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Abstract. Identifying sinks or sources of CO2 in the terrestrial biosphere has become an important topic 

in the last decades. Net Ecosystem Production (NEP) is one of the most used parameters for the 

understanding and visualization of change in a sink or source of CO2 under consideration of climate 

change, and transient CO2 in modelling and in-situ studies. In this study, NEP was obtained by running 

the Community Land Model (CLM version 4.5) with 25 × 25 km high spatial resolution between 1971 

and 2100. It was focused on analyzing the NEP for two periods (i.e. 1971-2000 as past period and 2071-

2100 as future period). Within the study, the model was integrated with used bias corrected six climate 

parameters and transient CO2 up to 2100. Validation of the model results showed a quite good correlation 

(ca. 77%) with observed NEP data. NEP will have an increase up to ca. 118% on an average, at pan-

European scale in 2100. Although carbon accumulation in terrestrial biosphere will increase in most of 

the areas of the pan-European region, the accumulation will decrease in Eastern Europe. These results 

particularly highlight the spatial and temporal distribution of NEP, and also a significant increase of NEP 

in the terrestrial biosphere under climate change and transient CO2 at pan-Europe scale. 

Keywords: ecosystem exchange, biogeochemistry, carbon uptake, dynamic modelling, earth system 

modelling, operational research, industrial engineering, Industry 4.0 

Introduction 

Modelling studies are quite essential research activities for investigations related to 

changes in the sensitivities of climate, depending on biogeochemical processes in 

terrestrial biosphere. In the last century, the significance of anthropogenic greenhouse 

gas emission due to industrial development (from industry 1.0 to Industry 4.0) and 

climate change effects on carbon cycle in terrestrial biosphere has been increasing, and 

various researches have been conducted on it. In this topic, Net Ecosystem Production 

has high importance for clarifying the change in organic carbon storage capacity of 

terrestrial biosphere. The oldest known modern definition of NEP was published in the 

late 60s (Woodwell and Whitthaker, 1968). They defined the NEP as the difference 

between Gross Primary Production (GPP) and ecosystem respiration. NEP is defined as 

the import of organic carbon in or out of the ecosystems, i.e., increase or decrease of 

organic carbon via carbon storage in vegetation, sediments, and soils, or the carbon lost 

through land-use change, fire, respiration, and oxidation, regulate carbon budget 

between the atmosphere and terrestrial biosphere (Lovett et al., 2006; Hinojo-Hinojo et 

al., 2019). Ecosystems with NEP > 0 are considered as carbon sink ecosystems where 

carbon binding into the biomass or other organic and non-organic materials is greater 

than carbon emission (Esser et al., 2011). Also, ecosystems with NEP < 0 are 

considered as carbon source ecosystems where the carbon emission processes greater 

than carbon storage. A measure of Net Ecosystem Production is of great interest for 
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investigations to be made of carbon balance between atmosphere and terrestrial 

biosphere. There are various factors which can affect the NEP in different ecosystems in 

a timescale, from seconds to millennium (Randerson et al., 2002; Chen et al., 2019; 

Wong et al., 2020). GPP and ecosystem respiration can have an influence in a timescale 

from seconds to years, fire and leaching processes from year to decades, and soil 

formation and erosion from decades to millennium. Esser et al. (2011) also referred to 

the meaning of studying and analyzing the missing sink of carbon onto the Earth 

ecosystems during the last century. Their modelling experiments pointed to globally 

160 Pg C missing sink, and it is highly affected by the available nitrogen in terrestrial 

biosphere during long-term simulations. Climate variability, nitrogen deposition, and 

plant growth by elevated atmospheric CO2 are often considered to be the main processes 

(i.e., in ecological terms, consequences for C fluxes), which have direct relationships 

with NEP in terrestrial biosphere (Jarvis, 1995; Campbell et al., 2004; Han et al., 2019). 

There are numerous methods to investigate the effects of atmospheric change on 

biogeochemical cycles, e.g., carbon exchange between atmosphere and terrestrial 

biosphere (Turner et al., 2007; Jiang et al., 2013; Liu et al., 2015; Seidensticker et al., 

2019; Schulze et al., 2019). Erickson et al. (2013) aimed to measure both direct and 

indirect effects of elevated ambient CO2 on NEP using an open top chamber method for 

eighteen years experiments. Under doubled atmospheric CO2, the NEP had an increase 

of about 20-25% in study areas and biomes. NEP is highly depended on plant functional 

types in terrestrial ecosystem. For instance, needleleaf evergreen forests exchange about 

six times more carbon than broadleafed deciduous forest (Potter et al., 1993). 

Grasslands and cultivated crop lands have lower NEP than temperate forests in the 

northern hemisphere. In an in-situ study of temperate pine plantation, NEP showed a 

strong dependence on temperature, light regime, and water vapor pressure deficit (Arain 

and Restrepo-Coupe, 2005; Fernandez-Martinez et al., 2019). A modelling study about 

NEP under climate change on pan-European scale can indicate the regions of carbon 

sink or source, and the changes in the sink to source or vice versa. Although there are 

various studies about carbon sinks/sources by regions or biomes at a global scale, there 

is little information about carbon sinks/sources in pan-European biomes (Pan et al., 

2011; Nabuurs et al., 2013; Fernandez-Martinez et al., 2019). Nabuurs et al. (2013) and 

Pittau et al. (2019) found valuable signs for saturation of carbon sink in European 

forests. They observed three types of warnings (i.e., decrease in stem diameter, increase 

in land-use change, and increase in natural disturbances), which features a decrease in 

the sink/source ratio in European forests. However, there are still open questions about 

the behavior of the source and sink of the carbon regions in pan-European forests under 

climate changes in the future. 

In this study, the main aim is to investigate the alteration in potentiality of carbon 

sink or source of the pan-European forests under climate change of 2100. 

Materials and methods 

For an estimation of the net ecosystem production, the Community Land Model 

version 4.5 (Oleson et al., 2013) was established at a pan-European scale on 25 × 25 km 

grid resolution. The model was run with bias corrected climate data for 800 years, in 

accelerated mode, to get the main carbon pools of the terrestrial biosphere in a steady 

state. The methodology of accelerated mode and steady state run (spin-up) was 

published by Koven et al. (2013). After spinning up of the model, it was run with 
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required climate data from 1970 to 2100. Two 30 year-periods (1971-2000 and 2070-

2100) were taken into account for an investigation of the change of the NEP in the past 

observed period (1971-2000) since we have bias corrected climate data for this time 

range and future projected period (2071-2100) at a pan-European scale. To force the 

model with required climate, six climate parameters (Table 1) from the CSC-REMO 

regional climate model (RCM), driven by MPI-ESM-LR-r1 General Circulation Model 

(GCM) were used for this modelling study. All climate parameters were bias corrected 

through a method by Jacob et al. (2013). The conditions of the Representative 

Concentration Pathway 4.5 (RCM 4.5) scenario are the most plausible conditions that 

we can reach it under climate change at the end of this century (Jacob et al., 2013). 

Therefore, we decided to use the RCM model, which was implemented under 

consideration with regards to the RCP4.5 scenario for prediction of the climate 

parameter from 2005 to 2100. The CLM model was forced with transient CO2 for this 

modelling study. The transient data for CO2 were obtained from IIASA RCP database 

(http://tntcat.iiasa.ac.at/RcpDb) from 1850 to 2100. The CO2 data was historical data for 

the time range 1850-2004, and the projected data for RCP4.5 scenario was from 2005 to 

2100. 

 
Table 1. The used climate variable for atmospheric forcing of CLM4.5 model 

Code Variable name as daily mean value (unit) 

tas Surface temperature at 2 m (°C) 

pr Sum of precipitation (mm) 

rlds Surface downwelling longwave radiation ( ) 

rsds Surface downwelling shortwave radiation ( ) 

huss Near surface specific humidity ( ) 

sfcWind Near surface wind speed ( ) 

 

 

The CLM4.5 was configured with CLM4.5-CN (i.e., open carbon-nitrogen 

interaction, no fire, land-use from 2000, and no land-use) component set for enabling 

full carbon-nitrogen interaction in the model. 

The NEP is defined as in Equation 1 in the model. 

 

  (Eq.1) 

 

where GPP is gross primary production, Rp, Rh, Rd are respiration by plants, 

heterotrophs, and decomposers, respectively. For statistical analysis, SPSS statistic 

software (version 23) was used to define the multiple linear regressions between NEP 

and it used six climate parameters. For this statistical analysis, the average data of pan-

European domain were extracted for the time between 1971 and 2100. A total of 130 

data sample (1971-2100) for all six climate and NEP were used in the regression 

analysis. 

To validate the results of the model for NEP, a collection of NEP observation data 

from the research article Arain and Restrepo-Coupe (2005) was used. In the data 
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collection, there was NEP data from 20 study sites, located in different climate zones on 

the Earth (Fig. 1). Eight locations, situated within the domain of the CLM4.5 in this 

study, were selected for the validation of the model. The observed NEP data were 

obtained in different time scales. Therefore, the results of the model were selected for 

the same time range and locations as the validation processes. 

 

 

Figure 1. Station locations with the observed NEP data 

 

 

For the correlation analysis, the index of agreement method was used (Willmott, 

1981). The index of agreement method is a standardized measure of the degree of model 

prediction errors and varies from 0 to 1. The value of 1 indicates a very well agreement 

of the model results with the observation. 

 

  (Eq.2) 

Results and discussion 

Temporal progression of NEP from 1971 to 2100 is plotted in Figure 2. It is clearly 

seen that there is, on an average, an upward tendency in the change of NEP from being 

carbon source to carbon sink in pan-European regions (Fig. 2). In the figure, the 

trendline show that the NEP has, in average, an increase about 65 , which is equal 

to ca. 118% increase from 1971 to 2100. In the same figure, a remarkable point is that 

the inter-annual amplitude starts to considerably increase after 2050 up to 2100. The 

increase of CO2 in the atmosphere, for different RCP scenarios, is shown in Figure 3. 

The atmospheric CO2 concentration increases within the RCP4.5 emission scenario 

from 2000 up to 2080. According to the RCP4.5 scenario, the atmospheric CO2 

concentration has a rapid increase between 2030 and 2060, however, NEP mostly has 

minimal amplitude, and saturates at a CO2 concentration between 450 and 550 ppm 
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during that time range (Fig. 2). That means, an increase in CO2 expedites total 

ecosystem respiration more than carbon assimilation in terrestrial biosphere at a pan-

European scale. These results match the results of the study about dynamic response of 

terrestrial biosphere under climate change (Cao and Woodward, 1998). 
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Figure 2. The pan-European average NEP change, which is predicted by CLM4.5 under 

consideration the RCP4.5 emission scenario from 1971 to 2100 

 

 

 

Figure 3. Atmospheric CO2 concentration under different RCP scenarios from 2000 to 2100 
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The observed and predicted NEP data are presented with the coordinates of the study 

sites, the name of the climate zones, and the collection years in Table 2. The NEP 

results of the model were selected for the same locations of the validation data. In 

Figure 4, the correlation scatter plot was presented. The amount of the NEP from 

different study sites were illustrated with different shape and color. The figure shows 

that there is quite a good correlation (R2 = 0.77) between observed and predicted NEP in 

the study sites and times. And also, all the points distributed evenly around the linear 

regression line. The correlation analysis by using the index of agreement (according to 

Eq. 2) method indicates also very good result (d = 0.90). 

 
Table 2. The observed and predicted NEP in different climate zones 

Latitude, longitude Year Climate zone NEP Obs. ) NEP CLM4.5 ( ) 

51.31, 4.52 

1997 

Temperate 

-76 80 

1998 -105 -35 

1999 -130 -185 

2000 -255 -330 

2001 9 40 

50.31, 6.0 

1997 

Temperate 

430 391 

1998 435 317 

1999 760 424 

2000 740 372 

52.17, 5.74 

1997 

Temperate 

323 448 

1998 338 261 

1999 230 184 

2000 344 151 

60.08, 17.47 

1995 

Boreal 

-90 -59 

1996 5 48 

1997 -80 -28 

64.11, 19.46 
1997 

Boreal 
173 112 

1998 -53 -17 

56.61, -3.8 
1997 

Temperate 
670 326 

1998 570 240 

50.96, 13.58 

1996 

Temperate 

330 430 

1997 480 376 

1998 540 273 

1999 628 565 

2000 648 316 

50.16, 11.88 

1997 

Temperate 

77 13 

1998 -9 -35 

1999 76 164 
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Figure 4. The correlation between observed and predicted NEP in eight study areas, which are 

located in different climate zones in Europe. The colors indicate each study site location 

 

 

In this study it is also aimed to find out whether there is a correlation between used 

six climate variables, atmospheric CO2 concentration and NEP. The multi regression 

analysis shows that there is no significant correlation between the climate variables and 

atmospheric CO2 in pan-European scale. The considered six climate variable and 

atmospheric CO2 concentration explains ca. 7% of variation in NEP of this study, from 

1971 to 2100 (Table 1). The statistical analysis shows no direct correlation between any 

single climate variable, CO2 and NEP (Table 3). In similar early studies, the correlation 

between NEP and climate variables (i.e., temperature and precipitation) was also 

analyzed in different biome types (Law et al., 2002; Luyssaert et al., 2007). They 

published similar correlation results between the used climate variables and NEP (i.e., 

no correlation). On the other hand, Magnani et al. (2007) pointed out that the NEP is 

strongly related to nitrogen deposition, and not to the annual average temperature in 

both temperate and boreal forests. The inter-annual variability of NEP was well studied 

in different biome types (Nayak et al., 2015; Baldocchi et al., 2018; Yang et al., 2019). 

They concluded the study noting that NEP is highly dependent on biome types as well 

as on annual climatology across the country. Such results refer to study the effects of 

PFTs on NEP at a pan-European scale. 

In Figure 5, the 30 years average of NEP on pan-European scale is shown. Most of 

the regions in pan-Europe are sink for carbon, however, some regions, especially in the 

central and southern Europe, are sources of carbon (Fig. 5). In the source regions, the 

vegetation types are mainly grasslands and cultivated croplands. Here, the total 

respiration (i.e., plant, heterotrophs, decomposer) is more dominant than the carbon 

uptake by GPP (according to the Eq. 1). As it is expected, the sink regions of carbon are 
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mainly in the eastern and southeastern parts of Europe, where the temperate deciduous 

broadleafed forests are the dominant biome types (Fig. 5). Luyssaert et al. (2007) 

published the results of different measurements techniques for NEP in eight different 

biome types at a global scale. In their study, the highest NEP was found in temperate 

humid evergreen forests. The reason behind high NEP is the fact that biome is most 

probably due to high carbon storage capacity of the managed forests. 

 
Table 3. Multi regression analysis between NEP and used seven variables 

R R Square Adjusted R Square

Std. Error of the 

Estimate

1 .268
a ,072 ,018 13,8942543631

Sum of Squares df Mean Square F Sig.

Regression 1817,899 7 259,700 1,345 .235
b

Residual 23552,137 122 193,050

Total 25370,036 129

Model

1

a. Dependent Variable: NEP (gC.m-2.yr-1)

b. Predictors: (Constant), sfcWind (m s-1), pr, rlds (W m-2), rsds (W m-2), CO2 (ppm), huss (kg/kg), tas (K)

Model Summary

Model

a. Predictors: (Constant), sfcWind (m s-1), pr, rlds (W m-2), rsds (W m-2), CO2 (ppm), huss (kg/kg), tas (K)

ANOVA
a

 
 

 

 

Figure 5. The 30 years (i.e. from 1971 to 2000) average of NEP at pan-European scale 

 

 

After running the model with climate variables from the CSC-REMO regional 

climate model (RCM), driven by RCP4.5 emission scenario at a pan-European scale, 

transient from 2005 to 2100, the result of NEP for 30 years average (i.e. 2071-2100) is 

shown in Figure 6. In the future projected period, almost all regions and biomes in pan-
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Europe are shown as sink for carbon (Fig. 6). Only a few regions (mountain regions in 

Norway, in the Alps, and some localities in Spain) are predicted as the source for carbon 

by the CLM4.5 model under consideration of the RCP4.5 emission scenario (Fig. 6). It 

is interesting to see that the highest NEP is predicted in the Balkan regions, where 

mostly temperate broadleafed deciduous forest are noted, and also southern Europe, 

which shows higher carbon capture capacity than the other regions in Europe during the 

future period (comparing Figs. 5 and 6). Those ecosystems show a wide carbon storage 

ability in the future. 

 

 

Figure 6. The 30 years (2071-2100) average of NEP at pan-European scale having regard to 

RCP4.5 emission scenario 

 

 

The absolute change in NEP, that is, the difference between the past period (1971-

2000) and future projected period (2071-2100) is shown at pan-European level in 

Figure 7. This remarkable result is the absolute change of NEP in Eastern and 

Southeastern Europe. Although most of the pan-European regions are predicted as sink 

regions for carbon in the future projected period, the analysis about absolute change in 

NEP shows that carbon storage capacity of eastern temperate broadleafed deciduous 

forests will decrease by about 30  (10%) in the future (Fig. 7). It seems that the 

ecosystem of this regions could be carbon-saturated under climate change and rising 

CO2 at the end of the 21st century (Nabuurs et al., 2013; Dirnböck et al., 2020). Those 

forests currently have the highest carbon storage capacity at a pan-European level. In 

the past period, the forests in that regions had ca. 178  (1 Pg = 1012 g) carbon storage 

capacity, however, in the future projected period, it decreases to ca. 166 Pg. It shows 
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that these forests will store ca. 12  less carbon than what it stores today. In the whole 

pan-European domain, the carbon storage capacity of the vegetated areas will increase 

under climate change at the end of the 21st century. While the carbon storage capacity of 

the vegetated regions of pan-European studied domain was, on an average, ca. 0.57  

in the past period, it will increase up to 0.91  in the future period. That shows that the 

vegetated areas in pan-European domain will store ca. 37% more carbon at the end of 

the 21st century. 

 

 

Figure 7. The relative difference between past and future predicted periods (i.e. 1971-2000 and 

2071-2100) 

Conclusion 

In this study, the main aim was to find the information about the temporal and spatial 

change in carbon storage capacity of the vegetated areas at a pan-European scale. In 

general, the pan-European vegetated regions will be considered to be sink areas for 

carbon. Nearly 1 Gt C will be stored in the biomass of European vegetation under 

climate change, by considering the emission scenario RCP4.5 each year. Although the 

carbon storage capacity of pan-European vegetation will increase in most of the regions, 

the forests of Eastern Europe show a downward tendency for the accumulation of 

carbon in the ecosystem. In those regions, the ecosystem shows a trend to lose nearly 12 

Pg C each year. Furthermore, multiple regression analysis shows no correlation between 

NEP and used seven variables. The results of this study point to the importance of the 

investigations of temporal and spatial change in carbon storage capacity of European 

forests. That will help the researcher to understand the action of forests for being carbon 
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source or sink under different climate change scenarios in the future. For the future 

studies, we are planning to collect more observation data and run the model at global 

scale to define the carbon sink and source locations. 
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