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A B S T R A C T   

The variations of atmospheric Δ14C over the past two millennia are classically attributed to changes in its 
production rate in the upper atmosphere, which in turn is related to changes in solar activity and the Earth’s 
magnetic field. However, the potential contribution of atmospheric and oceanic circulation changes during this 
period has not been precisely quantified. This has been achieved here using a coupled climate model simulating 
explicitly the evolution of the different carbon isotopes, driven by a new estimate of 14C production derived from 
10Be measurements, and using different production rates for each hemisphere. Our results confirm that changes 
in global and hemispheric atmospheric Δ14C are primarily driven by changes in production rate. The very good 
agreement between our results and observed atmospheric Δ14C also highlights the strong consistency of current 
interpretations of 10Be and 14C measurements. By contrast, the interhemispheric difference in atmospheric Δ14C 
is controlled by changes in the intensity of southern hemisphere westerly winds (SHWW) that impact 
atmosphere-ocean exchange and the upwelling of 14C depleted water masses in the Southern Ocean. Changes in 
deep water formation in both hemispheres or open ocean polynyas in the Southern Ocean only have a small 
impact on atmospheric Δ14C over that period. When driven by changes in the SHWW proportional to three 
existing reconstructions of the Southern Annular Mode (SAM) index, the model reproduces some key charac
teristics of the observed interhemispheric Δ14C gradient. These include the low values in the 15th century and 
the peak in the 16th century, but there are also clear differences between the experiments and Δ14C observations. 
This suggests that while SAM reconstructions capture some robust features in the centennial variability, large 
uncertainties remain.   

1. Introduction 

14C (radiocarbon) is a radioactive isotope of carbon predominantly 
produced from nitrogen atoms in the upper atmosphere through the 
action of cosmic rays. It is widely used in paleoclimatology as a dating 
tool and as a tracer to diagnose exchanges between and within different 
carbon reservoirs. The analysis of observed changes in 14C and their 

modelling has thus provided key information on the past variability of 
the carbon cycle and oceanic circulation (see the recent reviews of 
Heaton et al., 2021; Skinner and Bard, 2022). 

The amount of 14C has been measured in a wide range of archives 
and is usually expressed by the Δ14C of the sample, defined as the de
viation of 14C/12C from a standard, with correction for fractionation and 
radioactive decay (e.g., Stuiver and Polach, 1977). Syntheses of 14C 
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measurements performed in archives that are strongly connected to the 
atmospheric content, such as tree rings, plant macrofossils, speleothems, 
varved lake sediments, and some marine archives, have led to estimates 
of atmospheric Δ14C for each hemisphere over the past 50,000 years, the 
most recent estimates being IntCal20 (Reimer et al., 2020) and SHCal20 
(Hogg et al., 2020). 

In the ocean, 14C can be considered to the first order as a passive 
tracer which is incorporated at the surface and whose amount decreases 
with time because of its radioactive decay as it is transported in the 
ocean interior. The 14C amount at depth at any location thus gives an 
indication of the time elapsed since the water has last been in contact 
with the surface, and therefore of the ventilation rate, although the link 
can be complex (Broecker et al., 1991; Deleersnijder et al., 2001; En
gland and Maier-Reimer, 2001; Skinner and Bard, 2022). 

Consequently, analyzing spatial and temporal variations in Δ14C in 
the ocean provides an indirect measure of the ocean ventilation for 
current or past conditions and evaluating the ability of models to 
reproduce the observed Δ14C patterns is a powerful way to diagnose 
potential biases in the simulated circulation. For present-day conditions, 
most studies focused on the mean state of the ocean circulation (Togg
weiler et al., 1989; England and Maier-Reimer, 2001; Orr et al., 2017). 
However, the impact of the variability of the oceanic circulation on the 
oceanic Δ14C has also been investigated, indicating that changes in the 
Atlantic Meridional Overturning Circulation (AMOC) and in Southern 
Hemisphere Westerly Winds (SHWW) can have a modest but measurable 
imprint on the radiocarbon in the ocean at interannual to decadal time 
scales (Galbraith et al., 2011; Pookkandy et al., 2023). 

The analyses of radiocarbon distribution in the ocean at the last 
glacial maximum have indicated that the low value of Δ14C at depth in 
many regions of the ocean could be attributed to a lower ventilation rate 
of oceanic waters (e.g., Broecker et al., 1988; Muscheler et al., 2000; 
Meissner et al., 2003; Menviel et al., 2017; Skinner et al., 2017; Dinauer 
et al., 2020). During the deglaciation, the observed fluctuations of the 
atmospheric Δ14C have been linked to the variability of the deep water 
formation in the north Atlantic, with complementary contributions from 
changes in the SHWW, Southern Ocean mixing and sea ice cover, and 
possibly permafrost thawing. These Δ14C variations help constrain the 
processes that led to the atmospheric CO2 changes, and illustrate the 
interest of radiocarbon in documenting the carbon cycle dynamics 
(Köhler et al., 2005, 2014; Meissner, 2007; Tschumi et al., 2011; Bauska 
et al., 2016; Ganopolski and Brovkin, 2017; Menviel et al., 2018; Skinner 
et al., 2023). 

Over the past two millennia, changes in ocean circulation have been 
assumed to play a relatively small role. The observed variations in Δ14C 
over that period are generally attributed to changes in the production 
rate of 14C in the atmosphere (e.g., Muscheler et al., 2007; Roth and 
Joos, 2013). This production rate is dependent on solar activity, with a 
more active sun leading to a lower production rate by better protecting 
the Earth from cosmic rays, and, on longer time scales, on geomagnetic 
field shielding (e.g., Lal and Peters, 1967; Masarik and Beer, 1999). 
Consequently, changes in the total solar irradiance over the past 
millennia have been estimated from 14C production rate, the latter being 
derived from the reconstructions of atmospheric Δ14C (e.g., Roth and 
Joos, 2013; Muscheler et al., 2016; Jungclaus et al., 2017). 

However, the influence of oceanic circulation on atmospheric Δ14C 
over the past millennia may have been underestimated by models as the 
simulated magnitude of the centennial variability of the oceanic circu
lation may be too low compared to reconstructions (Rodgers et al., 2011; 
Galbraith et al., 2011; Laepple and Huybers, 2014). In particular, models 
struggle to reproduce reconstructed past changes in the Southern Annual 
Mode (SAM), which is strongly connected to the strength and position of 
the SHWW (Abram et al., 2014). 

The impact of circulation changes might be easier to detect in the 
hemispheric Δ14C gradient than in the global mean Δ14C. The mixing 
between hemispheres in the troposphere is relatively fast, of the order of 
1.5 years (Levin et al., 1987; Geller et al., 1997). However, because of 

the upwelling of 14C depleted deep and intermediate waters in the 
Southern Ocean, the preindustrial atmospheric Δ14C is lower in the 
southern hemisphere than in the northern hemisphere by about 3–4 ‰ 
(Levin et al., 1987; Rodgers et al., 2011; Hogg et al., 2020). Any change 
in the SHWW that would affect the intensity of the upwelling could then 
have an effect on the observed hemispheric Δ14C gradient (Rodgers 
et al., 2011; Capano et al., 2020). For instance, Rodgers et al. (2011) 
argue that a weakening of the SHWW at the end of the 14th century was 
responsible for the observed decrease in the interhemispheric gradient 
of atmospheric Δ14C at that time. 

Our goal here is to further investigate the potential role of changes in 
oceanic circulation and SHWW on atmospheric Δ14C and its inter
hemispheric gradient over the preindustrial common era using simula
tions performed with an Earth System Model of Intermediate 
Complexity (EMIC) including a representation of the carbon cycle and 
explicit simulation of 12C, 13C, and 14C. The interest is twofold. First, we 
quantify the potential error in 14C production rate reconstructions and 
the derived solar irradiance when based on the assumption that oceanic 
circulation variability had no impact on Δ14C. Second, simulating 14C 
and its interhemispheric gradient can provide indirect information on 
the changes in atmospheric and oceanic circulations over the past 
millennia. The model and experimental design are described in section 
2. Sensitivity experiments are discussed in section 3 to estimate the 
potential impact of changes in winds, upwelling and deep-water for
mation on the evolution of Δ14C. This is required here because the 
changes in circulation over the past two millennia are much more subtle 
than the changes that have been simulated in the literature in the 
context of Δ14C, such as variability during the last glacial period and 
deglaciation. Those past estimates of the role of the circulation could 
thus not be used here to quantify the potential contribution of the 
different processes as much more modest variations are expected for the 
past two millennia. Simulations covering the past two millennia are then 
analyzed in section 4 before a discussion and conclusions in section 5. 

2. Methodology  

a. Description of the model. 

LOVECLIM1.3 (Goosse et al., 2010) is an Earth system model of in
termediate complexity. The model configuration used here is identical to 
the one in Goosse et al. (2022), except for 14C which was not activated in 
this previous study. LOVECLIM results from the coupling of the atmo
spheric model EcBilt (Opsteegh et al., 1998), the ocean and sea ice 
model CLIO (Goosse and Fichefet, 1999), the vegetation model VECODE 
(Brovkin et al., 1997) and the ocean carbon cycle model LOCH (Mouchet 
and François, 1996). δ13C and Δ14C evolution in the atmosphere, ocean 
and over land is computed by estimating the evolution of the three 
isotopes of carbon in the different reservoirs and the exchanges between 
them (Mouchet, 2011; Menviel et al., 2017). The evolution of the carbon 
isotopes in the atmosphere is managed by LOCH, using a simple one 
dimensional (latitude) diffusive model and is independent of the atmo
spheric dynamics simulated by EcBilt. A constant diffusion parameter of 
3 106 m2s− 1 is applied in this diffusive model, except at the Equator 
where a value of 2 105 m2s− 1 is imposed to account for the barrier to 
interhemispheric exchanges, as for instance done in Levin et al. (1987). 
The LOVECLIM model has a coarse resolution (5.6◦ by 5.6◦ for the at
mosphere and land, 3◦ by 3◦ in the ocean) and includes simplifications in 
the atmospheric dynamics to be able to perform long simulations and 
sensitivity experiments. The simulations presented in this manuscript 
required several thousand years of integration for the 14C to reach 
equilibrium in all reservoirs.  

b. Description of the experiments 

In order to obtain an equilibrium state corresponding to year 1 CE 
that will be used as initial condition in the subsequent experiments, a 
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10,000-year simulation is first performed with the model using forcing 
corresponding to 1 CE, including a prescribed CO2 concentration of 277 
ppm, an atmospheric δ13C value of − 6.4 ‰ and an atmospheric Δ14C 
value of − 15 ‰. Atmospheric CO2, 

13C and 14C are then computed 
interactively for another 10,000 years in the experiment Ctrl1CE 
(Table 1), using a 14C production of 1.54 atoms cm− 2 s− 1. This value 
leads to minimal drift in atmospheric Δ14C when the carbon cycle is fully 
interactive (change of less than 1 ‰ over the 10,000 years of this second 
simulation). 1.54 atoms cm− 2 s− 1 is slightly smaller than recent esti
mates that give mean values higher than 1.6 atoms cm− 2 s− 1 for present- 
day conditions (Kovaltsov et al., 2012; Poluianov et al., 2016; Herbst 
et al., 2017). It is also lower than the value used in previous experiments 
using either the modern period or the Holocene as reference (e.g. Roth 
and Joos, 2013; Hain et al., 2014). However, the period around 1 CE is 
characterized by a relatively low atmospheric Δ14C, and a low produc
tion rate is thus required to match this value, likely due to stronger 
geomagnetic shielding (Panovska et al., 2023). 

From the equilibrium state obtained in Ctrl1CE, idealized sensitivity 
experiments are first performed to quantify the potential impact of 
changes in SHWW and deep ocean circulation on the evolution of the 
atmospheric Δ14C. In experiment Windstep, the wind stress and wind 
speed are abruptly increased in the Southern Ocean. This increase equals 
25 % for wind stress and 12 % for wind speed at 50◦S and decreases to 
zero in a linear way on a 12◦ wide band on each side of this peak. The 
magnitude of this change is similar to a Southern Annular Mode index 
change of 1 and Windstep thus crudely mimics the effect of a change in 
SAM, as in Goosse et al. (2022). 

LOVECLIM has limited open ocean convection in the Southern Ocean 
and never forms open ocean polynyas. To quantify their potential in
fluence, large vertical mixing coefficients are imposed in a box located in 
the Weddell Sea (63◦S–69◦S/20◦W–3◦E) in experiment Poly. This results 
in larger deep-water ventilation and reduced ice concentration in winter 
in the region. While these higher coefficients are imposed during the 
whole run in Poly, they are applied for 10 consecutive years every 100 
years in experiment Poly10 to emulate the effect of the intermittent 
formation of polynyas. Finally, 0.1 Sv of freshwater is imposed in the 
North Atlantic and the Southern Ocean in experiments FreshAtl and 
FreshSO, respectively. This is likely a much larger perturbation than 
what was observed during the past two millennia but it provides an 
upper bound of the potential impact of reduced deep-water formation 
and reduced vertical mixing in LOVECLIM. The freshwater is applied to 
the grid points adjacent to the continent in the Southern Ocean and 
around Greenland in the North Atlantic, following the protocol of the 
Southern Ocean Freshwater release model experiments Initiative 
(SOFIA) and the North Atlantic Hosing Model Intercomparison Project 
(NAHosMIP) respectively (Swart et al., 2023; Jackson et al., 2023). 

In a second step, transient forcings (solar, orbital, volcanic, non-CO2 
greenhouse gases, aerosols, land use, anthropogenic CO2 emissions) are 
applied for the period 1–2000 CE following the PMIP4 recommenda
tions (Jungclaus et al., 2017). As all the currently available climate 
model simulations, LOVECLIM is not able to reproduce the low fre
quency variability of the SAM index inferred from proxy records (e.g. 
Abram et al. 2014). Consequently, in experiments LM_SAM_Dat2018, 
LM_SAM_Dal2021, and LM_SAM_Kg2023 additional perturbations of the 
winds are imposed, following the reconstructions of the SAM index of 
Dätwyler et al. (2018), Dalaiden et al. (2021), and King et al. (2023), 
respectively (Fig. 1). For these experiments, we use the same latitudinal 
perturbation profile as in Windstep and vary the magnitude with the 
SAM index (Goosse et al., 2022). 

The variable 14C production rate (Fig. 2) applied in the experiments 
covering the past two millennia (Table 1) is based on time series of 10Be 
from an existing compilation of Greenland and Antarctic ice core records 
(Muscheler et al., 2016) and adding a new record from the South Pole 
(Winski et al., 2019; Schaefer, 2022). Based on the discussions in 
Muscheler et al. (2016), we omit inconsistent data from two ice core 
records (Camp Century and Dome-C) and then normalize all Greenland 

Table 1 
List of experiments.  

Experiment Forcings 14C 
production 

Westerlies Specificity 

Ctrl1CE 1 CE 1.54 at. 
cm− 2 s− 1 

No 
perturbation 

Δ14C is 
close to -15 
‰ 

Ctrl1CE0 1 CE 1.58 at. 
cm− 2 s− 1 

No 
perturbation 

Δ14C is 
close to 0‰ 

Windstep 1 CE 1.54 at. 
cm− 2 s− 1 

Step increase 
of the wind 
stress year 1  

Poly 1 CE 1.54 at. 
cm− 2 s− 1 

No 
perturbation 

Deep 
mixing 
imposed in 
the Weddell 
Sea 

Poly10 1 CE 1.54 at. 
cm− 2 s− 1 

No 
perturbation 

Deep 
mixing 
imposed in 
the Weddell 
Sea during 
10 years 
every 100 
years 

FreshAtl 1 CE 1.54 at. 
cm− 2 s- 

No 
perturbation 

0.1 Sv 
added to the 
North 
Atlantic 

FreshSO 1 CE 1.54 at. 
cm− 2 s- 

No 
perturbation 

0.1 Sv 
added to the 
Southern 
Ocean 

LM_Be10 1–2000 CE derived 
from10Be 
with the 
same mean 
value in each 
hemisphere 

No 
perturbation  

LM_ProdSH10 1–2000 CE derived 
from10Be 
with a 
production 
10% higher 
in the 
southern 
hemisphere 

No 
perturbation  

LM_ProdSH20 1–2000 CE derived 
from10Be 
with a 
production 
20% higher 
in the 
southern 
hemisphere 

No 
perturbation  

LM_SAM_Dat2018 1000–2000 
CE 

derived 
from10Be 
with the 
same mean 
value in each 
hemisphere 

SAM index 
from  
Dätwyler 
et al. (2018)  

LM_SAM_Dal2021 1000–2000 
CE 

derived 
from10Be 
with the 
same mean 
value in each 
hemisphere 

SAM index 
from  
Dalaiden 
et al. (2021)  

LM_SAM_Kg2023 1–2000 CE derived 
from10Be 
with the 
same mean 
value in each 
hemisphere 

SAM index 
from King 
et al. (2023)   
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records to the NGRIP 10Be data and Antarctic records to the new South 
pole 10Be data. We assume that the fluctuations in the production of the 
different cosmogenic isotopes have the same origin and should thus have 
similar time histories (Bard et al., 1997; Muscheler et al., 2007). This 
hypothesis has its uncertainties as the production mechanism, the at
mospheric transport and the deposition in the archives where it is finally 
measured, all depend on the isotope (Muscheler et al., 2016; Herbst 
et al., 2017; Köhler et al., 2022). This leads to uncertainties in the es
timate of 14C production rates based on measurement of other cosmo
genic isotopes, but it provides series that are completely independent of 
Δ14C observations. To investigate the potential impact of hemispherical 
differences in the production rate, we treat the Greenland and Antarctic 
10Be time series separately, assuming that differences between the re
cords are related to differences in production rates (Zheng et al., 2023; 
Zheng et al., in prep.). For the standard experiment covering the past 
two millennia (LM_Be10), we multiplied the original data for each 
hemisphere by a constant that lead to a mean 14C production rate of 1.54 
atoms cm− 2 s− 1 over the first 1500 years of the experiment and thus 
match the value selected for the equilibrium control runs. However, 
recent calculations of cosmogenic radionuclide production rates based 
on geomagnetic field models over the past 100,000 years suggest higher 
production rates in the southern hemisphere, with a difference of about 
10 % over the past two millennia (Panovska et al., 2023). Consequently, 
to sample the uncertainty in the hemispheric mean production rate, we 
have performed two additional sensitivity experiments in which we 

assume higher production rates on average in the southern hemisphere 
than in the northern hemisphere: +10% in LM_ProdSH10 and +20% 
LM_ProdSH20, respectively. This corresponds to mean 14C production 
rates of 1.46 atoms cm− 2 s− 1 in the northern hemisphere and 1.62 atoms 
cm− 2 s− 1 in the southern hemisphere in LM_ProdSH10 and of 1.39 atoms 
cm− 2 s− 1and 1.69 atoms cm− 2 s− 1in LM_ProdSH20.  

c. Evaluation of model performance 

LOVECLIM reproduces the differences in Δ14C between the different 
water masses relatively well (Fig. 3). If we compare simulated Δ14C for 
LM_Be10 averaged over the period 1700–1800 CE with estimates of pre- 
industrial conditions derived from observations (GLODAP, Key et al., 
2004), we see that the model tends to simulate too low values. In the 
deep ocean, the difference is of the order of 20 ‰, which is of the same 
order of magnitude as in other model simulations (e.g., Matsumoto 
et al., 2004; Galbraith et al., 2011; Rodgers et al., 2011; Jahn et al., 
2015; Pookkandy et al., 2023). The bias is larger for the Antarctic In
termediate Water in the Atlantic and in the North Pacific around 2000 m 
depth, where it can reach 30–40 ‰. Part of this underestimation could 
be due to the relatively low 14C production rate used to obtain the initial 
condition in LM_Be10 (see section 2b). If we initialize the simulation 
with another equilibrium experiment (Ctrll1CE0) in which atmospheric 
Δ14C is set to 0‰, assuming that this value is closer to the long-term 
average of atmospheric Δ14C, Δ14C at depth in the ocean increases by 

Fig. 1. a) SAM reconstruction time series of Dätwyler et al. (2018) (green), Dalaiden et al. (2021) (blue) and King et al. (2023) (violet) b) same as a) but smoothed 
using a 21-year hamming filter with, in addition, the interhemispheric gradient of Δ14C (peach), estimated from the difference between IntCal20 and SHCal20, and 
scaled to have the same variance as Dätwyler et al. (2018) SAM reconstruction. 
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about 10 ‰ everywhere. This increase reduces the biases but the model 
values are still in general too low, in particular in the Antarctic Inter
mediate Waters and in the North Pacific at mid-depth (not shown). 

In Ctrl1CE, the difference of atmospheric Δ14C between the two 
hemispheres equals 1.3 ‰. This is much lower than the 4.5 ‰ mean 
difference over the period 1 CE–1850 CE between IntCal20 (Reimer 
et al., 2020) for the Northern Hemisphere and SHCal20 (Hogg et al., 
2020) for the Southern Hemisphere. This difference can be due to 
several reasons. First, the diffusive atmospheric model applied in 
LOVECLIM for atmospheric Δ14C is a very crude approximation of the 
real atmospheric transport. Second, the impact of oceanic circulation or 
atmosphere-ocean exchange on the interhemispheric differences could 
be underestimated in the model, for example because the SHWW tend to 
be too weak in LOVECLIM (Goosse et al., 2010). Third, SHCal20 and 
IntCal20 might not accurately represent the mean atmospheric Δ14C 
over the whole hemisphere as a large fraction of the 14C data is coming 
from mid and high latitudes and observations in the tropics are scarce. In 
particular, SHCal20 is dominated by mid-latitudes observations, espe
cially from New Zealand. Analytic inaccuracies in 14C measurements 
might also play a small role for some specific time periods (Hogg et al., 
2020). For instance, Rodgers et al. (2011) compared the difference be
tween IntCal and SHCal to the difference between the midlatitudes in 
their model results instead of the simulated Δ14C averaged over each 
hemisphere. Based on their modelling results, the difference between 
those two estimates of the interhemispheric gradient could be higher 

than 1‰. The simple atmospheric model used here does not allow for a 
deeper understanding of the origin of the differences between our results 
and IntCal20 and SHCal20, and this is also not the goal here. We could 
have tuned the diffusion coefficients in the atmospheric model to get 
values closer to the difference between IntCal20 and SHCal20 but it 
would have likely been just a way to mask other problems. We thus 
prefer to keep the coefficient based on the literature but, for plotting 
purposes, we will multiply the simulated interhemispheric difference by 
a factor of 3.5 so that it roughly matches the observations. This meth
odology allows us to quantitatively compare our different experiments 
to each other but, even though it does not affect the timing of the 
changes for the model data comparison, the magnitude of the difference 
with data should be interpreted bearing for this scaling factor in mind. 

3. Results of the idealized experiments 

The formation of polynyas in the Weddell Sea has only a marginal 
effect on atmospheric Δ14C, with a decrease of 3‰ at the end of the 
experiment Poly compared to Ctrl1CE and a change of less than 1‰ in 
Poly10 (Fig. 4a). Because of the stronger ventilation in the Southern 
Ocean, oceanic Δ14C increases at depth by up to 5‰ in Poly, which 
slightly reduces the model biases (not shown). The adjustment is very 
slow, taking several centuries. Consequently, while the intermittency of 
the polynya formation at decadal time scale in Poly10 has, by con
struction, a strong impact on some variables like the sea ice 

Fig. 2. 14C production rate (atoms cm− 2 s− 1) derived from 10Be measurements for the northern hemisphere (orange), the southern hemisphere (light green) and the 
global mean (blue) a) with the same mean in the two hemispheres (used in LM_BE10) b) with a 10% higher production rate in the southern hemisphere (used in 
LM_ProdSH10) and c) with a 20% higher production rate in the southern hemisphere (used in LM_ProdSH20). 
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concentration, no decadal scale fluctuation is visible on the atmospheric 
Δ14C. Furthermore, the impact on the interhemispheric gradient is 
negligible for both experiments (Fig. 4b). 

Changes in deep water formation in the North Atlantic had a large 
impact on the atmospheric Δ14C on millennial time scales. For example, 
large disruptions of the Atlantic meridional overturning circulation 
(AMOC) during the deglaciation have induced changes in the atmo
spheric Δ14C that might have exceeded 30 ‰ (e.g., Muscheler et al., 
2000; Meissner et al., 2003; Butzin et al., 2005; Meissner, 2007; Köhler 
et al., 2006; Reimer et al., 2020). In FreshAtl, the maximum of the 
overturning streamfunction in the North Atlantic, is reduced by nearly 
30 %, a change larger than those estimated for the past two millennia (e. 
g. Rahmstorf et al., 2015; Thornalley et al., 2018). This decrease in 
overturning leads to an increase in the atmospheric Δ14C of 9 ‰ after 
1000 years, i.e. a variation that is much smaller than during the degla
ciation but in line with the smaller reduction of the overturning circu
lation in this sensitivity experiment. The impact of the perturbation is 
weaker in FreshSO, the maximum of the overturning streamfunction in 
the Southern Ocean close to Antarctica being reduced by 20 % and the 
atmospheric Δ14C increasing by 5 ‰. As in Poly, the response is very 
slow in FreshAtl and FreshSO and the impact on the hemispheric gra
dients is also very small. 

The effect of an increase in wind speed and wind stress over the 
Southern Ocean is much faster and stronger, with a decrease of atmo
spheric Δ14C by nearly 10‰ and an increase of the interhemispheric 
difference by 2‰ in less than 100 years in Windstep. Stronger winds 
induce stronger upwelling of circumpolar deep waters and lead to a 
decrease of the Δ14C at the surface of the Southern Ocean. The higher 
wind speed also leads to larger fluxes at the ocean-atmosphere interface 
and thus a smaller disequilibrium between the atmosphere and the 
ocean. Both processes contribute to a local decrease in atmospheric Δ14C 
which quickly propagates to the whole atmosphere and then back to the 
ocean that displays a global decrease of surface Δ14C (Fig. 5). However, 
as the input at surface in the Southern Ocean of 14C depleted deep water 
is higher than in Ctrl1CE, the interhemispheric gradient of atmospheric 
Δ14C also stays larger in Windstep. Because of this lower Δ14C at ocean 

surface, the deep water masses formed in the North Atlantic have a 
lower Δ14C content. The signal is weaker for Antarctic Bottom Water 
because of a compensation effect between lower surfaces values and 
higher ventilation rates in the Southern Ocean. At the same time, the 
higher oceanic ventilation increases oceanic Δ14C at intermediate 
depths, with increases larger than 9‰ in the Pacific (Fig. 5). 

In summary, our sensitivity experiments have shown that, although a 
change in deep water formation in the ocean in both hemispheres has an 
influence on atmospheric Δ14C, this requires changes in the oceanic 
circulation that are larger than these estimated for the past millennia. It 
takes also several centuries to observe the impact of those circulation 
changes, meaning that they could only have an influence on variations at 
multicentennial and longer timescales. Consequently, for reasonable 
changes in the ocean circulation compatible with estimates for the past 
two millennia, the main source of variability of atmospheric Δ14C and in 
particular of its interhemispheric gradient, is likely due to changes in 
SHWW, justifying the choice of the sensitivity experiments discussed in 
section 4. This is in line with previous studies, in particular with Gal
braith et al. (2011) who also analyzed the variability of Δ14C associated 
with circulation changes, in their case in a control simulation performed 
with a coupled general circulation model. They also find that the impact 
of polynya formation on atmospheric Δ14C is weak, partly because of the 
small surface covered by these polynyas. The simulated Δ14C variations 
are instead dominated by those of the winds in the Southern Ocean 
because of the upwelling of water with a low 14C content and the effi
cient air-sea exchanges due to the strong winds (Galbraith et al., 2011; 
Rodgers et al., 2011). 

4. Simulations over the past two millennia 

The standard simulation covering the past two millennia (LM_BE10) 
reproduces the observed atmospheric Δ14C very well, leading to corre
lations with observations higher than 0.9 in both hemispheres (Fig. 6). 
These high correlations confirm that changes in atmospheric Δ14C are 
dominantly driven by changes in the 14C production rates. The vari
ability of winds and oceanic circulation at decadal and longer timescales 

Fig. 3. Δ14C for oceanic section at 150◦W (Pacific) and 30◦W (Atlantic) averaged over the years 1700–1800 CE in the simulation LM_Be10 (a and c) and for pre- 
industrial conditions and as estimated by GLODAP (b and d, Key et al., 2004). Contour interval is 20 ‰. 
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is very weak in LM_BE10 and our results show that a higher simulated 
variability is not required to simulate adequately hemispheric mean 
atmospheric Δ14C changes over that period. It also indicates that the 
production rates deduced from 10Be are consistent with measurements 
of Δ14C, providing a strong and independent validation. Nevertheless, 
LM_BE10 displays too low atmospheric Δ14C around 400 CE compared 
to observations. The low production rate for this period derived from 
10Be observations (Fig. 2) leads to a decreasing trend in atmospheric 
Δ14C that is larger than the observed one. Another disagreement be
tween LM_BE10 and observations occurs between 1700 and 1850 CE, in 
particular in the southern hemisphere. This bias could indicate an 
overestimation in the production rate derived from 10Be at that time or, 
alternatively, changes in the oceanic circulation that are not well rep
resented by the model and would contribute to lower the atmospheric 
Δ14C. 

Despite higher mean 14C production rates in the southern than in the 
northern hemisphere in LM_ProdSH10 and LM_ProdSH20, the simulated 
hemispheric mean atmospheric Δ14C remains so close to the values 
obtained in LM_BE10 that it is difficult to see any difference between 
them on Fig. 6. This indicates that the mixing between the two hemi
spheres is fast enough to compensate for the differences in hemispheric 
14C production rates. However, as expected, the interhemispheric dif
ference in atmospheric Δ14C is smaller in LM_ProdSH10 and 
LM_ProdSH20 than in LM_BE10 because the production in the southern 
hemisphere is larger in these experiments. The response appears rela
tively straightforward in LOVECLIM, with the curves in LM_ProdSH10 

and LM_ProdSH20 simply shifted compared to LM_BE10. 
Nevertheless, this larger production rate in the southern hemisphere 

in LM_ProdSH10 and LM_ProdSH20 is not able to compensate for the 
Southern Ocean source of depleted 14C associated with the upwelling of 
deep water masses and the atmospheric Δ14C remains lower in the 
southern hemisphere in all the experiments. In Ctrll1CE, the flux of 14C 
from the atmosphere to the ocean in the southern hemisphere amounts 
to 234 molC year− 1 while it is of 156 molC year− 1 in the northern 
hemisphere. To achieve the same balance in both hemispheres in our 
model, the southern hemisphere would need to receive about 60% of the 
total production (234/390) and the northern hemisphere 40% (156/ 
390). If this is not the case, a transport must occur from one hemisphere 
to the other, controlling the hemispheric gradient. While this is a rough 
calculation that does not include the contribution of continental sur
faces, the estimate is consistent with a sensitivity test: to have similar 
Δ14C in both hemispheres, about 65% of the production rate would be 
required in the southern hemisphere in LOVECLIM (not shown). Results 
from modelling of cosmogenic radionuclide production over the past 
100,000 years (Panovska et al., 2023) never show hemispherical dif
ferences in production rates reaching this repartition of 60/40, 
explaining why in LM_ProdSH10 and LM_ProdSH20 the atmospheric 
Δ14C is still lower in the southern hemisphere, in agreement with 
observations. 

The amplitude of the fluctuations in interhemispheric 14C gradient is 
much smaller in LM_BE10, LM_ProdSH10 and LM_ProdSH20 than the 
difference between SHCal20 and IntCal20, except after 1700 when the 

Fig. 4. a) Evolution of the northern hemisphere atmospheric Δ14C and b) the interhemispheric difference (southern hemisphere mean minus northern hemisphere 
mean atmospheric Δ14C) in the 5 sensitivity experiments: Poly (blue), Poly10 (black), FreshAtl (magenta), FreshSO (red) and Windstep (cyan). 
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simulated values strongly decrease in response to higher 14C production 
in the northern hemisphere (Fig. 2). Overall, the correlation between 
simulated hemispheric differences in atmospheric Δ14C and the differ
ence between SHCal20 and IntCal20 is very close to zero. This indicates 
that, in our experiments, the difference in atmospheric 14C production 
rate could not explain the observed interhemispheric differences in at
mospheric Δ14C. 

When a wind perturbation proportional to the SAM index is applied, 
the mean atmospheric Δ14C is impacted in both hemispheres by up to 5 
‰, with an increase in atmospheric Δ14C when the SAM index decreases 
(Fig. 7). None of the three simulations (LM_SAM_Dat2018, LM_SAM_
Dal2021 and LM_SAM_Kg2023) is clearly in better agreement with ob
servations than the others but, for the period 1300–1700 CE, the 
observed interhemispheric gradient is within the range of the 3 simu
lations. However, the increase in the interhemispheric gradient at the 
beginning of the 18th century (i.e. more negative values in Fig. 7) is too 
strong in the three experiments. This is a period of increasing SAM index 
in the reconstructions, which is consistent with this increase, but the 
trend is larger than in the observations because the applied14C pro
duction rates (Fig. 2) becomes lower in the southern hemisphere than in 
the northern hemisphere at that time (and thus an increase in the 
interhemispheric gradient is already observed in LM_Be10, see Fig. 6). 
Over the period 1300–1800 CE, the correlation between simulated and 
observed interhemispheric gradient reaches 0.30, 0.31, and 0.12 for 
LM_SAM_Dat2018, LM_SAM_Dal2021 and LM_SAM_Kg2023, respec
tively. This is still relatively modest but much higher than for LM_Be10 
(correlation of 0.01 over this period) and is consistent with the corre
lation between the SAM indices and the observed interhemispheric 
gradient (see Fig. 1 b) which equals 0.44, 0.41, and 0.22 for the period 
1300–1800 for the reconstructions of Dätwyler et al. (2018), Dalaiden 
et al. (2021) and King et al. (2023), respectively. If we take the differ
ence between the three wind perturbation experiments and LM_Be10 to 
remove the contribution of the interhemispheric difference in produc
tion rate, the correlation increases to 0.43, 0.41 and 0.19, showing the 
direct and relatively linear link between the applied SAM variations and 

interhemispheric gradient in atmospheric Δ14C in our experiments. 
More specifically, the three reconstructions display relatively high 
values of the SAM index between 1200 and 1350 CE, a decrease around 
the 15th century before a positive trend and higher values. This implies 
that in LM_SAM_Dat2018, LM_SAM_Dal2021 and LM_SAM_Kg2023 the 
lowest value of the interhemispheric gradient occurs in the 14th century 
with a peak at around 1500 in good agreement with the observations. 
Before 1300 CE, the model-data agreement is much lower but this could 
be due to the lower skill of the SAM reconstructions as the number of 
available proxies is decreasing the further we go back, as highlighted by 
the large differences between the 3 reconstructions at that time. 

5. Conclusions 

Our simulations have confirmed the hypothesis that the global and 
hemispheric mean variations in atmospheric Δ14C over the past two 
millennia are mainly controlled by changes in the 14C production rate. 
Modulations by the atmospheric and oceanic circulation are possible but 
their contribution is at least an order of magnitude smaller. Our results 
also indicate a very good agreement between observed and simulated 
atmospheric Δ14C when the model is driven by production rates derived 
from 10Be. This agreement indicates that the independent time series of 
those two cosmogenic isotopes are very consistent. Reconstructions of 
solar activity based on those series are therefore trustworthy and not 
strongly impacted by the uncertainties on these records or by atmo
spheric or oceanic circulations changes. Our simulations suggest that the 
14C production rate derived from the 10Be is slightly too low around 400 
CE and slightly too high between 1650 and 1800 CE. This bias may be 
due to factors affecting 10Be deposition that are not well accounted for in 
the estimate of the production rate or to carbon-cycle effects on Δ14C 
that are not adequately represented by our model. We could not deter
mine here which one is responsible for the discrepancy but, as the at
mospheric Δ14C is mainly controlled by the production rate, biases in the 
model input for the production rate is a likely candidate. 

LOVECLIM simulates lower atmospheric Δ14C in the southern 

Fig. 5. Difference in Δ14C for oceanic section at 150W (Pacific) (a and c) and 30W (Atlantic) (b and d) averaged over the years 1–100 (a and b) and 900–1000 (c and 
d) after the beginning of the wind perturbation in Windstep compared to the Ctrl1CE. Contour interval is 2 ‰ between − 9‰ and 9‰ with an additional contour 
at 0‰. 
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hemisphere than in the northern hemisphere over the preindustrial 
common era, despite a generally higher 14C production rate in the 
southern hemisphere due to asymmetries in the geomagnetic field. This 
lower atmospheric Δ14C in the southern hemisphere is due to the 
dominant effect of upwelling of 14C depleted deep-water masses induced 
by the strong SHWW (Rodgers et al., 2011). Nevertheless, the simulated 
interhemispheric difference in atmospheric Δ14C is much lower than the 
difference between IntCal20 and SHCal20. There are some uncertainties 
to what extent IntCal20 and SHCal20 represent true hemispheric means 
(Reimer et al., 2020; Hogg et al., 2020) and thus provide an unbiased 
estimate of interhemispheric gradients. However, the model likely un
derestimates changes due to a coarse resolution and simplified process 
parameterizations, which could significantly influence the magnitude of 
the difference in atmospheric Δ14C between the two hemispheres. In 
particular, the simulated winds are relatively weak over the Southern 
Ocean, potentially leading to too low atmosphere-ocean transfer of 14C 
there. Furthermore, the meridional atmospheric transport of 14C is 
crudely represented by diffusion in one single layer, which is obviously a 
very strong approximation. The sensitivity experiments performed here 
are internally consistent and can directly be compared to each other but 
any quantitative interpretation of our results and comparison with ob
servations should be viewed within the framework of this difference 
with observations. 

We find that changes in polynya formation in the Southern Ocean or 
in deep water formation in both hemispheres had likely only a small 

effect on atmospheric Δ14C over the past two millennia, in agreement 
with Galbraith et al. (2011). By contrast, because of the strong effect of 
changes in Southern Ocean upwelling on atmospheric 14C, the inter
hemispheric differences in atmospheric Δ14C are very sensitive to vari
ations in SHWW. When driven by changes in the SHWW proportional to 
three different reconstructions of the SAM index, the fluctuations in 
simulated interhemispheric differences in atmospheric Δ14C are much 
larger than those resulting from changes in production rates in the two 
hemispheres, suggesting that the interhemispheric difference in pro
duction rates is not the main cause of the observed interhemispheric 
difference in Δ14C. However, we have to acknowledge that the un
certainties in both production rates and atmospheric Δ14C might be too 
large to obtain a meaningful link between them, and that the model 
might have too large biases to reproduce the observed link trustworthily. 

In response to perturbations in SHWW proportional to SAM index 
reconstructions, simulated and observed interhemispheric differences in 
atmospheric Δ14C do not strictly follow each other but some clear 
common features are present after 1400 CE. These include relatively low 
values in the 15th century, and a peak in the 16th century followed by a 
decreasing trend. This indicates that, despite their differences, SAM re
constructions robustly represent some large centennial variations in the 
strength of westerly winds, even if the SAM evolution before 1400 CE is 
uncertain. This independent confirmation of the existence of large 
centennial variability in SHWW in the past further suggests that the 
inability of climate models to reproduce the variability in SAM 

Fig. 6. a) Simulated atmospheric Δ14C in the northern hemisphere in LM_Be10 (black) LM_ProdSH10 (cyan) and in LM_ProdSH20 (blue) and observed (red). b) Same 
for the southern hemisphere and c) Difference in atmospheric Δ14C between the two hemispheres (southern hemisphere mean minus northern hemisphere mean) for 
the three simulations and observations. The simulated differences have been scaled by a factor 3.5 (see section 2c). The curves for the three simulations on panel a 
and b are so close to each other that it is hard to distinguish them on a plot. 
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reconstructions (Abram et al., 2014) is likely not due to uncertainties in 
these SAM reconstructions but is rather caused by some biases in the 
simulations. Finally, our results illustrate that Δ14C is a powerful tool to 
infer oceanic and atmospheric circulation changes not only on multi
millennial timescales during the past glacial period or the deglaciation 
but also over the Holocene. In particular, combining observations of the 
interhemispheric Δ14C gradient with other proxies of westerly winds, 
such as glacier length (Bakke et al., 2021; Charton et al., 2022), infor
mation from lake and ocean sediments cores (Lamy et al., 2010; Perren 
et al., 2020; Saunders et al., 2018) and fire activity (Fletcher et al., 
2018), is a promising avenue to robustly reconstruct past changes in 
SAM. 
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Intensif en Fédération Wallonie Bruxelles (CÉCI) funded by F.R.S.-FNRS 
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