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Bomb radiocarbon evidence for strong global carbon
uptake and turnover in terrestrial vegetation
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Joanna Lester1, Ingeborg Levin5†, Seth A. Spawn-Lee6,7, Will Wieder8

Vegetation and soils are taking up approximately 30% of anthropogenic carbon dioxide emissions

because of small imbalances in large gross carbon exchanges from productivity and turnover that are poorly

constrained. We combined a new budget of radiocarbon produced by nuclear bomb testing in the 1960s with

model simulations to evaluate carbon cycling in terrestrial vegetation. We found that most state-of-the-art

vegetation models used in the Coupled Model Intercomparison Project underestimated the radiocarbon

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 petagrams of carbon per

year presently, compared with the 43 to 76 petagrams per year predicted by current models. Storage of

anthropogenic carbon in terrestrial vegetation is likely more short-lived and vulnerable than previously predicted.

T
he processes contributing to the net sink

of CO2 in the terrestrial biosphere are

not yet well understood and will likely

change in the future (1), making it dif-

ficult 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 proper-

ties still have large uncertainties. In particular,

observational constraints on global net pri-

mary productivity (NPP), the rate of creation

of new plant tissues and products, and on car-

bon turnover rates are lacking. Estimates of

global NPP rely on statistical or model-based

estimates that use site-scale data (2); how-

ever, it is very difficult to measure all compo-

nents of NPP (3), and there are not many sites

with comprehensivemeasurements, especially

in the tropics (4). A large range of global NPP

of 43 to 76 petagrams of carbon (PgC) per year

is currently simulated by models (5, 6), and

these models do not generally show a strong

trend over the 20th century. This is in contrast

to the trend found for gross primary produc-

tivity (GPP) (+30%) (7), which is typically twice

as large as NPP. Here, we provide global-scale

constraints on NPP and carbon turnover by

analyzing radiocarbon (
14
C) produced by nu-

clear bomb testing and models of the terres-

trial biosphere and vegetation.

Global bomb radiocarbon budget

Nuclear bomb testing in the 1950s and 1960s

produced excess
14
C in the atmosphere (Fig. 1A),

which was assimilated into the terrestrial bio-

sphere and ocean through photosynthesis and

air-sea gas exchange over time. Tracking how
14
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 accumula-

tion of
14
C in the biosphere cannot be observed

directly; from new leaves to highly aged soil

carbon, there is too much heterogeneity in
14
C content in the biosphere.

We use a budgeting approach to diagnose

the
14
C accumulation in the terrestrial bio-

sphere caused by bomb testing to evaluate

carbon cycling in terrestrial biosphere models.

In this approach, the
14
C accumulation in the

terrestrial biosphere is calculated using obser-

vations in the stratosphere and troposphere

and observationally constrained oceanmodels

to close the
14
C budget. In contrast to prior

work (9) that examined the period from 1945

to 2005, we focus here on the period 1963 to

1967, when atmospheric
14
C was highly ele-

vated relative to the biosphere but no strong

detonations took place (green area in Fig. 1A)

(10). Therefore, total
14
C in the Earth system

was roughly constant but exchanged between

reservoirs over 1963 to 1967. This allows us to

focus on the period when there was good ob-

servational coverage of the stratosphere by

aircraft and balloon sampling and to avoid

uncertainty and assumptions with calculating

the total
14
C produced by the bombs and esti-

mating the pre-bomb
14
C content. Another ad-

vantage of focusing on 1963 to 1967 is that we

sharpen the constraint on
14
C uptake and turn-

over in vegetation, where the
14
C first entered

the terrestrial biosphere, before much
14
C was

transferred to litter and soil pools.

We used stratospheric data originally pub-

lished in reports of the Health and Safety

Laboratories, which were reassessed and recal-

culated with corrected standard values (11–13)

and used in an atmosphericmodel to calculate

global stratospheric
14
C inventories (12) (Fig. 1).

Tropospheric
14
C inventories were calculated

from global compilations recently produced for

modeling purposes (14, 15). Ocean
14
C simu-

lations (16–19) that match revised ocean
14
C

inventories (20, 21) from the 1970s (GEOSECS)

and 1990s (WOCE) were used for ocean
14
C

inventories.

After the
14
C was initially deposited in the

stratosphere, the stratosphere lost ~200 × 10
26

atoms of
14
C throughmixing of the

14
C into the

troposphere over 1963 to 1967, which exper-

ienced a net gain of about 40 × 10
26
atoms. The

ocean gained about 80 × 10
26

atoms through

air-sea exchange (Fig. 1B). We estimate that

the terrestrial biosphere therefore must have

accumulated 86 ± 18 ×10
26

atoms [95% con-

fidence interval (CI)] (22) over 1963 to 1967

(Fig. 1C) as the assimilation of
14
C outpaced

the turnover of
14
C back to the air.

Terrestrial biospheric 14C accumulation in the

CESM2 model

The terrestrial biospheric
14
C accumulation

over 1963 to 1967 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 car-

bon cycle components because of the hetero-

geneity and complexity of land ecosystems.

Simulations of the only such land model to

simulate
14
C explicitly within an ESM, the Com-

munity LandModel version 5.0 (CLM5.0) (23),

accumulate amuch lower amount of
14
C in the

terrestrial biosphere (~40 × 10
26

atoms) than

our observation-based estimate (86 ± 18 ×10
26

atoms; Fig. 1C). Simulations of CLM5.0 driven

with observed climate data (CLM5.0-unc,where

“unc” means “uncoupled”) (24) and coupled

model simulations of the Community Earth

SystemModel 2 (25) Large Ensemble Project

(CESM2-LENS) (26, 27) following the Coupled

Model Intercomparison Project (CMIP) phase

6 historical (concentration-driven) simulation

protocol show similar
14
C accumulation, and

the spread across nine ensemble members is

small (Fig. 1C). CLM5.0-unc results are similar

to another offline simulation of CLM5.0 that

suggested the
14
C accumulated in the terrestrial

biosphere in the 1960s could be too small (28).

In 1963 to 1967, not much bomb
14
C had yet

entered the soil, as most biospheric bomb
14
C

was in vegetation (Fig. 1C). In CESM2-LENS,

56% of the
14
C accumulated in vegetation, with

only 18% in litter and coarse woody debris and

26% in soils over 1963 to 1967. If the
14
C accu-

mulation in vegetation in CESM2 were correct,

then the
14
C accumulation in nonvegetation

pools would have to be >3 times larger than

simulated inCESM2-LENSand>75%of the total
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14
C accumulation to match the observation-

based estimate. It is unlikely that more than

half of the biospheric
14
C accumulation over

1963 to 1967 occurred in dead plant material

and soils because the peak in global mean tro-

pospheric
14
C occurred only in 1964–1965.

We thus conclude that the
14
C accumulation

in vegetation over 1963 to 1967 in CESM2 is

too low (Fig. 1). The underestimate for vege-

tation could be because the NPP in the model

is too low, so not enough
14
C enters the vege-

tation, and/or because carbon is misallocated

between short-lived versus long-lived pools, so
14
C is turned over too quickly.

Vegetation model emulators and

model-data comparisons

CESM2 is the only Earth system model with

explicit simulations of
14
C available. Therefore,

to simulate the
14
C accumulation in othermod-

els and to explore the sensitivity of the
14
C

accumulation to NPP and carbon stocks, we

needed to construct emulator models. We

found that the variables included in CMIP

were not sufficient to construct a reliable emu-

lator model for the whole terrestrial biosphere

for CESM2, but
14
C in vegetation could be

modeled reliably (Figs. 2 to 4).

We focus now on analyzing the
14
C accumu-

lation only in vegetation in models over 1963

to 1967. We constructed a simple emulator

model for woody (long-lived: stem and coarse

roots) and nonwoody (short-lived: leaves, fine

roots, and other pools) vegetation biomass

run on each model grid cell (22). We applied

the emulator model to CESM2-LENS member

1001.001 and to models from CMIP5 and

CMIP6 that reported the necessary variables.

We examined global sums for woody and non-

woody pools across all biomes and grid cells

(Figs. 2 to 4 and fig. S1), so the global non-

woody vegetation biomass includes the non-

woody vegetation biomass in forests as well

as other biomes. We compared these with

satellite-based vegetation carbon products

(29–31) 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 (32)] and

added this to the observation-based estimates

of vegetation carbon stocks.

To evaluate the vegetation
14
C simulations,

we estimated the true
14
C accumulation in veg-

etation by subtracting the
14
C accumulation in

litter, coarse woody debris, and soils simulated

by CESM2-LENS member 1001.001 from the

observation-based total terrestrial biosphere
14
C accumulation over 1963 to 1967. We al-

lowed the uncertainty in nonvegetation
14
C

accumulation to be ±100% (95% CI) (22), even

though CESM2/CLM5 is in fact likely to over-

estimate this
14
C accumulation because its

proportion of fresh carbon in both surface and

subsurface soils has been shown to be too high

(33). Our estimate of vegetation
14
C accumula-

tion is 69 ± 24 ×10
26
atoms (95% CI) over 1963

to 1967, which allows for a possible range of

43 to 100% of biospheric
14
C accumulation in

vegetation.

Most of the CMIP5 and CMIP6 vegetation

emulatormodels (five of seven) underestimate

the observation-based vegetation
14
C accu-

mulation over 1963 to 1967 (Fig. 2). The two

models that match the observation-based veg-

etation
14
C accumulation have high NPP of

>68 PgC/yr in 1965 (Fig. 2B, fig. S1, and table

S1). One of the two models is from CMIP5

(IPSL5), whereas the CMIP6 version of that

model (IPSL6) has much lower NPP and un-

derestimates the observation-based vegeta-

tion bomb
14
C inventory. The other model

matching the observation-based vegetation

bomb
14
C inventory, CanESM5 from CMIP6,

has high NPP and allocates a large fraction of

its NPP to wood (68% in 1965), in contrast to

other models allocating 22 to 43% of NPP to

wood (table S1).

Overall, the
14
C accumulation in vegetation

over 1963 to 1967 shows a strong relationship

with NPP but not with vegetation carbon

stock (Fig. 2). This indicates that higher NPP

increases
14
C accumulation in vegetation over

1963 to 1967, but higher carbon stock (and

slower turnover rate) generally does not. Two

versions of the MRI model lie below a regres-

sion line between
14
C accumulation in vegeta-

tion and NPP for the other five models (Fig.

2B). TheMRImodels allocate the highest frac-

tion of NPP to nonwoody vegetation (76 to 78%

to nonwoody and 22 to 24% to woody), and

their nonwoody annual NPP is similar to their

nonwoody carbon stock (table S1), which indi-

cates a very high level of productivity per unit
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Fig. 1. Budget of excess 14C from nuclear bomb testing. (A) Accumulation of 14C in the stratosphere

(12), troposphere (14, 15), and ocean since 1950 based on observations and simulated accumulation of 14C

in ocean models (16–18) selected to match observations (20, 21) in the 1970s and 1990s. Inset shows annual

nuclear bomb strength in units of megatons of TNT equivalents (10). The period 1963 to 1967 with no strong nuclear

detonations is highlighted in green. (B) 14C accumulation in the stratosphere, troposphere, and ocean since 1963

focusing on the period 1963 to 1967 [green area in (A)]. The black solid line shows an exponential fit to the

stratospheric data, and the dashed lines show the 1-s uncertainty in the c2 fit. (C) Our new observation-based

estimate of 14C accumulation in the terrestrial biosphere in 1967 relative to 1963 (black circle) based on the

budgeting approach and simulations of the CLM5.0 model driven with observed climate data (CLM5.0-unc) or as

part of CESM2-LENS. The black area shows the range of 14C accumulation in the terrestrial biosphere across

nine ensemble members. 14C accumulation in vegetation, soils, and litter (including coarse woody debris) are

shown for CESM2-LENS ensemble member 1001.001.
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biomass and a fast turnover rate. Therefore, the

flux of
14
C into nonwoody vegetation in the

MRImodels is large but is turned over quickly,

and the
14
C accumulation in nonwoody vege-

tation is among the lowest (Fig. 3A).

There are differing controls on
14
C accumu-

lation over 1963 to 1967 in nonwoody versus

woody vegetation biomass in the emulator

models (Fig. 3 and figs. S2 and S3). Accumu-

lation of
14
C in longer-lived woody vegetation

is sensitive to NPP, whereas accumulation of

14
C in shorter-lived nonwoody vegetation is

more sensitive to the carbon stock. At higher

stocks of nonwoody vegetation carbon,
14
C ac-

cumulation in nonwoody vegetation is also

sensitive to NPP. The patterns found for scal-

ing experiments in the CESM2 vegetation emu-

lator (contours in Fig. 3) are similar to the

patterns found for the other vegetation model

emulators (colored symbols in Fig. 3).

The patterns in Fig. 3 indicate that under-

estimated
14
C accumulation in vegetation over

1963 to 1967 is due to underestimated NPP or

underestimated nonwoody vegetation biomass

in models. Only IPSL6 underestimates the

total vegetation carbon stock estimated with

satellite data (Fig. 2C and fig. S4), so increasing

nonwoody carbon stock in the models re-

quires that carbon shifts from woody biomass

(stems and coarse roots) to nonwoody biomass

(leaves, fine roots, and other biomass) by ad-

justment of their turnover rates. The models

tend to underestimate belowground vegetation
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Fig. 2. Model-data comparison for vegetation in the emulator models and

in CESM2. (A) Simulated accumulation of 14C in vegetation since 1963 compared

with the observation-based estimate of 14C accumulation in vegetation over

1963 to 1967. (B) Accumulation of 14C in vegetation over 1963 to 1967 versus

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 14C accumulation. (C) Accumulation

of 14C in vegetation over 1963 to 1967 versus 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 (29–31). The gray area

reflects the uncertainty from Erb et al. (31) and uncertainty in 14C accumulation.

(D and E) 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 14C in vegetation in CESM2-LENS member

1001.001 (CESM2-LENS1) is shown in (A) to (C) for comparison with the

CESM2 vegetation emulator model.
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Fig. 3. Sensitivity of 14C accumulation to NPP and total carbon. Accumulation of 14C over 1963 to 1967 in nonwoody (A) and woody (B) vegetation biomass

plotted in color with NPP and total carbon stock in 1965 on the x and y axes. Contours reflect relationships across 16 simulations of the CESM2 emulator, where NPP
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RESEARCH | RESEARCH ARTICLE

Graven et al., Science 384, 1335–1339 (2024) 21 June 2024 3 of 5

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at T
o
m

sk
 S

tate U
n
iv

ersity
 o

n
 Ju

n
e 2

3
, 2

0
2
4



carbon stocks (29, 30) (fig. S5), so shifting above-

ground woody carbon (stems) to belowground

nonwoody carbon (fine roots) may be required.

Conversely, NPP inwoody (or nonwoody) vege-

tation could be increased in themodels without

necessarily affecting carbon stocks if modeled

turnover rates are simultaneously increased.

The regression between vegetation
14
C accu-

mulation and NPP (R
2
> 0.99), excluding the

MRI models that have very high nonwoody

NPP, suggests that NPP in 1965 should have

been at least 63 PgC per year (the value of NPP

at the intersection of the regression line and
14
C accumulation uncertainty range in Fig. 2B).

However, only 16% of all CMIP6 models have

NPP higher than 63 PgC per year in 1965 (Fig.

2D and table S2). Considering that total car-

bon assimilation (GPP) increased by ~30%

over the 20th century (7), if carbon uptake ef-

ficiency (NPP/GPP) did not change significant-

ly, thenNPP should be at least 80 PgC per year

presently, but it is only 43 to 76 PgC per year in

current models (5).

Implications for the carbon cycle

The simulations of
14
C that we analyzed provide

evidence that CESM2 and most other CMIP6

models underestimate the magnitude of NPP

in the 1960s. TheminimumNPP of 63 PgC per

year in 1965 and 80PgC per year recently [apply-

ing a 30% increase according to (7)] that is im-

plied by our analysis of bomb
14
C in vegetation is

higher than simulated in most CMIP6 models

(5) (Fig. 2) butwithin thehigher endof the range

of observation-based estimates of GPP (34–37),

assuming ~50%NPP/GPP. The global NPP/GPP

ratio might increase slightly in the future (38),

but we are not aware of any evidence for a his-

torical trend. The average NPP in CMIP6mod-

els actually decreased compared with CMIP5

models (5, 39), which likely degraded themod-

el cohort rather than improved it.

Our results highlight parametric and struc-

tural uncertainties in model simulations of

leaf-level photosynthesis and stomatal con-

ductance, nutrient limitation, autotrophic

respiration, carbon allocation, mortality, and

turnover. For example, replacing the widely

used assumption of homogeneity in wood car-

bon turnover rates at a given location (40)

with vegetation demographic models (41) that

allow distinct populations of fast-growing ver-

sus long-lived trees may improve
14
C accumu-

lation, where the former are able to rapidly

take up
14
C whereas the latter dominate the

overall biomass pool (42). However, because
14
C accumulation over 1963 to 1967 is higher

in woody than nonwoody vegetation (Fig. 3

and figs. S1 and S4), it is likely that increasing

NPP to woody vegetation in models that under-

estimate
14
C accumulation is required. Satisfying

observational constraints oncarbon stockswhile

increasing NPP will require that the rate of car-

bon turnover in the models also increases.

A range of 41 to 64 PgC per year for NPPwas

found in a previous study using a
14
C budget to

diagnose the bomb-produced
14
C in the bio-

sphere (9) and then using this budget to fit

parameters in a simple three-box global bio-

sphere model (43). Our evaluation of state-

of-the-art global biosphere models suggests

that the
14
C budget in the 1960s cannot be

met with NPP lower than 63 PgC per year in

current model formulations (Fig. 2B). This is

in fact consistent with (9), in which the budget

was not closed in the 1960s and instead included

a residual “hidden sink” that must be in the

terrestrial biosphere.

Radiocarbon data provide powerful and

unique insights on carbon cycling and model

evaluation, but they have been underused be-

cause of the low number of models simulat-

ing
14
C. In addition to the observation-based

global
14
C accumulation used here and soil

carbon
14
C data used previously to evaluate

CMIP models (33, 44), other data including
14
C in specific soil compounds, in respiration,

or in atmospheric CO2 could be used to eval-

uate more processes in models that simulate
14
C. Analyzing the 1963 to 1967 period allowed

us to focus on vegetation, but longer analysis

of subsequent decades would enable critical

insights on whole-ecosystem cycling, includ-

ing litter and soil (Fig. 1C). Within vegetation

alone,
14
C simulations strongly diverge over

time (Fig. 2A), and there are large differences

between models in spatial distribution of
14
C

accumulation, NPP, and carbon stock (Fig. 4

and fig. S6). Spatial differences in
14
C accu-

mulation between models are at least a factor

of two but up to a factor of 10 for nonwoody

vegetation in northern temperate and boreal

regions. Additional
14
C data-model compar-

isons will enable more constraints on various

processes. In addition, because we estimated

the 1963 to 1967
14
C accumulation in litter and

soils based on the CESM-LENS simulations

(with ±100% uncertainty), further analysis of
14
C through all biospheric pools would help

to refine the constraints on vegetation.

The vegetation emulator model that we used

here represents the
14
C explicitly simulated in

CESM2 well (Figs. 2 to 4), but the emulator

could not be evaluated for other models, and
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Fig. 4. Spatial distribution of 14C accumulation simulated in vegetation in the emulator models and in CESM2. Accumulation of 14C over 1963 to 1967 per

degree latitude in total (A), nonwoody (B), and woody (C) vegetation biomass integrated over all longitudes. The explicit simulation of 14C in CESM2-LENS1 is shown in

(A) for comparison with the CESM2 emulator model.
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emulators for litter and soil pools could not be

constructed with the limited variables in the

CMIP output. Ensuring an accurate represen-

tation of
14
C in biospheric models requires

that the models explicitly simulate
14
C, which

only requires one additional tracer to be ad-

ded in a simple way (22). Newmethods for fast

spin-up couldbe exploited (45–47). As requested

for CMIP6 (48), we strongly recommend that

modeling groups implement
14
C in ESMs and

in stand-alonemodels and report these results

to CMIP and related activities to enable model

assessment and scientific understanding.

Accurate simulation of vegetation and total

biospheric carbonuptake and turnover is critical

to understanding historical and future anthro-

pogenic carbon storage in terrestrial ecosystems,

both for natural sinks of CO2 and for “nature-

based solutions” that aim to remove atmospheric

CO2 by increasing land ecosystem carbon. Our

analysis shows that theuptake of carbon through

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. Because the uptake and

turnover of carbon are the main controls on

the anthropogenic CO2 sink in the terrestrial

biosphere, the results of our study suggest 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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