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Fast reduction of Atlantic SST threatens
Europe-wide gross primary productivity
under positive and negative CO2
emissions

Check for updates
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Jong-Seong Kug 4, Sang-Wook Yeh 6, June-Yi Lee 7,8, Bin Wang1,2, Tim Li 1,2 & Nari Im3,9

Climate changemitigation through negative CO2 emissions has been recognized as a crucial strategy
to combat global warming. However, its potential effects on terrestrial productivity and agricultural
activities remain uncertain. In this study, we utilized large ensemble simulations with an Earth system
model of full complexity to investigate the response of Gross Primary Production (GPP) to CO2

forcings. Our findings reveal a significant asymmetry in the GPP response to CO2 ramp-up and
symmetric ramp-downmodel experiments, especially in Europe, suggesting thatGPPdeclines rapidly
as CO2 levels decrease. Remarkably, during the CO2 removal period, the North Atlantic Sea surface
temperature experienced cooling due to a delayed recovery of the Atlantic Meridional Overturning
Circulation (AMOC). This cooling led to precipitation and soil moisture deficits, resulting in a rapid
reduction in GPP. This asymmetry in GPP response holds consistent across multi-model simulations.
These results underscore the potential implications of delayed recovery in ocean circulation, which
could unexpectedly accelerate terrestrial GPP reduction. These insights are crucial for policymakers,
aiding them in projecting agricultural activity and formulating targeted GPP control policies specific to
the European region.

In the context of the Paris Agreement’s global warming targets, it is
imperative to evaluate the potential consequences of artificial carbon
dioxide (CO2) removal from the atmosphere on both climate and
ecosystems1–4.Many studies haveprimarily concentratedonexamininghow
global temperatures respond to positive and negative CO2 concentration
trends5–9. Recent studies utilizing Earth system models have addressed the
climate variability response to net negative CO2 emissions10–29. Europe is
well known that the impact of the carbon cycle on climate extremes and
agricultural productivity will increase as CO2 emissions rise30,31. Despite
significant advancements in understanding these relationships, the effects of

climate-carbon cycle interactions on terrestrial productivity in Europe
during scenarios involving netCO2 removal remain unclear. To address this
issue, we conducted comprehensive simulations using an Earth system
model (see Methods) with full complexity. The model was subjected to a
280-year experiment. During this period, the CO2 concentration was
increasedby1%per year in the ‘ramp-upphase’ from2001 to2140, and then
decreased symmetrically by about 1% per year in the ‘ramp-down phase’
from 2141 to 2280. The maximum CO2 concentration quadrupled com-
pared to the initial levels (Fig. 1a), while all other external forcing factors
were fixed at their initial values.
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Results
Asymmetry in European GPP frommulti-model simulations
To assess an asymmetry in the European climate and ecosystem, we con-
ducted an analysis using multi-model simulation data from the Carbon
Dioxide Removal Model Intercomparison Project (CDRMIP)11 (Methods).
Figure 1 displays the accumulated differences in climate factors over Europe
(10°W-40°E, 35°N-70°N) between the ramp-up and ramp-down phases
during boreal summer (June-July-August) using themulti-model ensemble
mean data. The results from CDRMIP showed a more pronounced
warming and drying climate during the ramp-down phase compared to the
ramp-up phase (Fig. 1b, c). The decreased precipitation pattern correlated
well with the total soil moisture deficits within the top 10 cm (Fig. 1d). The
gross primary productivity (GPP) showed an asymmetry of overall
decreases, with the most significant decreases in GPP similar to areas that
experienced declines in soil moisture (Fig. 1e). Interestingly, although sea
surface temperature (SST) in the North Atlantic showed insignificant
change across models, it was cooler, contrary to the expected warming in
sub-tropical and polar regions (Fig. 1f). This suggests that SST in the North
Atlantic is more closely linked to ocean circulation, specifically the Atlantic
MeridionalOverturningCirculation (AMOC), knownas the ‘warminghole’
during the ramp-up phase32, rather than to the mere release of stored heat
during the ramp-down period22,33. To understand the causes of asymmetric
climate change in Europe in response to symmetric CO2 variations and to
analyze the associated overall decrease in GPP, large-scale ensemble
experiments were conducted under the carbon dioxide removal scenario
(Methods).

Extremely rapid reduction in GPP during CO2 removal scenario
GPP over Europe (10°W-40°E, 35°N-70°N) during boreal summer exhib-
ited a significant increase during the ramp-up phase (2001-2140) of

increasingCO2 concentrations (Fig. 2a, black line), reaching levels as high as
25-30 g Cm−2 month−1 (Fig. 2d), which correlated with notably higher 2m
temperatures over Europe (Fig. 2a, red line). Conversely, during the ramp-
down phase, GPP experienced a sharp decline and reverted to its original
state about 35% quicker than expected, taking approximately 90 years
(2230) instead of the anticipated 140 years (2280) (Fig. 2d), despite a
symmetrical decrease in temperature compared to the ramp-up phase (Fig.
2a). Our hypothesis suggests that this remarkably rapid reduction in GPP
during the ramp-down phase may be attributed to an asymmetrical
response in precipitation and associated soil moisture in over Europe. The
results reveal that precipitation over Europe showed a consistent decreasing
trend during the ramp-up phase, while its recovery during the ramp-down
phase was notably slow, particularly between 2141 and 2220 (Fig. 2b).
Similarly, soil moisture in 1m depth exhibited a notable asymmetry
between the ramp-up and ramp-down phases. It declined with increasing
CO2 emissions, did not recover, and continued to decrease until 2200,
despite a 45%reduction inCO2concentration (Fig. 2c). This lackof recovery
of soilmoisturewaspartly carriedover fromtheprecipitationand strong soil
moisture deficit during the previous spring (Supplementary Fig. 1a, b).Note
that themodel showed reduced local evaporation during the ramp-up phase
and a significant delay in its recovery during the ramp-down phase,
implying that local evaporation (Supplementary Fig. 1c, f) was associated
with the soil moisture deficit.

The question that arises from these results is what causes this asym-
metry in precipitation and soil moisture. It is well known that the North
Atlantic Ocean influences Europe’s climate34–37. We examined the asym-
metry in SST in the high latitudes of the North Atlantic Ocean. Figure 2e
shows changes in SST over the North Atlantic Ocean between the ramp-up
and ramp-down phases, revealing a strong asymmetric response: SST
increases continuously during the ramp-up phase, but it rapidly drops and

Fig. 1 | Asymmetry of ecosystems and climate over
Europe fromCDRMIP. Time series of atmospheric
CO2 concentration (a). Differences in accumulated
2 m temperature (b), precipitation (c), total soil
moisture within the top 10 cm (d), and GPP (e) over
Europe (10°W-40°E, 35°N-70°N) and North
Atlantic SST (f) between the ramp-up and ramp-
down phases. Negative values indicate a deficit of
accumulated climate variables during the ramp-
down phase compared to those during the ramp-up
phase. Seven-model ensemble mean data from
CDRMIP (see Methods) are used for the analysis.
Dotted areas represent a 95% significant level.
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returns to its initial state after 40 years from the maximum CO2 year.
Subsequently, it undergoes a further reduction of −3 °C until 2250 and
experiences a slight increase towards the end of the ramp-down phase (Fig.
2e, purple line). Interestingly, the temporal evolution of SST over the North
Atlantic Ocean resembles that of GPP over Europe (Fig. 2d). Previous
studies have suggested that during the ramp-down phase, changes in North
Atlantic SST are influenced by the AMOC38–41. We further investigated the
AMOC response to both the ramp-up and ramp-down phases. During the

ramp-up phase, the AMOC was significantly weakened by an increase in
surface freshwater fluxes and a reduction in horizontal salinity advection39,
which is closely related to the positive salinity advection feedback42. How-
ever, during the early ramp-down phase, the AMOC did not show signs of
strengthening; instead, it continuously weakened due to the salinity
advection feedback and freshening by a decrease in evaporation until the
year 220039, followed by a gradual recovery (Fig. 2e, black line). The salinity
advection feedback contributes to the delayed recovery of AMOC39,41. This

Fig. 2 | Evolution and asymmetry of ecosystems and climate over Europe
inCESM.Time series of atmospheric CO2 concentration (a, black), 2 m temperature
(a, red), precipitation (b), total soilmoisturewithin the top 1 m (c), GPP (d) averaged
over Europe (10°W-40°E, 35°N-70°N), and SST (e, °C) averaged over the North
Atlantic Ocean (50°W-20°W, 40°N-60°N, red box in Fig. 2j) during the ramp up
(2001-2140) and ramp-down (2141-2280) phases based on the present-day simu-
lation for 200 years. Time series of AMOC (e, maximum values at 26°N, black)
during the ramp-up and the ramp-down phases. Eleven-year runningmean data are

used, and shading represents one standard deviation from the ensemble simulations.
A thick line shows ensemblemean data, and dashed line represents zero. The vertical
gray line represents the end of ramp-up periods (2140). f–j Differences in accu-
mulated 2 m temperature (f), precipitation (g), soilmoisture (h), GPP (i), and SST (j)
between the ramp-up and ramp-down phases. Negative values indicate a deficit of
accumulated climate variables during the ramp-down phase compared to those
during the ramp-up phase. Ensemble mean data are used for the analysis. Dotted
areas represent a 95% significant level.
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extremely delayed recovery in AMOC resulted in a reduction inmeridional
heat transport to the high latitudes of the North Atlantic39, leading to rapid
cooling there during the CO2 removal period.

Next, we analyzed the horizontal pattern of asymmetry in GPP and
its relationship with different climatic factors. Across most of Europe,
accumulated GPP was significantly lower during the ramp-down phase
compared to the ramp-up phase, and the horizontal pattern of the
reduction resembles that seen in CDRMIP (Figs. 1e and 2i). The largest
differences in accumulated GPP were observed in regions such as Spain,
France, Finland, Serbia and Romania (15-25 g Cm−2 month−1). We also
examined the differences in accumulated precipitation between the
ramp-up and ramp-down phases, and these differences showed negative
values for most of Europe except Turkey (Fig. 2g). The spatial pattern of
these differences was consistent with that of GPP (e.g. Fig. 2i). The
accumulated soil moisture deficit during the ramp-down period was
particularly pronounced in southern, central, and western Europe,
especially in France, Germany, Spain, Italy, Greece, and England (Fig.
2h), contributing to a significant reduction in GPP in these areas. This
decline in southern Europe is possibly attributable to a substantial deficit
of precipitation and soil moisture in the boreal spring season (March-
April-May) (Supplementary Fig. 1d, e). Such deficits can adversely
impact vegetation growth by decreasing photosynthesis. Note that
temperature in southern Europe showed weak warming during the
ramp-down phase compared to the ramp-up phase (Fig. 1f), suggesting
that warming played a minor role in GPP changes due to the overriding
effect of severe water limitation there (Fig. 2h and Supplementary Fig.
1b, e). In northern Europe, rapidly cooling temperatures may contribute
to a rapid decrease in GPP (Fig. 2f, i), primarily due to the seasonality of
vegetation, which exhibits high GPP in summer and low GPP in winter.
The temperature effect was particularly pronounced in Northeast Eur-
ope, a region where the increase in soil moisture is relatively small
compared to Norway (Fig. 2h). Not only GPP but also the overall
decrease in precipitation and soil moisture, and even the changes in SST,
exhibited patterns similar to those of the multi-model ensemble mean

and the inter-ensemble mean (Figs. 1 and 2). This suggests that similar
processes are inherent within these patterns.

Furthermore, we examined the changes in SST over theNorthAtlantic
Ocean, revealing intensive cooling in the high latitudes, with a peak located
south of Greenland, significantly influencing European climate conditions
(Fig. 2j).Overall, the reduction inGPPduring the ramp-downphase follows
the pattern of precipitation in the central and southern regions of Europe
and was strongly impacted by extreme soil water limitations from spring to
summer (Fig. 2g–i, and Supplementary Fig. 1d, e). Therefore, we hypo-
thesized that the rapid decline inGPP during ramp down phase is driven by
atmospheric teleconnections triggered by North Atlantic SST cooling and
the associated slow recovery of AMOC (Fig. 2e, black line). To further
explore this hypothesis, we employed both observational data and numer-
ical models in our analysis.

European climate andGPPchanges driven byNorth Atlantic SST
Figure 3 shows the regressed ocean-atmosphere-terrestrial anomalies onto
SST over the high latitudes of the North Atlantic Ocean (red box in Fig. 2j)
using observational and reanalysis data. To analyze the impact of North
Atlantic SST on gross primary productivity, we utilized near-infrared
reflectance (NIR) data from 2003 to 201843,44. The NIR data revealed a
profound reduction inGPP in central and eastern Europe during periods of
cooled North Atlantic SST, with a substantial coefficient of 15-20 g C m−2

month−1 K−1 (Fig. 3d). This reduction accounted for approximately 10-15%
of the climatological GPP (Supplementary Fig. 2). It was particularly
noticeable in temperate deciduous and coniferousMediterranean forests, as
theyare highly sensitive towater availability45. The cooling ofNorthAtlantic
SST also led to a significant decrease in precipitation by 70-80% of the
average and soil water deficit by 60-70% of climatology in central Europe.
These climate conditions are likely to favor decreases in vegetation activity,
resulting in a reduced carbon sink46–52. Note thatNorthAtlantic SST cooling
led to positive temperature anomalies over central Europe, but these
anomalies did not contribute to the reduction in GPP significantly under
strong water limit stress conditions52.

Fig. 3 | Relationship between North Atlantic SST and European climate.
Regressed JJA observed patterns of surface temperature (a), precipitation (b), total
soil moisture within the top 1 m (c), GPP (d), geopotential height at 300 hPa
(e, GPH300, with a contour interval of 10 m/K, negative values shown with dashed
lines), cloud cover (e, shading) and geopotential height at 850 hPa (f, GPH850, with a
contour interval of 2 m/K, negative values shown with dashed lines) and wind
(f, vectors) onto North Atlantic SST averaged over 50°W-20°W, 40°N-60°N). The
analysis uses data from 2003-2021 and all data are detrended. g–l Difference in the

composite of 2 m temperature (g), precipitation (h), total soil moisture within the
top 1 m (i), GPP (j), GPH300 (k, with a contour interval of 10 m, negative value
shown with dashed lines) and cloud cover (k, shading), GPH850 (l, with a contour
interval of 2 m, negative value shown with dashed lines), and wind (l, vectors)
between NASST-1°C and NASST+ 1 °C model experiments. Twenty ensemble
mean data for each experiment are used. Dotted areas represent a 95% significant
level. Hatched areas denote a 95% significant level for GPH300 and GPH850.
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The cooling of SST leads to the development of a surface low-pressure
system in the North Atlantic53. In the southeastern counterpart of this
surface low, there is a surfacehigh-pressure systempresent overEurope (Fig.
3f). It is observed that the easterlies along the southern of this high-pressure
system act as a drought source, inducing dry air and warming (Fig. 3a),
reducing precipitation (Fig. 3b) and soil moisture there (Fig. 3c). Note that
local evaporation in Europe was linked to reduced precipitation (Supple-
mentary Fig. 3). A large-scale high-pressure system developed in Europe,
while a low-pressure system was observed at the high latitudes of the North
Atlantic Ocean (Fig. 3e, contour). This southeast-tilted pressure system
further reduced rainfall overEurope.The increased cloud cover in theNorth
Atlantic Ocean (Fig. 3e, shading) leads to less shortwave radiation (Sup-
plementary Fig. 4) sustaining the cooling of SST, which may contribute to
European high-pressure system53 resulting in the reduced terrestrial pro-
ductivity over Europe52.

To further investigate causality, we employed an Earth System Model
(ESM) in our study. To quantify the impact of North Atlantic Sea Surface
Temperature (NASST) on terrestrial productivity across Europe, we con-
ductedan idealized simulationwith theESM. In this simulation,we imposed
nearly uniform +1°C anomalies on the climatological SST on the high
latitudes of the North Atlantic region (‘NASST+ 1 °C’) and, conversely,
reduced SSTby -1°C (‘NASST-1°C’) (red box inFig. 2j, seeMethods). Figure
3g–l illustrates the differences in climate and ecosystems between NASST-
1°C and NASST+ 1°C. The model results successfully replicate the
reduction in precipitation (Fig. 3h), corresponding soil moisture (Fig. 3i),
and decreased GPP (Fig. 3j) over Europe due to NASST cooling. Note that
the model exhibits a slight deviation in simulating the extent of reduced
GPP, extending slightly farther southward when compared to observations.
Furthermore, the model successfully reproduces the dipole pattern of the
pressure system,with anomalous high pressure over Europe and anomalous
lowpressure in theNorthAtlanticOcean (Fig. 3k, l).Additionally, themodel
demonstrates its capability to simulate the reducedmoisture transport from
the North Atlantic Ocean to Europe (Supplementary Fig. 5a), resulting in
decreased rainfall and soil moisture in Europe. Notably, changes in local
evaporation mainly occur in southern Europe, suggesting that it did not
significantly contribute to the observed soilmoisture deficit (Supplementary
Fig. 5b).

To further confirm the robustness of the link between climate condi-
tions and European terrestrial productivity, we analyzed the large ensemble
simulation data (see Methods). The results from the ensemble simulations
show a significant positive relationship between GPP and precipitation
response (Supplementary Fig. 6a), consistent with the findings observed in
the difference between the ‘NASST-1°C’ and ‘NASST+ 1°C’ experiments.
Moreover, the results indicate a strong correlation between soil moisture
and GPP (Supplementary Fig. 6b). In summary, the cooling of SST at high
latitudes leads to decreased land productivity and carbon sink through its
influence onEuropean climate conditions. Therefore, the rapid reduction in
GPP during the CO2 removal period (Fig. 4a), which we advocate in this
study, can be explained by the rapid cooling of NASST.

Atlantic meridional ocean circulation-induced sea surface tem-
perature cooling
It has been known that NASST is affected by ocean circulation such as the
AMOC, net surface fluxes from the atmosphere, and interactionwithArctic
sea ice in high latitudes39,40,54,55. The AMOC was weakened with increasing
CO2 concentration and tended to recover very slowly during CO2 removal
periods (Fig. 4b). However, the AMOC-inducedNASST cooling in the high
latitudes of theNorthAtlantic Oceanwas revealed by weakenedmeridional
oceanic advection from the mid-latitudes of the North Atlantic Ocean39,41.
The oceanic meridional heat advection was weakened during the ramp-up
phase and further weakened during the ramp-down phase, suggesting that
thismainly contributes to SSTcooling.Note that surfacenet heatfluxeswere
negligible for changes in SST during the ramp-down phase39.

More solid support for the AMOC control over SST comes from our
ESM-based ensemble simulations in which different initial conditions for
theAMOCwere imposed over theNorthAtlantic region.When theAMOC
was strongly weakened, the SST was more cooled39,41. Figure 5a shows the
positive relationship between AMOC and NASST during the ramp-down
phase is very significantwith a correlation coefficient of 0.95, suggesting that
AMOCcontrols theNASST cooling.We further exploredNASST andGPP
over Europe and the result showed a strong positive link between NASST
and GPP with a correlation coefficient of 0.62 (Fig. 5b). These additional
findings provide further support for our hypothesized link between ter-
restrial GPP and North Atlantic SST, promoted by favorable climate con-
ditions for terrestrial productivity. Cumulatively, these results suggest a
strong linkage between weakened AMOC and fast reduction in European
GPP in CO2 removal experiments (Fig. 4).

Discussion
In conclusion, understanding the link between NASST cooling and its
impact on terrestrial ecosystems is crucial for effective climate adaptation
and sustainable resourcemanagement. The cooling ofNASST, drivenby the
delayed recovery of the AMOC during the ramp-down phase, leads to
significant precipitation and soil moisture deficits. These adverse climate
conditions result in a 35% faster reduction in European GPP than antici-
pated under a symmetric CO2 path (Fig. 4a), making it one of the largest
GPP deficit areas in the world (Supplementary Fig. 7). The rapid decline in
GPP is robustly supported by both inter-ensemble and multi-model ana-
lyses. This information has vital implications for social and economic pol-
icymakers, as the warmer and drier climate not only triggers extreme
weather events like flash droughts but also diminishes agricultural
productivity.

We further examined the impact of asymmetry in AMOC on the
changes in GPP corresponding to the intensity of the AMOC between
2001-2180 and 2181-2360 (Supplementary Fig. 8). All variables in the
recovery period, which is a constant CO2 forcing period for 2281-2500,
are difficult to compare with the ramp-up and ramp-down phases. In
particular, the recovery of the AMOC is not symmetric, which is con-
sistent with previous studies. Notably, there is not only a delayed

Fig. 4 | Hysteresis of GPP and AMOC corre-
sponding to CO2 concentration.Hysteresis of GPP
change over Europe (10°W-40°E, 35°N-70°N) based
on the present-day simulation for 200 years (a) and
AMOC (b) corresponding to CO2 concentration,
respectively. Black line is the ensemble means. Dots
indicate full ensemble spread during the ramp-up
(pink), ramp-down (blue), and restoring phases
(green), respectively. All lines and dots denote
annual means smoothed by the eleven-year run-
ning mean.
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recovery under transient forcing but also a more pronounced AMOC
overshoot compared to the initial state. This phenomenon is consistent
across different experiments and is attributed to the increased salinity
gradient between the subtropical and subpolar regions during the ramp-
up and ramp-down periods. This initiates a salinity advection feedback
that transports higher salinity from the subtropical to the subpolar
regions, thereby strengthening the feedbackmechanism and leading to a
faster recovery of the AMOC, ultimately resulting in a stronger AMOC,
known as an overshoot. During the period of constant CO2 recovery
(after 2281), the AMOC overshoot increases the heat transport to the
North Atlantic, which raises the North Atlantic SST. This, in turn,
induces increased precipitation over Europe, leads to an increase in soil
moisture, and ultimately boosts GPP. The impact of the AMOC over-
shoot on GPP will be investigated in further studies.

The asymmetry in the European GPP in response to CO2 forcings
may be sensitive to the maximumCO2 level, due to the delayed recovery
of AMOC and the associated nonlinearly response of North Atlantic SST
to the maximum CO2 level. To examine the effect of maximum CO2 on
the asymmetry in GPP, we conducted an additional experiment with a
maximum doubling of CO2 levels (about 740 ppm). The results show
that the asymmetry in European GPP is almost decayed compared to
those of the experiment with a maximum of 4xCO2 levels (Supple-
mentary Fig. 9), suggesting that the rapid reduction in GPP during the
CO2 removal scenario could occur under significant SST cooling over
the North Atlantic region.

In this study, we prescribed CO2 concentrations and did not consider
their interactions with the ocean and land ecosystems. To address this
limitation and achieve a more realistic representation of the global carbon
cycle and its impact on climate and terrestrial productivity, we need to
conduct additional model experiments using CO2 emission-driven sce-
narios. These scenarios account for changes in atmospheric CO2 con-
centrations resulting from land and ocean biogeochemical processes. This
issue will be explored in further studies.

Methods
Diagnosis of the observed data
To obtain the monthly mean SST, we used the National Oceanic and
Atmospheric Administration Extended Reconstructed SST version 5
(ERSST)56. Near-surface temperature and precipitation are obtained from
Climatic Research Unit CRU TS4.0457 (https://crudata.uea.ac.uk/cru/data/
hrg/cru_ts_4.04/). Total cloud fraction, wind, radiation, and geopotential
height are from the NCEP2-DOE reanalysis data58 (https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis2.html). For evaporation and soil moist-
ure, we used theGLEAMv3.7 data59,60 (https://www.gleam.eu). For the gross
primary productivity (GPP) over land, we used near-infrared reflectance
(NIR) (g Cm−2 month−1), which is based on vegetation absorbing blue- and
red-light energy to fuel photosynthesis (2003-2018)43,44.

CO2 removal experiment using CESM
This study utilized the Community Earth System Model version 1.261

(CESM1.2), which consists of the following components: the atmosphere
(CommunityAtmosphericModel version 5, CAM5), ocean (ParallelOcean
Programversion 2, POP2), sea ice (Community IceCode version 4,CICE4),
and land models (Community Land Model version 4, CLM4). The atmo-
spheric model has a horizontal resolution of approximately 1° and com-
prises 30 vertical levels. The ocean model features 60 vertical levels with a
longitudinal resolution of 1° and a latitudinal resolution of 0.3° near the
equator, gradually increasing to 0.5° near the poles. The land model
incorporates the carbon-nitrogen cycle.

Two idealizedCO2pathwayswere employed (Fig. 1a): the constant and
varying scenarios. These scenarios closely followed the protocol of the
carbon cycle reversibility experiment (CDR-reversibility)11, except for the
initial CO2 level. The constant CO2 experiment spanned 900 years, with a
constant CO2 concentration of 367 ppm, representing the Present-Day
period (PD). Subsequently, the varying CO2 scenario, comprising 28
ensemble members, was implemented. In this scenario, CO2 concentration
increased by 1% per year for 140 years, reaching quadruple the initial level
(i.e., 1468 ppm; ramp-up period). This was immediately followed by a
symmetric decrease (approximately 1%peryear) for 140 years until theCO2

concentration returned to the initial level (367 ppm; ramp-down period).
Finally, the model simulated a constant CO2 scenario (367 ppm), repre-
senting net-zero emissions, for 220 years (restoring period). The 28
ensemble members were identical except for their atmospheric and oceanic
initial conditions, which included different phases of the Pacific Decadal
Oscillation62 and the Atlantic Multidecadal Oscillation during the PD
period.

Sensitivity of the SST over North Atlantic on climate and terres-
trial productivity
To investigate the response of European GPP to changes in SST, we con-
ducted experiments using the Atmospheric General Circulation Model
(AGCM), which consists of CAM5 and CLM4, under present-day condi-
tions. SST data were obtained from themonthly climatology ofHadlSST for
the years 1982-2000, with prescribed SST anomalies of +1°C
(NASST+ 1°C) and -1°C (NASST-1°C) uniformly over the North Atlantic
region (as shown in the red box in Fig. 2j, 50°W-20°W, 40°N-60°N). Twenty
ensembles with twenty different initial conditions were used for each
experiment. The significance level of the difference between NASST+ 1°C
and NASST-1°C conditions was determined using a Kolmogorov-Smirnov
two-sample test.

CDRMIP model simulation data
The climate and carbon cycle reversibility experiment from the CMIP6
CarbonDioxideRemovalModel Intercomparison Project (CDRMIP)11 was
analyzed to investigate the GPP response to large-scale CO2 removal. This

Fig. 5 | Contribution of AMOC to NASST and
European GPP. a Scatter plot between AMOC
strength and North Atlantic SST (50°W-20°W,
40°N-60°N) during ramp-down (lowest period of
both SST and AMOC) from the model ensemble
simulation. b Same as a but for GPP over Europe
(10°W-40°E, 35°N-70°N). The mean values for
2201-2230 (shading in Fig. 2e) from each ensemble
member were used. Twenty-eight ensemble mem-
bers are used.
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experiment, branched from the 1pctCO2 experiment, involves increasing
the CO2 level at a rate of 1% yr−1 from pre-industrial levels for 140 years,
until it quadruples. Then, a 1% yr−1 removal of CO2 from the atmosphere is
prescribed for 140 years until the pre-industrial CO2 level is reached and
then held for as long as possible (1pctCO2-cdr simulation). We used seven
ESMs (ACCESS-ESM1-5, CESM2, CNRM-ESM2-1, GFDL-ESM4,
MIROC-ES2L, NorESM2-LM, and UKESM1-0-LL), which were coupled
with the full carbon cycle and performed the CDR-reversibility experiment.

Data availability
All observed data used in this study are publicly available (https://psl.noaa.
gov/data/gridded/ data.20thC_ReanV3.html; https://psl.noaa.gov/data/
gridded/data.noaa.ersst.v5.html). Data for the CESM simulations used in
the current study are available on request from the authors
(jongsooshin5@gmail.com).

Code availability
All the codes used to generate the results of this study are available on
request from the authors (jongsooshin5@gmail.com).

Received: 24 January 2024; Accepted: 26 May 2024;

References
1. UNFCCC.Adoption of theParis Agreement FCCC/CP/2015/L. 9/Rev.

1. In United Nations Framework Convention on Climate
Change (2015).

2. Fuss, S. et al. Betting on negative emissions. Nat. Clim. Chang 4,
850–853 (2014).

3. Rogelj, J. et al. Scenarios towards limiting global mean temperature
increase below 1.5 C. Nat. Clim. Chang 8, 325–332 (2018).

4. Cao, L. &Caldeira, K. Atmospheric carbondioxide removal: long-term
consequences andcommitment.Environ. Res. Lett.5, 024011 (2010).

5. Tokarska,K. B. &Zickfeld, K. The effectiveness of net negative carbon
dioxide emissions in reversing anthropogenic climate change.
Environ. Res. Lett. 10, 094013 (2015).

6. Jones, C. D. et al. Simulating the Earth system response to negative
emissions. Environ. Res. Lett. 11, 095012 (2016).

7. Vichi, M., Navarra, A. & Fogli, P. G. Adjustment of the natural ocean
carbon cycle to negative emission rates. Clim. Change 118,
105–118 (2013).

8. Mathesius, S., Hofmann, M., Caldeira, K. & Schellnhuber, H. J. Long-
term response of oceans to CO2 removal from the atmosphere. Nat.
Clim. Chang 5, 1107–1113 (2015).

9. Zickfeld, K., Azevedo, D.,Mathesius, S. &Matthews,H. D. Asymmetry
in the climate–carbon cycle response to positive and negative CO2
emissions. Nat. Clim. Chang 11, 613–617 (2021).

10. Rogelj, J., Forster, P. M., Kriegler, E., Smith, C. J. & Séférian, R.
Estimating and tracking the remaining carbon budget for stringent
climate targets. Nature 571, 335–342 (2019).

11. Keller, D. P. et al. The carbon dioxide removal model intercomparison
project (CDRMIP): rationale and experimental protocol for CMIP6.
Geosci. Model Dev. 11, 1133–1160 (2018).

12. Damon Matthews, H. et al. An integrated approach to quantifying
uncertainties in the remaining carbon budget. Commun. Earth
Environ. 2, 7 (2021).

13. Wu, P., Wood, R., Ridley, J. & Lowe, J. Temporary acceleration of the
hydrological cycle in response to a CO2 rampdown. Geophys. Res.
Lett. 37, L12705 (2010).

14. Cao, L., Bala, G. & Caldeira, K. Why is there a short-term increase in
global precipitation in response to diminished CO2 forcing?Geophys.
Res. Lett. 38, L06703 (2011).

15. MacDougall, A. H. Reversing climate warming by artificial
atmospheric carbon‐dioxide removal: Can aHolocene‐like climate be
restored? Geophys Res Lett. 40, 5480–5485 (2013).

16. Wu, P., Ridley, J., Pardaens, A., Levine, R. & Lowe, J. The reversibility
of CO2 induced climate change. Clim. Dyn. 45, 745–754 (2015).

17. Zickfeld, K., MacDougall, A. H. & Matthews, H. D. On the
proportionality between global temperature change and cumulative
CO2 emissions during periods of net negative CO2 emissions.
Environ. Res. Lett. 11, 055006 (2016).

18. Chadwick, R.,Wu, P., Good, P. & Andrews, T. Asymmetries in tropical
rainfall and circulation patterns in idealised CO 2 removal
experiments. Clim. Dyn. 40, 295–316 (2013).

19. Lehner, F. &Stocker, T. F. From local perception toglobal perspective.
Nat. Clim. Chang 5, 731–734 (2015).

20. Seneviratne, S. I., Donat, M. G., Pitman, A. J., Knutti, R. & Wilby, R. L.
Allowable CO2 emissions based on regional and impact-related
climate targets. Nature 529, 477–483 (2016).

21. Jeltsch-Thömmes, A., Stocker, T. F. & Joos, F. Hysteresis of the Earth
system under positive and negative CO2 emissions. Environ. Res.
Lett. 15, 124026 (2020).

22. Kim, S.-K. et al. Widespread irreversible changes in surface
temperature and precipitation in response to CO2 forcing. Nat. Clim.
Chang 12, 834–840 (2022).

23. Kug, J.-S. et al. Hysteresis of the intertropical convergence zone to
CO2 forcing. Nat. Clim. Chang 12, 47–53 (2022).

24. Paik, S., An, S., Min, S., King, A. D. & Shin, J. Hysteretic behavior of
global to regionalmonsoonarea underCO2 ramp‐up and ramp‐down.
Earths Future 11, e2022EF003434 (2023).

25. Oh,H. et al. Contrasting hysteresis behaviors of NorthernHemisphere
land monsoon precipitation to CO2 pathways. Earths Future 10,
e2021EF002623 (2022).

26. Yeh, S.-W., Song, S.-Y., Allan, R. P., An, S.-I. & Shin, J. Contrasting
response of hydrological cycle over land and ocean to a changing
CO2 pathway. NPJ Clim. Atmos. Sci. 4, 53 (2021).

27. Kim, S.-Y. et al. Hemispherically asymmetric Hadley cell response to
CO2 removal. Sci. Adv. 9, eadg1801 (2023).

28. Hwang, J. et al. Asymmetric hysteresis responseofmid-latitudestorm
tracks to CO2 removal. Nat Clim Chang, 1–8 (2024).

29. Mondal, S. K. et al. Hysteresis and irreversibility of global extreme
precipitation to anthropogenic CO2 emission.Weather Clim. Extrem
40, 100561 (2023).

30. Reuter,M. et al. HowmuchCO2 is takenupby theEuropean terrestrial
biosphere? Bull. Am. Meteorol. Soc. 98, 665–671 (2017).

31. Reichstein, M. et al. Climate extremes and the carbon cycle. Nature
500, 287–295 (2013).

32. Keil, P. et al. Multiple drivers of the North Atlantic warming hole. Nat.
Clim. Chang 10, 667–671 (2020).

33. Oh, J.-H. et al. Emergent climate change patterns originating from
deepoceanwarming in climatemitigation scenarios.Nat.Clim.Chang
14, 260–266 (2024).

34. Riaz, S. M. F., Iqbal, M. J. & Hameed, S. Impact of the North Atlantic
Oscillation on winter climate of Germany. Tellus A: Dyn. Meteorol.
Oceanogr. 69, 1406263 (2017).

35. McKenna, C. M. & Maycock, A. C. The role of the North Atlantic
Oscillation for projections of winter mean precipitation in Europe.
Geophys Res Lett. 49, e2022GL099083 (2022).

36. Trigo, R. M. et al. North Atlantic Oscillation influence on precipitation,
river flow andwater resources in the Iberian Peninsula. Int J. Climatol.
24, 925–944 (2004).

37. Seager, R. et al. Mechanisms of winter precipitation variability in the
European–Mediterranean region associated with the North Atlantic
Oscillation. J. Clim. 33, 7179–7196 (2020).

38. An, S., Kim, H. & Kim, S. Rate‐dependent hysteresis of the Atlantic
meridional overturning circulation system and its asymmetric loop.
Geophys Res Lett. 48, e2020GL090132 (2021).

39. An, S. et al. Global cooling hiatus driven by an AMOC overshoot in a
carbon dioxide removal scenario. Earths Fut. 9,
e2021EF002165 (2021).

https://doi.org/10.1038/s41612-024-00674-6 Article

npj Climate and Atmospheric Science |           (2024) 7:117 7

https://psl.noaa.gov/data/gridded/
https://psl.noaa.gov/data/gridded/
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html


40. Schwinger, J., Asaadi, A., Goris, N. & Lee, H. Possibility for strong
northern hemisphere high-latitude cooling under negative emissions.
Nat. Commun. 13, 1095 (2022).

41. Oh, J., An,S., Shin, J. &Kug, J.Centennialmemoryof theArcticOcean
for future Arctic climate recovery in response to a carbon dioxide
removal. Earths Future 10, e2022EF002804 (2022).

42. Buckley, M. W. & Marshall, J. Observations, inferences, and
mechanisms of the atlantic meridional overturning circulation: A
review. Rev. Geophys. 54, 5–63 (2016).

43. Wang, S. H. & Zhang, Y. G. Long-term (1982–2018) global gross
primary production dataset based on NIRv. National Tibetan Plateau
Data Center 1982–2018 (2020).

44. Wang, S., Zhang, Y., Ju,W., Qiu, B. & Zhang, Z. Tracking the seasonal
and inter-annual variations of global gross primary production during
last four decades using satellite near-infrared reflectance data. Sci.
Total Environ. 755, 142569 (2021).

45. Fu, Z. et al. Sensitivity of gross primary productivity to climatic drivers
during the summer drought of 2018 in Europe.Philos. Trans. R. Soc. B
375, 20190747 (2020).

46. Madani, N. et al. Recent amplified global gross primary productivity
due to temperature increase is offset by reduced productivity due to
water constraints. AGU Adv. 1, e2020AV000180 (2020).

47. Chen,M. et al. Regional contribution to variability and trends of global
gross primary productivity. Environ. Res. Lett. 12, 105005 (2017).

48. Campbell, J. E. et al. Large historical growth in global terrestrial gross
primary production. Nature 544, 84–87 (2017).

49. Zhang, Y. et al. Increasing sensitivity of dryland vegetation greenness
to precipitation due to rising atmospheric CO2. Nat. Commun. 13,
4875 (2022).

50. Jiao, W. et al. Observed increasing water constraint on vegetation
growth over the last three decades. Nat. Commun. 12, 3777 (2021).

51. Liu, Z. et al. Precipitation thresholds regulate net carbon exchange at
the continental scale. Nat. Commun. 9, 3596 (2018).

52. Ciais, P. et al. Europe-wide reduction in primary productivity caused
by the heat and drought in 2003. Nature 437, 529–533 (2005).

53. Krüger, J., Kjellsson, J., Kedzierski, R. P. & Claus, M. Connecting
North Atlantic SST Variability to European Heat Events over the Past
Decades. Tellus, Ser. A: Dyn. Meteorol. Oceanogr. 75,
358–374 (2023).

54. Liu, W., Fedorov, A. V., Xie, S.-P. & Hu, S. Climate impacts of a
weakened Atlantic Meridional Overturning Circulation in a warming
climate. Sci. Adv. 6, eaaz4876 (2020).

55. Wu, P., Jackson, L., Pardaens, A. & Schaller, N. Extended warming of
thenorthernhigh latitudesdue toanovershoot of theAtlanticmeridional
overturning circulation. Geophys. Res. Lett. 38, L24704 (2011).

56. Huang, B. et al. Extended reconstructed Sea surface temperature,
Version5 (ERSSTv5): Upgrades, validations, and intercomparisons. J.
Clim. 30, 8179–8205 (2017).

57. Harris, I., Osborn, T. J., Jones, P. & Lister, D. Version 4 of the CRU TS
monthly high-resolution gridded multivariate climate dataset. Sci.
Data 7, 109 (2020).

58. Kanamitsu, M. et al. Ncep–doe amip-ii reanalysis (r-2). Bull. Am.
Meteorol. Soc. 83, 1631–1644 (2002).

59. Martens, B. et al. GLEAM v3: Satellite-based land evaporation and
root-zone soil moisture. Geosci. Model Dev. 10, 1903–1925 (2017).

60. Miralles, D. G. et al. Global land-surface evaporation estimated from
satellite-based observations. Hydrol. Earth Syst. Sci. 15,
453–469 (2011).

61. Hurrell, J. W. et al. The community earth system model: A framework
for collaborative research. Bull. Am. Meteorol. Soc. 94,
1339–1360 (2013).

62. Mantua, N. J., Hare, S. R., Zhang, Y., Wallace, J. M. & Francis, R. C. A
Pacific interdecadal climate oscillation with impacts on salmon
production. Bull. Am. Meteorol. Soc. 78, 1069–1080 (1997).

Acknowledgements
Y.-M.Y. is supported by the National Natural Science Foundation of China
(NSFC042088101) and the National Research Foundation of Korea (NRF-
2022R1A2C1013296). S.-I.A. is supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean government (NRF-
2018R1A5A1024958). J.S. is supported by theWoods HoleOceanographic
Institution (WHOI) Grow The Base Fund. The CESM simulation was carried
out on the supercomputer supported by the National Center for
Meteorological Supercomputer of Korea Meteorological Administration
(KMA), the National Supercomputing center with supercomputing
resources, associated technical support (KSC-2021-CHA-0008), and the
Korea Research Environment Open NETwork (KREONET).

Author contributions
Y.-M.Y., S.-I.A., and J.-H.P. conceived the idea. J.S., S.-W.P. and N.I.
performed the model experiments and analyses. Y.-M.Y., S.-I.A., J.-H.P.,
J.S.,J.-Y.L.,B.W.,T.L. and S.-W.P. wrote the manuscript. All authors
provided critical feedback and helped shape the research, analysis, and
manuscript. Y.-M.Y. and J.S. contributed equally.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41612-024-00674-6.

Correspondence and requests for materials should be addressed to
Soon-Il An.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41612-024-00674-6 Article

npj Climate and Atmospheric Science |           (2024) 7:117 8

https://doi.org/10.1038/s41612-024-00674-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fast reduction of Atlantic SST threatens Europe-wide gross primary productivity under positive and negative CO2 emissions
	Results
	Asymmetry in European GPP from multi-model simulations
	Extremely rapid reduction in GPP during CO2 removal scenario
	European climate and GPP changes driven by North Atlantic�SST
	Atlantic meridional ocean circulation-induced sea surface temperature cooling

	Discussion
	Methods
	Diagnosis of the observed�data
	CO2 removal experiment using�CESM
	Sensitivity of the SST over North Atlantic on climate and terrestrial productivity
	CDRMIP model simulation�data

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




