) over 1963-67 (Figure 1c) as the assimilation of '*C
outpaced the turnover of '“C back to the air.

Terrestrial biospheric *C accumulation in the CESM2 model

The terrestrial biospheric *C accumulation over 1963-67 provides a new constraint on coupled
climate-carbon cycle models (also known as Earth system models or ESMs), which are used to
inform global climate policy but have particularly uncertain terrestrial carbon cycle components
due to the heterogeneity and complexity of land ecosystems. Simulations of the only such land
model to simulate '“C explicitly within an ESM, the Community Land Model version 5.0
(CLMS5.0) (22), accumulate a much lower amount of *C in the terrestrial biosphere (about
40x10%® atoms) than our observation-based estimate (8618 x102® atoms, Figure 1c).
Simulations of CLM5.0 driven with observed climate data (CLM5.0-unc, “uncoupled”) (23) and
coupled model simulations of the Community Earth System Model 2 (24) Large Ensemble
Project (CESM2-LENS) (25)(26) following the Coupled Model Intercomparison Project (CMIP)
phase 6 historical (concentration-driven) simulation protocol show similar '*C accumulation, and
the spread across 9 ensemble members is small (Figure 1¢). CLMS5.0-unc results are similar to
another offline simulation of CLM5.0 that suggested the '*C accumulated in the terrestrial
biosphere in the 1960s could be too small (27).

In 1963-67 not much bomb '*C had yet entered the soil; most biospheric bomb *C was in
vegetation (Figure 1c). In CESM2-LENS, 56% of the '*C accumulated in vegetation, with only
18% in litter and coarse woody debris and 26% in soils over 1963-67. If the '*C accumulation in
vegetation in CESM2 were correct, then the '*C accumulation in non-vegetation pools would
have to be >3 times larger than simulated in CESM2-LENS and >75% of the total *C
accumulation to match the observation-based estimate. It is unlikely that more than half of the
biospheric *C accumulation over 1963-67 occurred in dead plant material and soils since the
peak in global mean tropospheric '*C occurred only in 1964-65.

We thus conclude that the '*C accumulation in vegetation over 1963-67 in CESM2 is too low
(Figure 1). The underestimate for vegetation could be because the NPP in the model is too low,
so that not enough '“C enters the vegetation, and/or because carbon is misallocated between
short-lived vs long-lived pools, so that '“C is turned over too quickly.

Vegetation model emulators and model-data comparisons

CESM2 is the only Earth system model with explicit simulations of '“C available. Therefore, to
simulate the '*C accumulation in other models as well as to explore the sensitivity of the 1*C
accumulation to NPP and carbon stocks, we need to construct emulator models. We found that
the variables included in CMIP were not sufficient to construct a reliable emulator model for the
whole terrestrial biosphere for CESM2, but that '*C in vegetation could be modeled reliably
(Figures 2-4).
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We focus now on analyzing the '*C accumulation only in vegetation in models over 1963-67. We
constructed a simple emulator model for woody (long-lived: stem and coarse roots) and non-
woody vegetation biomass (short-lived: leaves, fine roots and other pools), run on each model
grid cell (27). We applied the emulator model to CESM2-LENS member 1001.001 and to
models from CMIP5 and CMIP6 that reported the necessary variables. We examine global sums
for woody and non-woody pools across all biomes and grid cells (Figures 2-4 and S1), so that
global non-woody vegetation biomass includes the non-woody vegetation biomass in forests as
well as other biomes. We compare with satellite-based vegetation carbon products (29-37) that
omit leaf carbon in forests, so we estimated global total leaf carbon in forests to be 14.3 PgC
(based on Table S5 in reference (32)) and added this to the observation-based estimates of
vegetation carbon stocks.

To evaluate the vegetation '“C simulations, we estimate the true '*C accumulation in vegetation
by subtracting the '“C accumulation in litter, coarse woody debris and soils simulated by
CESM2-LENS member 1001.001 from the observation-based total terrestrial biosphere '4C
accumulation over 1963-67. We allow the uncertainty in non-vegetation '*C accumulation to be
+100% (95% confidence) (217), even though CESM2/CLMS is in fact likely to overestimate this
14C accumulation since its proportion of fresh carbon in both surface and sub-surface soils has
been shown to be too high (33). Our estimate of vegetation *C accumulation is 69+24 x10%
atoms (95% confidence) over 1963-67 at 95% confidence, which allows for a possible range of
43-100% of biospheric *C accumulation in vegetation.

Most of the CMIP5 and CMIP6 vegetation emulator models underestimate the observation-based
vegetation *C accumulation over 1963-67 (5 of 7 models, Figure 2). The two models that match
the observation-based vegetation '“C accumulation have high NPP of more than 68 PgC/yr in
1965 (Figure 2b, Figure S1, Table S1). One of the two models is from CMIP5 (IPSL5), whereas
the CMIP6 version of that model (IPSL6) has much lower NPP and underestimates the
observation-based vegetation bomb '*C inventory. The other model matching the observation-
based vegetation bomb *C inventory, CanESMS5 from CMIP6, has high NPP and allocates a
large fraction of its NPP to wood (68% in 1965), in contrast to other models that allocate 22-43%
of NPP to wood (Table S1).

Overall, the '*C accumulation in vegetation over 1963-67 shows a strong relationship with NPP
but not with vegetation carbon stock (Figure 2). This indicates that higher NPP increases *C
accumulation in vegetation over 1963-67 but higher carbon stock (and slower turnover rate)
generally does not. Two versions of the MRI model lie below a regression line between “C
accumulation in vegetation and NPP for the other five models (Figure 2b). The MRI models
allocate the highest fraction of NPP to non-woody vegetation (76-78% to non-woody, 22-24% to
woody) and their non-woody annual NPP is similar to their non-woody carbon stock (Table S1),
which indicates a very high level of productivity per unit biomass and fast turnover rate.
Therefore, the flux of 'C into non-woody vegetation in the MRI models is large but it is turned
over quickly and the 'C accumulation in non-woody vegetation is among the lowest (Figure 3a).

There are differing controls on *C accumulation over 1963-67 in non-woody vs woody
vegetation biomass in the emulator models (Figures 3, S2 and S3). Accumulation of *C in
longer-lived woody vegetation is sensitive to NPP, while accumulation of C in shorter-lived
non-woody vegetation is more sensitive to the carbon stock. At higher stocks of non-woody
vegetation carbon, *C accumulation in non-woody vegetation is also sensitive to NPP. The
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patterns found for scaling experiments in the CESM2 vegetation emulator (contours in Figure 3)
are similar to the patterns found for the other vegetation model emulators (colored symbols in
Figure 3).

The patterns in Figure 3 indicate that underestimated '*C accumulation in vegetation over 1963-
67 is due to underestimated NPP or underestimated non-woody vegetation biomass in models.
Only IPSL6 underestimates the total vegetation carbon stock estimated with satellite data (Figure
2c, Figure S4), so increasing non-woody carbon stock in the models requires that carbon shifts
from woody biomass (stems and coarse roots) to non-woody biomass (leaves, fine roots and
other biomass) by adjustment of their turnover rates. The models tend to underestimate
belowground vegetation carbon stocks (29, 30) (Figure S5), so shifting aboveground woody
carbon (stems) to belowground non-woody carbon (fine roots) in particular may be required. On
the other hand, NPP in woody (or non-woody) vegetation could be increased in the models
without necessarily affecting carbon stocks, if modelled turnover rates are simultaneously
increased.

The regression between vegetation '“C accumulation and NPP (R?>0.99), excluding the MRI
models that have very high non-woody NPP, suggests that NPP in 1965 should have been at least
63 PgC/yr (the value of NPP at the intersection of the regression line and *C accumulation
uncertainty range in Figure 2b). However, only 16% of all CMIP6 models have NPP higher than
63 PgCl/yr in 1965 (Figure 2d, Table S2). Considering that total carbon assimilation (Gross
Primary Productivity or GPP) increased by ~30% over the 20th century (7), if carbon uptake
efficiency (NPP/GPP) did not change significantly then NPP should be at least 80 PgC/yr
presently, while it is only 43-76 PgC/yr in current models (5).

Implications for the carbon cycle

The simulations of '*C we analysed provide evidence that CESM2 and most other CMIP6
models underestimate the magnitude of NPP in the 1960s. The minimum NPP of 63 PgC/yr in
1965 and 80 PgC/yr recently (applying a 30% increase following (7)) that is implied by our
analysis of bomb !“C in vegetation is higher than simulated in most CMIP6 models (5) (Figure 2)
but within the higher end of the range of observation-based estimates of GPP (34-37), assuming
roughly 50% NPP/GPP. The global NPP/GPP ratio might increase slightly in the future (3§), but
we are not aware of any evidence for a historical trend. The average NPP in CMIP6 models
actually decreased in comparison with CMIP5 models (5, 39), which likely degraded the model
cohort rather than improved it.

Our results highlight parametric and structural uncertainties in model simulations of leaf-level
photosynthesis and stomatal conductance, nutrient limitation, autotrophic respiration, carbon
allocation, mortality and turnover. For example, replacing the widely-used assumption of
homogeneity in wood carbon turnover rates at a given location (40) with vegetation demographic
models (47) that allow distinct populations of fast-growing versus long-lived trees may improve
14C accumulation, where the former are able to rapidly take up '*C while the latter dominate the
overall biomass pool (42). However, since '*C accumulation over 1963-67 is higher in woody
than non-woody vegetation (Figures 3, S1 and S4), it is likely that increasing NPP to woody
vegetation in models that underestimate '*C accumulation is required. Satisfying observational
constraints on carbon stocks while increasing NPP will require that the rate of carbon turnover in
the models also increases.
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A range of 41-64 PgC/yr for NPP was found in a previous study (9) using a '*C budget to
diagnose the bomb-produced '“C in the biosphere, and then using this budget to fit parameters in
a simple 3-box global biosphere model (43). Our evaluation of state-of-the-art global biosphere
models suggests that the '*C budget in the 1960s cannot be met with NPP lower than 63 PgC/yr
in current model formulations (Figure 2b). This is in fact consistent with reference (9) whose
budget was not closed in the 1960s and instead included a residual “hidden sink”, which must be
in the terrestrial biosphere.

Radiocarbon data provide powerful and unique insights on carbon cycling and model evaluation,
but they have been underutilized due to the low number of models simulating '*C. In addition to
the observation-based global '*C accumulation used here and soil carbon '*C data used
previously to evaluate CMIP models (33, 44), other data including '“C in specific soil
compounds, in respiration or in atmospheric CO2 could be used to evaluate more processes in
models that simulate '*C. Analyzing the 1963-67 period allowed us to focus on vegetation, but
longer analysis of subsequent decades would enable critical insights on whole ecosystem cycling
including litter and soil (Figure 1c). Within vegetation alone, '*C simulations strongly diverge
over time (Figure 2a) and there are large differences between models in their spatial distribution
of '*C accumulation, NPP and carbon stock (Figure 4 and S6). Spatial differences in '*C
accumulation between models are at least a factor of two but up to a factor of 10 for non-woody
vegetation in northern temperate and boreal regions. Additional *C data-model comparison will
enable more constraints on various processes. Also, since we estimated the 1963-67 *C
accumulation in litter and soils based on the CESM-LENS simulations (with £100%
uncertainty), further analysis of '“C through all biospheric pools would help to refine the
constraints on vegetation.

The vegetation emulator model we used represents the '*C explicitly simulated in CESM2 well
(Figures 2-4), but the emulator could not be evaluated for other models and emulators for litter
and soil pools could not be constructed with the limited variables in the CMIP output. Ensuring
an accurate representation of '“C in biospheric models requires that the models explicitly
simulate *C, which only requires one additional tracer to be added in a simple way (27). New
methods for fast spin up could be exploited (45-47). As requested for CMIP6 (48), we strongly
recommend that modelling groups implement '“C in ESMs and in stand-alone models, and report
these results to CMIP and related activities to enable model assessment and scientific
understanding.

Accurate simulation of vegetation and total biospheric carbon uptake and turnover is critical to
understanding historical and future anthropogenic carbon storage in terrestrial ecosystems, both
for natural sinks of COz as well as for ‘nature-based solutions’ that aim to remove atmospheric
CO2 by increasing land ecosystem carbon. Our analysis shows that the uptake of carbon via NPP
and the rate of carbon turnover in models must both be increased, which will increase the
turnover of anthropogenic carbon in the terrestrial biosphere. Since the uptake and turnover of
carbon are the main controls on the anthropogenic COz sink in the terrestrial biosphere, this
study shows that the storage of anthropogenic carbon in the terrestrial biosphere is likely more
short-lived and more vulnerable to future changes than previously thought.
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Fig. 1. Budget of excess *C from nuclear bomb testing. (a) Accumulation of '*C in the
stratosphere (/1), troposphere (13, 14) and ocean since 1950 based on observations, and
simulated accumulation of '*C in ocean models (15-17) selected to match observations (19, 20)
in the 1970s and 1990s. Inset shows annual nuclear bomb strength in units of Mt TNT equivalent
(28). The period 1963-67 with no significant bombs is highlighted in green. (b) '*C accumulation
in the stratosphere, troposphere and ocean since 1963, focusing on the period 1963-67 with no
significant nuclear detonations (green area in a.). The black solid line shows an exponential fit to
the stratospheric data and the dashed lines show the 1-c uncertainty in the > fit. (c) Our new
observation-based estimate of '“C accumulation in the terrestrial biosphere in 1967 relative to
1963 (black circle), based on the budgeting approach, and simulations of the CLMS5.0 model
driven with observed climate data (CLMS5.0-unc) or as part of the CESM2 model in the Large
Ensemble (CESM2-LENS). The black area shows the range of '“C accumulation in the terrestrial
biosphere across 9 ensemble members. '“C accumulation in vegetation, soils and litter (including
coarse woody debris) are shown for CESM2-LENS ensemble member 1001.001.
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Figure 2. Model-data comparison for vegetation in the emulator models and in CESM2. (a)
Simulated accumulation of *C in vegetation since 1963 compared with the observation-based
estimate of '*C accumulation in vegetation over 1963-67. (b) Accumulation of '*C in vegetation
over 1963-67 vs NPP in 1965 in each emulator model and CESM2, including a regression line
for emulator models excluding MRI models. Gray area shows the uncertainty range in the
observation-based estimate of '*C accumulation. (¢) Accumulation of '*C in vegetation over
1963-67 vs carbon stock in vegetation in 2010 (2005 for MRI1 and IPSL5) in each emulator
model and CESM2, including observation-based estimates of vegetation carbon stock (29-37)
where the gray area reflects the uncertainty from Erb et al. (37) and uncertainty in '*C
accumulation. (d) and (e) show histograms of NPP in 1965 and carbon stock in vegetation in
2010 in CMIP6 models, including additional models that could not be included in the vegetation
emulator simulations because the available CMIP6 output for these models lacked the necessary
variables to run the emulator model (Table S2). The explicit simulation of '*C in vegetation in
CESM2-LENS member 1001.001 (CESM2-LENS1) is shown in (a-c) for comparison with the
CESM2 vegetation emulator model.
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Figure 3. Sensitivity of '*C accumulation to NPP and total carbon. Accumulation of '“C over
1963-67 in non-woody (a) and woody (b) vegetation biomass plotted in color with NPP and total
carbon stock in 1965 on x and y axes. Contours reflect relationships across 16 simulations of the
CESM2 emulator where NPP and total carbon stock were scaled across the range shown here.
Symbols show *C accumulation in the emulator models using the same color bar.
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Fig. 4. Spatial distribution of '*C accumulation simulated in vegetation in the emulator
models and in CESM2. Accumulation of '*C over 1963-67 per degree latitude in total (a), non-
woody (b) and woody (c) vegetation biomass integrated over all longitudes. The explicit
simulation of '*C in CESM2-LENSI is shown in (a) for comparison with the CESM2 emulator

model.



