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1. Project description 

Long-term observations of carbon dioxide (CO2) provide direct 
information about their variability and rate of change in the 
atmosphere. Co-located observations of stable CO2 isotope ratios 
add unique information on the CO2 fluxes between the different 
pools involved in the carbon cycle owing to isotopic fractionation 
during environmental processes. Atmospheric CO2 concentration 
and its stable isotope ratios (δ13C and δ18O) are measured 
continuously and simultaneously by in-situ quantum cascade laser 
absorption spectroscopy (QCLAS) since December 2008 at the 
Jungfraujoch research station as previously described (Tuzson et 
al., 2008 and 2011; Sturm et al. 2013). These unique high frequency 
data enable the analysis of variations at minutes time-scales. We 
use these data for an evaluation of 3-hourly atmospheric transport 
model simulations of CO2, which can be subsequently used to 
derive δ13C-CO2 estimates.  

We utilize two independent atmospheric transport models 
FLEXPART-COSMO (Empa, Henne et al. 2016) and STILT-ECMWF 
(ICOS Carbon Portal, Kountouris et al. 2018) in order to generate 
regional CO2 simulations for Jungfraujoch (JFJ). Both models were 
run in a receptor-oriented approach, following 'sampled' air masses 
backward in time and as such providing surface source sensitivities 
(“concentration footprints”). Convoluting these with spatially and 
temporally resolved anthropogenic emission inventories and 
biosphere CO2 fluxes, allows for quantitative simulation of CO2 
mole fractions at the receptor site. The models differ regarding the 
implementation of the Lagrangian particle dispersion and are 
driven by output from two different numerical weather prediction 
systems. Furthermore, they are run for two different domain sizes 
(Europe ("large", 33°N-73°N, -15-35°E, STILT-ECMWF) and Western 
Europe ("small", 36.06-57.42°N, -11.92-21.04°E, FLEXPART-
COSMO)), respectively. Both are combined with an optimized 
product for boundary conditions (background CO2) provided by C. 
Rödenbeck (Jena CarboScope, JCS). The regional CO2 simulations 
are based on anthropogenic and ecosystem fluxes taken from the 
EDGAR v4.3 inventory (Janssens-Maenhout et al., 2019) and the 

Vegetation and Photosynthesis Model (VPRM), respectively 
(Mahadevan et al., 2008).  

2. Results 

Figure 1 presents QCLAS based CO2 observations and simulations. 
Figure 1a provides a time-series of QCLAS based CO2 concentration 
measurements at JFJ as well as the simulated CO2 concentration of 
the total signal (regional component plus background). A regression 
analysis reveals for the regional signal of all years a coefficient of 
determination (r2) of around 0.4 for STILT-ECMWF and FLEXPART-
COSMO on a 3-hourly time-resolution. Thus, we capture 40% of the 
signals variability. Figures 1b-e show multi-annual monthly means 
of the regional simulated CO2 contributions based on b) 
anthropogenic and c-e) ecosystem fluxes. Both anthropogenic and 
ecosystem fluxes are slightly larger for the STILT-ECMWF model, 
which is in parts related to the larger domain size. However, both 
models highlight the dominance of ecosystem contributions to the 
regional CO2 at JFJ over anthropogenic contributions. We attribute 
this to a combination of the timing of emission strength and the 
intensity of the atmospheric transport of regional air masses from 
the planetary boundary layer (PBL) to JFJ.  

Previous analysis by Herrmann et al. (2015) demonstrated that JFJ's 
PBL exposure is enhanced by a factor 1.5-2.5 in April and 
August/September, and by a factor of 3-4 from May-July, when 
compared to the winter months Dec-Feb (factor = 1). This transport 
seasonality correlates with the emissions strength seasonality of 
the biosphere, which peaks during the warm season. Instead, the 
transport seasonality anti-correlates with the anthropogenic 
emissions flux strength, which peaks during the cold period, owing 
to the enhanced burning of fuels for domestic heating. This limits 
the exposure of JFJ to anthropogenic CO2 compared to ecosystem 
CO2. However, it needs to be noted that CO2 concentrations and 
simulations show largest discrepancies during summer, indicating 
an overestimation of the ecosystem uptake in the simulations.  

The simulated CO2 mole fractions per source and sink category 
were further used to estimate ambient δ13C-CO2 values, which we 
compared with the unique continuous δ13C-CO2 measurements  
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Figure 1. CO2 concentration und regional CO2 contributions at JFJ. a) Time-series of QCLAS observations (OBS), CO2 simulations based with 
STILT-ECMWF (SIM) and CO2 background (BG) based on Jena Carboscope (JCS) boundary conditions, b-e) multi-annual monthly means of 
simulated CO2 contributions based on b) anthropogenic and c-e) ecosystem fluxes during 2009-2017 (STILT-ECMWF vs. FLEXPART-COSMO). 
The net ecosystem exchange in c) is composed of d) ecosystem gross respiration and e) ecosystem gross uptake. 

 

available for JFJ from a quantum cascade laser absorption 
spectrometer. We find that around 35% of the observed variability 
in the regional δ13C-CO2 signal can be captured by the simulations. 

3. Conclusions and Outlook 

Both model simulations, STILT-ECMWF and FLEXPART-COSMO, 
explain around 40% of the regional CO2 variability at JFJ on a 3-
hourly time resolution – a remarkable achievement considering the 
complex alpine topography and the low intensity of regional 
signals. Highest agreement between model and observation is 
observed during spring, lowest in summer, when the simulations 
appear to overestimate the photosynthetic uptake. Regarding the 
CO2 contributions, biosphere components outweigh anthropogenic 
components and account for at least 50% of the regional CO2 
concentrations at JFJ even during the winter months. The δ13C-CO2 
estimates based on the CO2 simulations capture the observations 
variability by around 35%. This is remarkable considering the 
apparent challenges of simulating ambient δ13C-CO2 
concentrations for JFJ, such as the remote location and low signal-
to-background ratio, alongside the substantial influence of 
biosphere contributions, and the high degree of mixing of various 
sources in the regional air masses captured at JFJ.  

In the future, the additional use of further tracers such as e.g., 
atmospheric radiocarbon (14CO2) measurements during regional 
pollution events, as well as atmospheric potential oxygen (APO) 
estimates based on atmospheric O2/N2 measurements can provide 
additional means to further constrain the fraction contributed by 
anthropogenic and biosphere fluxes. This might allow achieving 

additional insight on the model simulations performance to provide 
a representative picture on the regional CO2 variability at JFJ. 
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