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The radiative forcing of spatially varying carbon dioxide (CO2) concentrations

has modified the climate by altering surface energy, the water budget, and

carbon cycling. Over the past several decades, due to anthropogenic emissions,

atmospheric CO2 concentrations in the whole terrestrial ecosystem have

become greater than the global mean. The relationship between climatic

variables and net primary production (NPP) can be regulated by the radiative

forcing of this spatial variation. The present results show that owing to the

radiative forcing of spatially varying CO2 concentrations, NPP has reduced

globally by −0.6 Pg C yr−1. Region 2, with increased CO2 and decreased NPP,

shows the greatest reductions, by −0.7 Pg C yr−1. Variations of both NPP and

CO2 concentrations are distributed asymmetrically. As human activities are

mainly located in the Northern Hemisphere, increased CO2 has mainly

manifested in these regions. Especially in region 2, with increased CO2 and

decreased NPP, increasing downward longwave radiation has heated the

ground surface by 2.2 Wm−2 and raised surface temperatures by 0.23°C. At

the same time, due to the radiative forcing of spatial variations in CO2

concentrations, local dependence of NPP on soil moisture has increased

due to enhanced temperature and evapotranspiration coupling, which may

improve negative NPP anomalies locally, especially in region 2. With continued

increasing CO2 concentrations, its spatial variation due to radiative forcing is

likely to amplify warming and have a negative impact on NPP in the terrestrial

ecosystem.
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Highlights

• Radiative forcing of non-uniform CO2 concentrations after 1956 has decreased

terrestrial NPP globally by −0.7 Pg C yr−1
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• Enhanced temperature and ET coupling due to radiative

forcing of spatial variations in CO2 concentrations have a

negative impact on NPP, especially in region 2 with

increased CO2 concentrations and decreased NPP

• Enhanced downward longwave radiation is a main

contributor to widely increased surface temperatures

caused by radiative forcing of spatially varying CO2

concentrations

1 Introduction

As the most important driving force behind current climate

change, the radiative forcing of atmospheric carbon dioxide

(CO2) concentrations affects the trends, mean, and

interannual variations of global carbon fluxes (Friedlingstein

et al., 2013; Friedlingstein 2015; Schimel et al., 2015; Sitch

et al., 2015; Friedlingstein et al., 2020). In the high latitudes of

the Northern Hemisphere, temperatures have risen mainly in

response to the increase in the radiative forcing of rising

atmospheric CO2 concentrations, which can promote the

production of terrestrial ecosystems (Govindasamy and

Caldeira, 2000; Peng and Dan, 2015; Etminan et al., 2016;

Govindasamy and Caldeira, 2000; Peng and Dan, 2015; Yuan

et al., 2019). Conversely, at low latitudes, higher temperatures do

not promote vegetation production (Cox et al., 2013; Piao et al.,

2020). Radiative forcing by higher CO2 concentrations modifies

vegetation production and respiration of the terrestrial ecosystem

and ultimately regulates the concentration of CO2 in the

atmosphere (Cox et al., 2013; Ballantyne et al., 2017).

Therefore, understanding how the radiative forcing of CO2

concentrations affects the terrestrial carbon cycle could be

beneficial for predictions regarding climate change

(Friedlingstein et al., 2006; Ramaswamy et al., 2019;

Friedlingstein et al., 2020).

The influence of atmospheric CO2 concentrations on

terrestrial carbon fluxes (i.e., the net primary production,

NPP) is mainly expressed in two ways: one is a fertilization

effect of CO2 concentrations, and the other is the radiative effect.

Increased atmospheric CO2 concentrations affect the global

carbon cycle not only through their effect on plant physiology

but also through their radiative greenhouse effect. Increasing

CO2 concentrations tend to enhance downward longwave

radiation, prompting changes in temperature and precipitation

and, thus, generating changes in plant photosynthesis rates,

carbon allocation, and soil respiration. This driver of climate

change is referred to as “CO2 radiative forcing,”which is different

from CO2 physiological forcing. Due to the latter effect, increases

in CO2 concentration can enhance photosynthesis and,

ultimately, NPP (Ainsworth and Long, 2005; Medlyn et al., 2015).

The non-uniformity of the concentration of CO2 refers to its

spatial variation. The terrestrial carbon cycle will be modified by

the radiative forcing of spatially varying atmospheric CO2

concentrations. For example, previous studies have shown that

changes in CO2 radiative forcing lead to changes in the spatial

responses of terrestrial carbon flux (Friedlingstein 2015; Canadell

et al., 2021), as atmospheric CO2 radiative forcing can be

regulated through changes in the average background states

(e.g., RNET, atmospheric circulation patterns, surface

temperature, and rainfall) (Cao et al., 2010; Peng et al., 2014).

The radiative forcing of CO2 is partly regulated by anthropogenic

carbon emissions, which can lead to other spatial differences in

CO2 concentrations in addition to the effect of vegetation growth.

Under climate change, therefore, there is an urgent need to

quantitatively assess changes in carbon fluxes caused by the

radiative forcing of spatially varying CO2 concentrations.

Currently, there are still large uncertainties in the modeling

of the intensity of the radiative forcing effect of CO2

concentrations combined with feedback processes of

cloud–aerosol interaction and poleward energy transports

through radiative forcing (Myhre et al., 2013; Huang et al.,

2017). There also is a lack of research on the influence of the

radiative forcing of spatially varying CO2 concentrations onNPP.

Although results suggest that there are clear spatial differences in

atmospheric CO2 concentrations at regional scales (Nassar et al.,

2013; Falahatkar et al., 2017), how and why the associated

radiative forcing of spatial variations in CO2 concentrations

affects NPP remains unknown (Wang et al., 2019).

In this study, we carried out simulations of different forcing

scenarios, including non-uniform and uniform CO2

concentrations, and then studied the changes in the response

of terrestrial carbon fluxes. The influence of the radiative forcing

of spatially varying CO2 concentrations on terrestrial carbon

fluxes can be detected by changes in the climate state, including

the surface energy budget, atmospheric circulation, surface

temperature, and rainfall. However, there is a limited number

of studies on the effects of the radiative forcing of spatially

varying CO2 concentrations on carbon fluxes in the terrestrial

ecosystem. The overarching goal of this study was to assess the

impacts of the radiative forcing of spatially varying CO2

concentration on the NPP of terrestrial ecosystems. Thus, we

focused on answering two main scientific questions: 1) How does

the radiative forcing of spatially varying CO2 concentrations alter

the climate state? 2) What changes have occurred in the response

of terrestrial carbon fluxes to the radiative forcing of spatial

variations in CO2 concentrations, and what are the reasons

behind these changes?

2 Methods and simulations

2.1Methods

We simulated corresponding changes in climatic variables

and NPP due to the radiative forcing of spatial variations in CO2

concentrations from 1850 to 2005. We took the mean of the last
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50 years to ensure the carbon cycle balance of our model. We

explored the contribution of each component in the surface

energy budget to temperature, which was regulated by the

inhomogeneity of CO2 radiative forcing.

A linear regression approach was used to quantify the

sensitivity of the dependent variable (y) to the independent

variable (x). This method was applied by Poulter et al. (2014)

as follows:

y � βix + εi, (1)

where βi is the sensitivity of y to x, and εi is an error in which i

refers to the ith independent variable (e.g., surface air

temperature or precipitation).

According to the Stefan–Boltzmann law, the radiation

emitted by the surface land determines the surface

temperature. Such surface temperature is regulated by the

balance of net shortwave radiation, net longwave radiation,

sensible heat, latent heat, and ground heat flux:

σ × Tas4 � RSS + RLDS − (RG +HFS +HFL), (2)
where σ is the Stefan–Boltzmann constant. Therefore, according

to Eq. 2, the surface temperature is determined by the net

shortwave radiation (RSS), downward longwave radiation

(RLDS), sensible heat flux (HFS), latent heat flux (HFL), and

ground heat flux (RG). We focus on the contribution of these

energy components to temperature changes caused by the

radiative forcing of non-uniform CO2.

2.2 Model

We used version 2.0 of the FGOALS–AVIM model at a

resolution of 2.81 × 1.66. This version of FGOALS has previously

been used to assess the effects of CO2 radiative forcing on the

total cloud fraction, temperature, and water vapor under

different abruptly quadrupling CO2 concentrations (Chen

et al., 2014; Capistrano et al., 2020). Evaluations of the model

performance have revealed that FGOALS can quite reasonably

reproduce the mean annual GPP (gross primary production) and

NPP (Wang et al., 2013), the mean summer evapotranspiration

(ET), andmean annual runoff in the Lake Baikal basin (Törnqvist

et al., 2014); and the major global-scale biogeochemical fluxes

and pool sizes of carbon (Peng and Dan, 2014).

The model used in this study, i.e., FGOALS-s2 (Bao et al.,

2013), was one of the models that participated in CMIP5 (phase

5 of the Coupled Model Intercomparison Project) and was also

used as an assessment tool in the fifth Assessment Report of the

Intergovernmental Panel on Climate Change. It is a fully coupled

Earth system model consisting of four independent components

that simultaneously simulate Earth’s atmosphere (SAMIL2),

ocean (LICOM2), surface (AVIM), and sea ice (CSIM) and

includes a central coupler component (CPL6). It has an

interactive carbon cycle model in the land component and an

ecosystem–biogeochemical module in the ocean component.

Although carbon release resulting from permafrost thawing

would potentially impact climate change because large amounts

of carbon previously locked in frozen organic matter will

decompose into CO2 and methane (Ballantyne et al., 2017),

FGOALS–AVIM has only a simple carbon permafrost model

at present, and no marine methane release is included.

Supplementary Figure S1 shows the spatial distribution of

plant functional type (PFT). The land component of the

model, i.e., FGOALS–AVIM, only simulates the different

responses of fixed PFTs, not PFT dynamics, therefore, we

could not simulate the NPP responses to changes in land

cover or land use.

2.3 Data and simulations

The time series of atmospheric CO2 concentration was

provided by CMIP6 (i.e., fossil fuel combustion, cement

manufacturing, and oilfield natural gas combustion) with a

monthly resolution from 1850 to 2014. However, because the

atmospheric CO2 variations from CMIP6 only consider its

latitudinal and not longitudinal spatial variation, to fully reflect

the spatial non-uniformity of atmospheric CO2 concentrations and

describe the impact of anthropogenic carbon emissions due to

their spatial distribution, we adopted the 1 × 1 resolution Open

Data Inventory of Anthropogenic Carbon Dioxide (Oda et al.,

2018) to establish the quantitative relationship between the

emissions of individual grid boxes and latitude-averaged carbon

emissions (Eqn. s1 in the supporting information). It was assumed

that this quantitative relationship is also applicable to the

relationship between the atmospheric CO2 concentration of

each pixel and the latitude-averaged CO2 concentration from

CMIP6 (Eq. 2 in the supporting information). The CO2

concentration was then generated by fully considering the

spatial non-uniformity, which can reflect the variations of

anthropogenic carbon emissions, both latitudinally and

longitudinally. The CO2 datasets under the historical conditions

of 1850–2005 were generated by redividing the 1 × 1 grid into a

spatial resolution of 2.81 × 1.66. Based on this method, we then

used the CO2 datasets as input data in our simulations.

To quantify the impact of the radiative forcing of spatially

varying CO2 concentrations on carbon fluxes, we used

FGOALS–AVIM to carry out two different simulation

experiments to evaluate NPP. The period covered was from

1850 to 2005 (Table 1). To separate the impacts on NPP of

CO2 radiative and fertilization effects due to the spatial variations

of CO2 concentrations, we carried out two simulations

(simulations U1 and N1) that for the radiative process used

uniform CO2 concentrations (in U1) or spatially varying CO2

concentrations (in N1), but for the physiological process CO2

concentrations were fixed at 347 ppm in both simulations. The
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difference in NPP between simulations N1 and U1 represents the

effects of CO2 radiative forcing due to spatial variations of CO2

concentrations. Simulation N1 included components based on an

active atmosphere, land, ocean, and sea ice, which used

atmospheric CO2 concentrations, including temporal and

spatial variations, as forcing data. Simulation U1 fixed the

same atmospheric CO2 level in individual grid boxes, that is,

CO2 concentrations without spatial variations. The differences

between the N1 and U1 simulations represent the impacts of the

spatially varying atmospheric CO2 concentrations.

3 Results

3.1 Regional CO2 concentrations and NPP
over terrestrial ecosystems

The CO2 concentrations in the Northern and Southern

Hemispheres vary widely. Australia, most of Africa, and

southern South America have lower CO2 concentrations than

globally. In Europe, the eastern United States, and eastern Asia,

CO2 is higher than the global level. Simulation N1 used the

TABLE 1 CO2 forcing data for simulations.

Simulation CO2 forcing Components

N1 Spatially and temporally varying Fully coupled atmosphere, land, ocean, and sea ice

U1 Only temporally varying (i.e., without spatial variation) Fully coupled atmosphere, land, ocean, and sea ice

FIGURE 1
(A) Spatial variations of atmospheric CO2 anomalies from simulation N1 minus U1 over the period 1956–2005. (B) Spatial distributions of the
relationship between CO2 anomalies and corresponding NPP anomalies caused by radiative forcing of CO2 non-uniformity over the same period.
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forcing data of CO2 concentration with non-uniform spatial

differences, which ranged from 339 to 351 ppm (Figure 1A).

Simulation U1 used the same CO2 data globally, without spatial

variations.

Anthropogenic emissions can amplify the spatial difference

in CO2 concentrations between the Northern and Southern

Hemispheres (Figure 1A), which may lead to corresponding

changes in annual NPP anomalies (Figure 1B). We divided the

land into four regions according to the changes of both CO2

concentrations and NPP in response to the impact of radiative

forcing due to spatial variations of CO2 concentrations over the

period 1956–2005: region 1, which includes decreased CO2

concentrations and NPP; region 2, which features increased

CO2 concentrations and decreased NPP; region 3, which is

defined by decreased CO2 concentrations and increased NPP;

and region 4, which includes increased CO2 concentrations and

increased NPP. Region 2 is mainly located in mid–low latitudes,

while region 4 primarily occurs in high latitudes. These two

regions contribute the largest fraction of the whole land surface,

accounting for 51% and 31%, respectively.

3.2 Estimates of NPP simulated by
FGOALS–AVIM

Figure 2 shows the estimation of terrestrial NPP from

simulations N1 and U1 under present conditions from

1956 to 2005. The NPP from the TRENDY dataset, consisting

of seven process-based terrestrial ecosystem model simulations

CLM4C, CLM4CN, LPJ, LPJ-GUESS, OCN, SDGVM, and

TRIFFID (Zhang et al., 2016), was selected to compare with

our simulations in the same period. An ensemble of experiment

S2 from the TRENDY project was used, in which only

atmospheric CO2 and climate change were included (land use

changes were kept unchanged) (Piao et al., 2013), and the results

show good agreement between the global NPP of both

simulations (N1 and U1) and that of TRENDY.

Comparing the NPP simulated by FGOALS–AVIM with that

of TRENDY in spatial terms (Supplementary Figure S2), which has

been used previously to assess the carbon budget of the terrestrial

ecosystem (Piao et al., 2013; Friedlingstein et al., 2020), the

estimated NPP produced with or without spatially varying CO2

concentrations agrees well with the simulations from TRENDY for

the period 1956–2005, i.e., for the tropical forest, NPP values are

higher than other plant types, and for barren and tundra they are

lower. During this period from 1956 to 2005, the U1 experiment

simulates smaller NPP values in the high latitudes of the Northern

Hemisphere than the mean values of the TRENDY ensemble.

However, the NPP simulated by the N1 experiment shows close

agreement with TRENDY in these regions. The underestimation of

NPP is improved to some extent by the latter experiments

considering spatially varying CO2 concentrations.

Obvious negative annual NPP anomalies appear in the

northern Amazon, central Africa, most of Europe, eastern

Siberia, eastern Asia, and mid-latitude North America (see

Figure 3A). The largest values of negative NPP anomalies in

these regions reach as high as −50 g C m−2 yr−1 in central Africa

and −40 g C m−2 yr−1 in the northwestern Amazon Basin. The

maximum values reach −40 g C m−2 yr−1 along the northern coast

FIGURE 2
Comparison of different estimates of global NPP during the
period 1956–2005: estimates based on TRENDY (TREN, green
bar), simulation N1 using radiative forcing of spatial variations in
CO2 concentrations (N1, orange bar), and simulation U1 using
radiative forcing of uniform CO2 concentrations (U1, blue bar).

FIGURE 3
(A) Spatial distribution of NPP anomalies due to radiative
forcing of spatial variations of CO2 concentrations during
1956–2005. (B)Comparison of NPP anomalies in region 1 (yellow),
region 2 (orange), region 3 (green), and region 4 (light blue)
during 1956–2005. The vertical black lines represent the
differences between the maximum and minimum NPP anomalies
for each region over 1956–2005.
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of the Mediterranean Sea. Positive NPP anomalies occur over

northern Eurasia, mid-latitude North America, Alaska, India, and

South Asian islands. The magnitudes of positive anomalies are

much smaller than those of negative anomalies. The spatial

inhomogeneity of anthropogenic emissions could cause spatially

varying CO2 concentrations, which in turnwould alter the physical

climate due to CO2 radiative forcing and thus regulation of NPP.

However, the anomalies vary among regions. To examine which

regions contribute the most to NPP anomalies resulting from

inhomogeneous CO2 radiative forcing the terrestrial ecosystem

was divided into four regions. Among these regions, region

2 includes tropical and temperate forests, which are major

contributors to the NPP of terrestrial ecosystems (Cox et al.,

2013; Poulter et al., 2014; Schimel et al., 2015). As can be seen,

they contribute the largest fraction to the decreased NPP at

0.7 Pg C yr−1 (Figure 3B), accounting for ~57% of the changes

in global NPP. The negative contribution of the region to NPP

anomalies seems to be proportional to their current contribution.

Therefore, the annual anomalies of NPP in region 2, which is

located in low–mid latitudes, can dominate the global carbon cycle

response to heterogeneous CO2 radiative forcing.

CO2 concentrations at the PFT scale vary accordingly among

the four seasons between simulations N1 and U1 (Supplementary

Figure S3). From 1956 to 2005, larger CO2 concentrations are used

in simulation N1 than U1 in spring for all PFTs, especially evergreen

needle leaf forest (ENF), tundra, and crop. In contrast, the CO2

concentration in summer decreases from 0.5 ppm for evergreen

broadleaf forest (EBF) to 4.2 ppm for ENF in simulation N1, in

contrast with simulation U1. In autumn, the CO2 concentration

used in simulation N1 increases from 0.5 ppm for EBF to 2.5 ppm

for ENF. Greater CO2 concentrations in winter are used by

simulation N1 than simulation U1, ranging from 2.1 ppm for

EBF to 5.9 ppm for ENF.

At the PFT level, the simulated changes in NPP from 1956 to

2005 in spring, summer, and autumn are similar for DNF

(deciduous needleleaf forest), C3 grass, and C4 grass

(Supplementary Figure S4). In spring, there are larger

decreases in NPP for deciduous broadleaf forest (DBF), but

greater increases, by 0.38 Pg C yr−1, in NPP for ENF and

tundra in the high latitudes than in other seasons. In summer,

greater decreases for ENF and BDF are simulated than for other

plant types. For EBF, the simulated decrease in NPP in autumn is

similar to that for DBF, C3 grass, and C4 grass. In this season,

changes in NPP for ENF and tundra are faint. In winter,

excluding C3 grass, the relative differences in the simulated

changes in NPP are generally much smaller for other PFTs.

3.4 Responses of NPP to temperature,
precipitation, and net surface radiation

Because NPP is greatly affected by the local temperature and

rainfall (Schimel et al., 2015; Swann et al., 2016; Kim et al., 2017),

the annual anomalies of NPP caused by the radiative forcing of

spatially varying CO2 concentrations are therefore mainly due to

the contribution of annual anomalies of local temperature or

rainfall. How temperature or rainfall changes is a key issue

toward understanding the changes in the carbon cycle related

to heterogeneous CO2 radiative forcing under the influence of

anthropogenic emissions. Figures 4A–F shows the correlation

coefficients of NPP anomalies with anomalies of temperature,

rainfall, or net surface radiation (RNET) considering the effect of

heterogeneous CO2 radiative forcing. In terms of spatial

distribution, the annual anomalies of NPP are highly

correlated and consistent with the annual anomalies of

rainfall. In the low latitudes, the correlation coefficients

between the annual anomalies of NPP and temperature are

greater, showing significant negative correlations. The

correlation coefficients between the annual anomalies of NPP

and RNET are weak, displaying most regions as not passing the

significance test at the 0.05 level.

Generally, NPP is an output of the land component. The

changes in NPP could be regulated by the physical climate due to

the radiative forcing of non-uniform CO2 concentrations. The

changes in NPP might be induced by changes in the surface

temperature in most land areas, although, of course, changes in

NPP could also respond to changes in precipitation over land.

However, on the basis of Student’s t-test at the 5% level, changes

in precipitation are not statistically significant in most terrestrial

ecosystems (Figure 4B). Thus, we hypothesize that the effects of

changes in the physical climate on NPP due to radiative forcing

of non-uniform CO2 concentrations are mainly expressed in

terms of the impact of changes in surface temperature on NPP

(Figures 4A,C).

3.5 Radiative forcing drivers of near-
surface temperature and precipitation

Figures 5A–D shows that RLDSmight dominate the radiative

forcing changes. According to Eq. 2, we show the influence of

each radiation component on near-surface temperature. The

positive temperature anomalies in the mid-latitude and high-

latitude regions of the Northern Hemisphere are consistent with

the contribution of RLDS and RSS. In temperate and boreal

forests of Eurasia, increased RLDS (+0.9 ± 0.9 W m−2) is

responsible for most of the warming, followed by increased

RNET (+0.24 ± 0.3 Wm−2). The warming in the west of

North America shows consistent signs of RSS and RLDS. The

positive temperature anomalies in central Siberia are caused by

the same signs of RLDS (+2.5 ± 2.4 Wm−2) and RSS (+0.01 ±

0.1Wm−2), which are located in the maximum warming.

Annual anomalies of RLDS dominate the temperature

anomalies in region 2 (Figure 5A). The positive temperature

anomalies in region 2 are mainly driven by increased RLDS

(+2.2 ± 1.6 W m−2), which is partly offset by the decrease in RSS
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(−0.2 ± 0.9 W m−2). The positive temperature anomalies in

region 4 are mainly caused by radiation components with

opposite signs: RLDS increases (+2.0 ± 1.5 Wm−2) and RSS

decreases (−0.2 ± 0.9 Wm−2). Noticeably, as compared to

region 2 or 4, the reduction of RSS in region 1, by −0.3 ±

2.0 W m−2, is greater.

To explore how near-surface temperature anomalies are

affected by radiative forcing due to spatial variations of CO2

concentrations, we also analyzed the annual anomalies of

temperature in different regions and how clouds drive

temperature anomalies (Figure 6). There are obvious

differences in the influence of cloud fraction on the near-

surface temperature in individual regions. Mid clouds

(β = −0.4, p = 0.00) have greater impacts on temperature

anomalies than low clouds in region 2. In this region,

increases of mid clouds are about four times the changes in

low clouds (see Supplementary Figure S5). Increased mid clouds

tend to reduce solar radiation reaching the surface. Therefore, in

this region, the largest increases in CO2 concentrations do not

accompany the largest increases in temperature. In region 4, the

relationship between the anomalies of clouds and the

temperature is not significant.

A previous study showed that anomalies of atmospheric CO2

concentration can modify the energy balance through radiative

forcing, which correspondingly affects rainfall (Allen and

Ingram, 2002). Results in the present study show that rainfall

FIGURE 4
(A–C) Spatial distribution of anomalies of surface temperature (Tas), rainfall (RAIN), and surface net radiation (RNET), respectively, caused by
radiative forcing of spatial variations of CO2 concentrations over the period 1956–2005. (D–F)Correlation coefficients of NPP and local Tas, RAIN or
RNET, respectively. Dotted areas in (A–F) are areas with statistically significant changes at the 5% level using Student’s t-test.
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anomalies are significantly negatively correlated with anomalies

of sensible heat flux over 80% of the land area (p < 0.01) (see

Figure 7). Previous studies have shown that annual sensible heat

flux anomalies play an important role in the occurrence of

opposite-sign annual rainfall anomalies (Myhre et al., 2018).

In northern North America, northern Europe, and southern

FIGURE 5
Spatial distribution of anomalies of (A) downward longwave radiation (RLDS), (B) shortwave radiation (RSS), (C) latent heat flux (HFL), and (D)
sensible heat flux (HFS), caused by radiative forcing of spatial variations of CO2 concentrations over the period 1956–2005.

FIGURE 6
Annual anomalies of (A–D) low-cloud fraction (CLL), (E–H)mid-cloud fraction (CLM), and (I–L) high-cloud fraction (CLH) against anomalies of
surface temperature (Tas) as estimated by FGOALS–AVIM2 for regions 1, 2, 3, and 4, where β represents the sensitivity of surface temperature to CLL,
CLM, or CLH over the period 1956–2005, and ρ denotes the p value.
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China, the obvious negative anomalies of sensible heat flux

strengthen the positive anomalies of local rainfall. Conversely,

in the low-latitudes of North America, central Africa, and the

Mediterranean, negative anomalies of rainfall respond to the

obvious positive anomalies of sensible heat flux.

Radiative forcing of spatially varyingCO2 concentrations plays

an important role in the change in NPP associated with climatic

change. On the one hand, radiative forcing of spatially varying CO2

concentrations revises the surface energy budget (Figure 5) and

then continues to regulate the surface climate locally. On the other

hand, the radiative forcing of heterogeneous CO2 may influence

the atmospheric circulation (Figure 8), which further affects the

large-scale terrestrial water cycle. Therefore, non-uniform CO2

triggers anomalies of specific humidity in each region and

subsequently anomalies of rainfall and thus terrestrial NPP.

On a global scale, an increase in relative humidity does not

necessarily mean an increase in rainfall. In contrast, in Figure 8,

based on the results of FGOALS–AVIM, the westerly winds

weaken, thereby suppressing humid airflow from the Atlantic

Ocean to western Europe, causing negative anomalies of rainfall

and a decrease in soil moisture. In addition, dry air is strengthened

from the northeastern to the southeastern United States. This type

of circulation is not conducive to the transportation of the eastern

ocean flow to the eastern continental United States. In eastern

China, dry air from inland is also strengthened. Consequently, it

will suppress the monsoon from the eastern Pacific Ocean, thereby

reducing rainfall and causing a decrease in NPP (Figure 4E).

There is a close relationship among soil moisture, temperature,

and ET (Seneviratne et al., 2006; Jung et al., 2010; Seneviratne et al.,

2010). Figure 9C shows the correlation between ET and surface

temperature, where the coupling of ET and temperature could

reflect the evaporative demand of the air (Figure 9A). In tropical

regions including the Amazon Basin, Australia, Central Africa, and

southern Asia, and low- and mid-latitude regions in Europe–Asia

and North America, FGOALS–AVIM presents a strong and

negative correlation between ET and surface temperature

(Figure 9C). Such negative coupling of ET and surface

temperature could imitate the intensity of water limitation due

to the high evaporative demand of air under warmer conditions.

Such a negative coupling between ET and temperature is

heightened due to the radiative forcing of spatial variations in

CO2 concentrations (Figure 9D), which is accompanied by an

enhanced NPP dependence on soil moisture (Figure 9B).

4 Discussion

In regions 2 and 4, positive anomalies of surface temperature

and changes in rainfall have comprehensively affected the level of

FIGURE 7
Correlation coefficients of annual anomalies of sensible heat
flux (HFS) with local anomalies of rainfall estimated by
FGOALS–AVIM during 1956–2005 from simulation U1 in A and
simulation N1 minus U1 in B. Dotted areas are areas with
statistically significant changes at the 5% level using Student’s t-
test.

FIGURE 8
Spatial percentage of changes of specific humidity (units: %)
relative to simulation U1 integrated between the surface pressure
level and 300 hPa, and 850 hPa wind (vectors; units: m s−1), over
the period 1956–2005, as estimated using FGOALS–AVIM,
due to radiative forcing of spatially varying of CO2 concentrations.
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soil moisture depletion on land and reduced NPP. In the high

latitudes of region 4, positive anomalies of surface temperature

have had the opposite influence. As a result, such responses of

terrestrial ecosystems indicate that the radiative forcing of

spatially varying CO2 concentrations might modify vegetation

production substantially. Consequently, the responses will

eventually adjust the atmospheric CO2 concentration.

Therefore, understanding the relationship between the

radiative forcing of spatially varying CO2 concentrations and

the terrestrial carbon cycle might provide an excellent way to

predict changes in the global carbon cycle.

Positive anomalies of atmospheric CO2 account for more

than two-thirds of the global land area. The maximum positive

anomalies are mainly located in region 2. Our results show that

the higher radiative forcing of CO2 non-uniformity can induce

warming in these regions. Circulation might promote the

transport of warmer air from these regions to higher latitudes.

Warmer air flows from the eastern United States, western

Europe, and eastern Asia to the higher latitudes of the

Northern Hemisphere (Figure 8), causing more positive

anomalies of surface temperature to the north of 50°N

(Figure 4A). Such a change at high latitudes is conducive to

an increase in surface temperature and enhanced NPP in boreal

forests and tundra.

The atmospheric CO2 concentration significantly modifies

the surface energy budget through radiative forcing, especially

the RLDS of the atmosphere, which in turn affects the surface

temperature (Vargas Zeppetello et al., 2019) and greatly

influences the interannual changes in NPP. According to the

simulation of FGOLS–AVIM, the global specific humidity

increases, which reflects the increase in atmospheric water

vapor. These increases may amend the surface energy balance

and surface temperature, mainly through the RLDS, which our

results show possesses a good positive specific humidity

sensitivity (β = 8.8 W m−2/(g kg−1); p value < 0.01)

(Figure 10). Therefore, to a certain extent, the changes in

specific humidity reliably describe the changes in RLDS

(Stanhill 2011; Liu et al., 2019). Increased specific humidity

and water vapor would help prevent longwave radiation from

moving from the surface into space, and also cause increases in

downward longwave radiation (Figure 5). Consequently, in part,

this will result in increased RLDS to heat the atmosphere and

FIGURE 9
Spatial distribution of (A) sensitivity of NPP to soil moisture (MRSO; units: gC yr−1 kg−1) from simulation U1 and (B) anomalies of MRSO resulting
from the effect of radiative forcing of spatially varying CO2 concentrations. Correlation coefficients of (C) surface temperature and soil evaporation
from simulation U1 and (D) anomalies of surface temperature and soil evaporation due to the radiative forcing of spatial variations of CO2

concentrations. Dotted areas in (C,D) are areas with statistically significant changes at the 5% level using Student’s t-test.
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surface [see Eq. 2]. In addition, in regions without water

limitation, especially in the ocean, warmer surfaces might

increase evaporation, resulting in higher water content in the

atmosphere, which would cause more RLDS. Therefore, the

radiative forcing of increased specific humidity may lead to

positive anomalies of surface temperature in low-latitudes and

Southern Hemisphere regions, although CO2 in most of these

regions has not increased.

To explore how each radiative component is modified by

spatially varying CO2 concentrations, we present their spatial

distribution patterns (Figure 5) and analyze how their drivers

respond (Figures 10A–D). The results suggest that, in the

Amazon Basin, Australia, Central Africa, and Southeast Asia,

significant asymmetrical RLDS associated with the non-

uniformity of CO2 concentrations might be caused by another

factor. The enhanced low-cloud fraction in these regions

(Supplementary Figure S5B) might prevent longwave radiation

from being emitted from the surface into space (Figure 10B). This

can also lead to asymmetrical temperature anomalies associated

with increased RLDS. For example, in these regions, the increases

of RLDS at low latitudes and in the Southern Hemisphere are

associated with positive anomalies in water vapor and low clouds

(p< 0.01) (Figure 10).
The linear relationships between changes in global soil

moisture and NPP and changes in the sea surface temperature

(SST) are shown in Supplementary Figure S6. Changes in SST

could regulate the local hydrological conditions of soil moisture

and thus NPP (Kim et al., 2016; Schine et al., 2016; Frederiksen

et al., 2018). Particularly, the changes in global mean soil

moisture show a significant negative relation with SST in the

eastern tropical Pacific Ocean. In contrast, in the northwestern

Pacific around Japan, southwestern Pacific around Oceania, and

North Atlantic Ocean, positive changes in soil moisture respond

to positive changes in SST. In spatial distribution terms, the

responses of the simulated changes in NPP from 1956 to

2005 due to the radiative forcing of the non-uniform CO2

concentrations to SST are similar to the soil moisture.

However, a greater negative relationship between the changes

in global NPP and SST is shown in the eastern tropical Pacific

Ocean, compared with the relationship between global mean soil

moisture and SST. This is likely because the tropics are the main

contributor to global NPP, which might be related to El

Niño–Southern Oscillation (ENSO) (Kim et al., 2017; Park

et al., 2020; Kim et al., 2021). Correspondingly, how ENSO,

the Pacific Decadal Oscillation, and the Arctic Oscillation

influence NPP through ocean–atmosphere teleconnections

should be further investigated.

Spatially varying CO2 concentrations could increase the

coupling between temperature and ET in terrestrial ecosystems.

Accordingly, due to the warmer conditions (Figure 4A)

transpiration might be reduced in the northwest Amazon Basin,

central and southern Africa, eastern Asia, and northern

Mediterranean (Supplementary Figure S7). When the

temperature increases (Figure 4A), an enhanced negative relation

between surface temperature and ET decreases could result in

reduced leaf stomata conductance, which would limit the

absorption of CO2 at the canopy level (Oren et al., 1999; Wever

et al., 2002; Yuan et al., 2016). Such inhibition could lead to a

reduction in canopy development, thereby reducing NPP (Figure 3).

Therefore, the enhanced negative ET–temperature coupling can

characterize the increased moisture deficit (Yuan et al., 2016; Yuan

et al., 2019). In other words, due to the enhancement in the negative

coupling of ET and temperature, the limitation strength of local

water availability for plants due to the radiative forcing of spatially

varying CO2 concentrations could cause local enhanced sensitivity

of NPP to soil moisture (Yuan et al., 2016).

In addition, climate forcing caused by spatial variations in

CO2 concentration can also alter atmospheric circulation, which

in turn affects precipitation. The combination of these changes

will cause changes in NPP. However, a more detailed

understanding of the physical processes and reasons behind

the NPP response to CO2 radiative forcing would be needed.

The results are mainly based on the correlation between climate

FIGURE 10
Annual anomalies of (A) specific humidity (q), (B) low-cloud
fraction (CLL), (C) mid-cloud fraction (CLM), and (D) high-cloud
fraction (CLH), against anomalies of downward longwave radiation
(RLDS), as estimated by FGOALS–AVIM2, for the globe, where
β represents the sensitivity of RLDS to CLL, CLM, and CLH over the
period 1956–2005, and ρ denotes the p-value.
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variables and NPP, which makes it difficult to recognize the

cause/effect because each climate variable is interrelated. Some

physical explanations may need to be included to really identify

the cause/consequence. In future work, sensitivity runs are

necessary to detect causes/consequences, as suggested by Liu

et al. (2019).

We used FGOALS–AVIM to estimate the impacts of changes

in climate state due to the radiative forcing of non-uniform CO2

concentrations. It should be noted that these simulations based

solely on FGOALS–AVIM are not ensembles. Thus, uncertainty

in the simulations might result from the internal variability of

this model, meaning the addition of more models for the non-

uniform CO2 concentration-driven runs are needed in the future.

Finally, it is well known that stronger spatially varying

anthropogenic carbon emissions in the future will lead to

greater spatially varying CO2 concentrations. Changes in the

radiative forcing of non-uniform CO2 concentrations under

future conditions were not included in our simulations.

Elucidating the future impact on NPP of such greater spatial

variations would help towards better understanding its impact in

the real world. This too requires further investigation.

5 Conclusion

Fossil fuel-based anthropogenic emissions could induce the

spatial variation in atmospheric CO2 concentrations. This study

shows that the CO2 radiative forcing of spatial variations in CO2

concentrations has resulted in an additional decrease in NPP in

region 2 by 0.7 Pg C yr−1, or a 57% additional decrease in NPP for

the whole terrestrial ecosystem, over the period 1956–2005. Such

reductions in NPP mainly relate to increases in surface

temperature, by 0.4°C. Jointly driven by the strengthened

coupling between evaporation and temperature, the dependence

of NPP on soil moisture in region 2 has decreased. Consequently,

reduced soil moisture under warmer conditions due to the

radiative forcing of spatial variations in CO2 concentrations has

significantly decreasedNPP. In addition, the increase in downward

longwave radiation can be attributed to such an increase in surface

temperature. To a certain extent, this increase in downward

longwave radiation results from low-level cloud. We argue that

regional changes in NPP due to the radiative forcing of spatial

variations in CO2 concentrations should be an integral part of

future studies on the responses of carbon fluxes to climate change.
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