
 

 

Comparative Analysis of Soil-Atmosphere CO2 
Fluxes Components by Satellite Indicators, 
Models and Direct Measurements Targeting 
Climate Change Mitigation in Croplands 

Alexandra Chirescu1,2, Natalia E.1,2*, Lucian Laslo1, Bogdan Maco1, Georgeta Tudor1 and 
Marina Nistor1,2 
1 National Institute for Research and Development in Environmental Protection, 294 Splaiul 
Independentei, 060031, Bucharest, Romania 

2 Doctoral School of Biotechnical Systems Engineering, National University of Science and 
Technology POLITEHNICA of Bucharest, Romania  

Abstract. This research presents an environmental monitoring and 
assessment approach by comparative analysis of soil-atmosphere CO2 fluxes 
components using satellite indicators, modeling techniques and in-situ and 
laboratory determinations. Considering that croplands are a major 
greenhouse gas emitter, it is essential to monitor the main carbon fluxes 
components in order to mitigate the impact of climate change. For a 
comprehensive approach, two locations from different regions in Romania 
were analyzed to determine and evaluate CO2 emissions at soil-atmosphere 
interface, soil organic carbon (SOC), soil organic matter (SOM) and 
vegetation carbon storage (VCS). Direct measurements revealed higher 
average CO₂ emissions in Romanian South Region of 0.305 g m⁻² h⁻¹, 
compared to Central Region where the average emissions were  
0.127 g m⁻² h⁻¹ over a given time. Complementary estimates from the DNDC 
model and satellite data showed variability between methods for CO2 fluxes 
components but generally aligned with observed trends for each location. 
Combining data from multiple sources highlights the importance of local 
calibration for the models to obtain high-confidence estimates. Nonetheless, 
the sustainable land management was addressed by analyzing the SOC, 
SOM and VCS from two land parcels cultivated with potatoes and sunflower 
being characterized by specific climate patterns of the two regions. 

1 Introduction 

 Greenhouse gas emissions (GHGs) have emerged as a pressing environmental issue, 
substantially exacerbating climate change and anthropogenic global warming. With an 
increasing trend in GHGs, the World Meteorological Organization stated the fact that in the 
year 2024 the concentrations of CO2, CH4 and N2O multiplied by 1.51, 2.65 and 1.25 
comparatively with pre-industrial levels [1,2]. According to a report issued by IPCC in 2021, 
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agriculture represents a significant contributor to GHG emissions, being responsible for 13% 
of global emissions [3,4]. Another study indicates that Grassland is the most significant land 
use emitter of GHGs from the Land Use, Land Use Change and Forestry (LULUCF) sectors, 
responsible for the emission of 27 Mt CO2e, being followed by Cropland with 22.6 Mt CO2e 
in 2021 [5]. The main sources of GHG emissions in agriculture arise from chemical 
applications, irrigation, soil management and transportation [6]. Recent studies indicate 
variations in CO2 dynamics depending on crop type, land management practices and 
fertilization techniques. Thus, soil CO2 emissions from maize cropping ranged between 4.27 
and 17.38 kg CO₂-C ha⁻¹ d⁻¹ when using chemical fertilizers with manure (NPKM+). 
However, it is stated that CO2 emissions on control remained low, with values below 10.9 kg 
CO2-C ha−1 d−1 . It was observed that emissions were higher immediately after fertilization 
and a rainfall event, as soil microbial activity was enhanced.  
       Ecosystem state indicators such as CO2 stored in vegetation, CO2 stored in soil and Soil 
Organic Matter are critical for environmental monitoring and assessment in agroecosystems. 
SOC at 0-20 cm after wheat was harvested was 11.37 g/kg, while for maize it was 10.68 g/kg 
[7].  Sunflower, which is another important crop in Romanian agriculture, generally produces 
high aboveground biomass, but lower SOC [8]. Carbon stocked in vegetation for potato 
ranges between ~1.5–3.0 Mg C/ha depending on growth stage and yield, while sunflower 
registers values of approximatively ~3.0 Mg C/ha [6]. By comparing carbon dynamics 
through satellite indicators, models and direct measurements, a comprehensive understanding 
of soil-atmosphere CO2 fluxes components can be achieved. This synergic approach 
facilitates data cross-validation, improves accuracy in GHG assessment and contributes to 
better decision-making for environmentally friendly practices and climate change mitigation 
strategies [9]. For this study, two locations from different regions in Romania were analyzed 
to determine and evaluate CO2 emissions at soil-atmosphere interface, soil organic carbon 
(SOC), soil organic matter (SOM) and vegetation carbon storage (VCS) by direct 
measurments, sattelite indicators and DNDC modeling. 

2 Materials and methods 

 This study was conducted in two land parcels from different regions in Romania, 
respectively Location A from South-Muntenia region and Location B from the Center region. 
Location A situated in Joita commune, a rural area of Giurgiu County, located at 106 m 
elevation, on the right bank of Dambovita River and the left bank of Ciorogarla River. Being 
characterized by a temperate-oceanic climate, Location A has the mean annual temperature 
of approximatively 11.3°C and the mean annual precipitation of 725 mm/year. In 2024, 
Location A was cultivated with sunflower. Location B is situated in the rural area of Harghita 
County, specifically in Sumuleu Ciuc. Being located at approximatively 662-696 m 
elevation, it is characterized by a mean annual temperature of 6-7°C and mean annual 
precipitations of 760 mm/year. Location B was utilized for the agricultural cultivation of 
potatoes, in accordance with prevailing local practices. The geographical positions of 
Locations A and B are presented in Figure 1.  
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Fig. 1 Spatial representation of croplands selected in South Region and Central Region 

 To achieve a comprehensive understanding of cropland carbon fluxes, this study aims to 
compare satellite indicators, models and direct measurements in laboratory microcosms. 
Satellite indicators were obtained from ARIES for SEEA platform, which is an AI-based tool 
developed by the Basque Centre for Climate Change in collaboration with the United Nations 
Department of Economic and Social Affairs and the UN Environment Programme [10]. It 
uses semantic modeling and automated reasoning to integrate data and select the most 
appropriate models considering spatial, temporal parameters and ecosystem type. ARIES for 
SEEA uses data compiled from global, national or regional sources by detecting high-quality 
datasets (MODIS by NASA, Sentinel satellites, Copernicus, Landsat imagery). Additionally, 
for this study, the ARIES for SEEA platform was used to compute carbon stocks and Soil 
Organic Matter (SOM) for the year 2024, on an annual (one value per year) temporal 
resolution.  
 This study focuses on three essential components of the global carbon cycle, Soil Organic 
Carbon (SOC), SOM, and Vegetation carbon storage (VCS). SOC is calculated accordingly 
with IPCC Tier 1 stock-difference method. ARIES uses the carbon density coefficients 
established by IPCC for different ecosystems and Ruesch & Gibbs (2008) Tier 1 map [11]. 
By multiplying biomass density coefficients with standard carbon fraction, carbon pool can 
be determined [12]. SOM was determined using a formula aligned with the IPCC framework 
and refined by ARIES considering spatial and temporal parameters and also ecosystem type. 
VCS is calculated considering IPCC Tier 2 and Tier 3 guidelines for carbon stock estimation 
[13]. 

 Another approach used for assessing carbon fluxes in croplands is through 
biogeochemical models focusing on estimating GHG emissions after implementing different 
agricultural practices. This analysis can be performed through the DNDC (DeNitrification-
DeComposition) model, which uses climate, crop, hydrology, and soil input. To ensure 
homogeneity in data processing and assessment, SOC was calculated for 0-30cm using 
DNDC output data. SOM was calculated as a percentage using the output data of SOC from 
DNDC, considering SOC and soil parameters.VCS was calculated using the output data for 
Net Primary Production (NPP) generated by the DNDC model and a standard carbon fraction. 
 The concept of carbon fluxes in terrestrial ecosystems and the links between them are 
represented schematically in a simplified form in Figure 2. Therefore, autotrophic respiration 
or gross primary productivity (GPP), which is the uptake of carbon from the atmosphere and 
represents the total amount of CO2 fixed through the process of photosynthesis, is the main 
pathway that carbon enters the biosphere. However, by subtracting plant respiration, net 
primary production (NPP) results, which corroborates VCS as well as plant growth. As a 
result of the degradation process of plant biomass, part of this carbon is transferred to the soil 
in the form of organic matter, the carbon content of which is reflected in the SOC. At the 
same time, the Net Ecosystem Exchange (NEE) with the atmosphere represents the difference 
between the fixed carbon and the carbon released through the ecosystem respiration 
processes. 
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Source: Adapted from IPCC (2000) 

Fig. 2. Representation of carbon fluxes from primary biological processes in terrestrial ecosystems  

While the DNDC model estimates SOC based on depth intervals of 0-10cm, 10-20 cm 
and 20-30cm, the ARIES geospatial platform uses a different stratification depth with 
intervals of 0-5cm, 5-15cm, and 15-30cm. Therefore, the results generated by the two 
methods present variations due to differences in sampling depth and aggregation procedures. 
Thus, the DNDC model was validated by comparing its simulated outputs for SOC, SOM, 
and VCS, with corresponding values obtained from direct and laboratory measurements, and 
satellite indicators (Table 1). Modeled annual carbon stocks and fluxes were assessed against 
laboratory-measured SOC and humus contents, as well as ARIES for SEEA satellite 
estimates of SOM and VCS.  

For direct measurements, soil samples were collected from both Location A and 
Location B in order to assess carbon dynamics in correlation with soil abiotic indicators (soil 
temperature and soil moisture). To replicate natural conditions in laboratory microcosms soil 
was placed in 8 pots and irrigated according with the situation on field. CO₂ assessment in-
situ was performed monthly using the dynamic closed chamber method with an EGM-5 
analyzer, and in laboratory using both the EGM-5 and the Terra 5000 automated gas analyzer. 
For clarity regarding the procedures used to integrate and compare the three data sources, the 
corresponding workflow is illustrated in Figure 3. 

 
Fig. 3. Workflow diagram illustrating the integration of the three data sources 

3 Results and Discussions 

The assessment of the dynamics of CO2 fluxes is an essential part of the carbon cycle 
in ecosystems through the direct link to carbon stocks in vegetation, SOM and SOC. Thus, 
the following graphs show the CO2 emissions determined by direct measurements in 
microcosms at the soil-atmosphere interface on the soils of the two Locations, reflecting 
short-term variations in different conditions of soil temperature (Tsoil) and soil moisture 
(Msoil). Figure 4 represents the variations of CO₂ emissions measured directly on the soil of 
Location A and their dependence on Tsoil (Figure 4a) and Msoil (Figure 4b). During continuous 
measurements, Tsoil between 15 °C and 32 °C and Msoil levels from 6% to 26% were 
replicated. CO₂ emission values ranged from 0.01 g m⁻² h⁻¹ to 1.23 g m⁻² h⁻¹, with a 
pronounced peak at Tsoil conditions of 31.8 °C and Msoil of 25.3%. Thus, both temperature 
and soil moisture positively influence CO₂ emissions, but temperature shows a more 
consistent relationship with high emission levels, while under higher humidity conditions 
above 16%, emissions do not increase proportionally in this case. 
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The graphs in Figure 5, which show emissions from Location B in relation with Tsoil 
(Figure 5a)) and Msoil (Figure 5b)), demonstrate how CO2 fluctuates with temperature, 
increasing more sharply as temperatures rise to maximum levels of 2.54 g m⁻² h⁻¹, which 
corresponds with Tsoil of 33.9°C and Msoil of 35.21%. This positive relationship contrasts with 
the CO2 emission values measured under Tsoil conditions in the range of 18-25°C, where 
emissions remain below 0.6 g m⁻² h⁻¹. Although for emissions from both Locations Tsoil was 
determined as the main dependent parameter, in Location B, a clearer and more pronounced 
increase in CO₂ emissions with the temperature rise is evident. 

 
(a) 

 
(b) 

Fig. 4. Measured CO2 emissions in microcosms on Location A's soil and their correlation with Tsoil (a) 
and Msoil (b) 

 
(a) 

 
(b) 

Fig. 5. Measured CO2 emissions in microcosms on Location A's soil and their correlation with Tsoil (a) 
and Msoil (b) 

In addition to the CO₂ emission data, laboratory analyses were performed to determine 
the point-in-time SOC and humus content in the soils of the two locations. The results 
revealed SOC stocks of 3.925 t/ha and humus of 5.57 t/ha in Location A, respectively 4.259 
t/ha and 5.903 t/ha in Location B. These differences between locations may be due to 
variations in agricultural management and local microclimatic conditions.  

The results of DNDC models regarding key variables of the soil carbon cycle, such as 
SOC, SOM and VCS, are presented to assess the evolution of pedogeochemical parameters 
and biogeochemical processes involved in carbon dynamics at the local level. Figure 6 
presents the monthly average values of SOM and SOC for locations A and B. Location A 
had considerably lower values than location B, indicating that the soil from Location B is 
richer in nutrients. The average value of SOM for Location A is 92.1347 kg/ha, while for 
Location B it was 162.9589 kg/ha. High values for SOM are also associated with improved 
water retention in soil, enhanced nutrient cycling, and improved soil structure.  
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(a) 

 
(b) 

Fig. 6 Monthly average values of SOM and SOC in (a) Location A and (b) Location B 

SOC in Location A is consistently higher than SOC in Location B across all months, with 
an average value of 32.3263 t/ha compared with 28.4509 t/ha for Location B. Location A 
showed lower SOM values and higher SOC values than Location B, the difference being 
explained by climate, soil composition, and land management practices. In Location A, 
higher temperatures and a drier climate contribute to organic matter decomposition. Intensive 
agricultural practices such as regular tillage and chemical fertilizers reduce the accumulation 
of organic matter. Location B is characterized by a cooler and more humid climate, which 
slows down the decomposition of organic matter.  
      Figure 7 illustrates the monthly average values for Vegetation carbon storage in Locations 
A and B.  It can be observed that Vegetation carbon storage registered high values during the 
warm season, with higher values for Location A in May and June, and lower values in July, 
indicating that the two land parcels were cultivated with different crops. The total value for 
Vegetation carbon storage in Location A was 8.9322 t/ha, while Location B registered 
8.89181 t/ha. 

 
Fig. 7. Monthly average values for vegetation carbon storage in Location A and Location B 

The following section presents satellite indicators used for assessing CO2 dynamics from 
croplands in Locations A and B from 2024. Figure 8 illustrates SOC, SOM and VCS from 
both Locations. Cropland from Location B registered higher values for Soil Organic Carbon, 
respectively 53 t/ha in 2024, compared with 36 t/ha in Location A, which could indicate the 
existence of degraded soils attributed to intensive agricultural practices. 
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a) Carbon indicators in Location A b) Carbon indicators in Location B 

Fig 8. Representation of single-point carbon indicators values obtained from the ARIES Geospatial 
platform for Locations A and B in 2024  

Location A recorded lower values for Soil Organic Matter, indicating intensively 
exploited soils, while cropland B registered 91.37 t/ha, suggesting an organic-rich soil.  

VCS recorded the same value for both Locations, indicating homogeneous land use. In 
2024 Location A was cultivated with sunflower and Location B was cultivated with potatoes, 
which indicates the similar potential of the two crops to store carbon in vegetation. Table 1 
summarizes the values of carbon fluxes and stocks in croplands in Locations A and B, using 
different data sources.  
Table 1. Comparison of carbon components across two cropland locations using measured, modeled, 

and satellite-derived data 

Component Unit 
Value 

Source Location A Location B 
Avg. CO2 soil emissions g m⁻² h⁻¹ 0.127 0.305 Direct measurements 

Hummus kg/ha 5.57 5.903 Laboratory 
 

t/ha/yr 
92.13 162.95 DNDC model 

SOM 62.06 91.37 Sattelite 

SOC 
t/ha 3.925 4.259 Laboratory 

t/ha/yr 32.32 28.45 DNDC model 
36 53 Sattelite 

VCS t/ha/yr 
8.93 8.89 DNDC model 

5 5 Sattelite 

Thus, CO2 emissions during the direct monitoring period showed higher values in 
Location B, with an average of 0.305 g m⁻² h⁻¹, while in Location A the average emissions 
were 0.127 g m⁻² h⁻¹. The humus content, estimated in the laboratory, is relatively close 
between the two locations, with values of 5.57 t/ha/year in Location A and 5,903 t/ha/year in 
Location B. However, the SOM estimated by the DNDC model differs considerably, with 
values of 92.13 kg/ha/year in Location A compared to 162.95 kg/ha/year in Location B, and 
the satellite data indicate lower values, of 62.06 t/ha/year in Location A and 91.37 t/ha/year 
in Location B. SOC presents important differences depending on the method used, as in the 
laboratory, SOC was determined to be 3,237 t/ha/year in Location A and 3,423 t/ha/year in 
Location B, values significantly lower compared to the DNDC and satellite estimates. 
Regarding VCS, both locations show similar values, but with notable differences between 
the modeled and satellite values.  
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