
This template is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms

SPECIAL PROJECT PROGRESS REPORT

All the following mandatory information needs to be provided. The length should reflect the complexity and 
duration of the project.

Reporting year 2026

Project Title: FLEXPART transport simulations and inverse modelling 
of atmospheric constituents

Computer Project Account: spatvojt

Principal Investigator(s): Marina Dütsch

Affiliation: University of Vienna – Department of Meteorology and 
Geophysics

Name  of  ECMWF  scientist(s) 
collaborating to the project
(if applicable)

……………………………………………………….……

……………………………………………………….……

Start date of the project: 2024

Expected end date: 2026

Computer resources allocated/used for the current year and the previous one 
(if applicable)
Please answer for all project resources

Previous year Current year

Allocated Used Allocated Used

High  Performance 
Computing Facility

(units) 2000000 2000000

Data storage capacity (Gbytes) 5000 6000

June 2026



This template is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms

Summary of project objectives (10 lines max)
The Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005, Bakels et al., 2024) is run 
with ECMWF data to explore the dispersion and transport of various atmospheric constituents. The 
model is  used with inversion techniques to enhance the knowledge about the emissions of many 
atmospheric  compounds.  This  helps  to  get  a  better  understanding of  their  impact  on the  Earth’s  
climate  system  and  air  quality  and  to  improve  transport  simulations  of  these  substances.  By 
performing domain-filling simulations the model is used to develop Lagrangian climatologies of heat 
and energy transport in the atmosphere and to perform case studies of extreme weather events.

Summary of problems encountered (10 lines max)
……………………………………………………………………………………………………………
……………………………………………………………………………………………………………
……………………………………………………………………………………………………………
……………………………………………………………………………………………………………
……………………....

Summary of plans for the continuation of the project (10 lines max)
We will continue the analyses on our research topics (see summary of results) and will try to finalize 
FLEXWEB, a web service where FLEXPART can be run in the cloud via a web interface.
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Summary of results
If submitted during the first project year, please summarise the results achieved during the period from the 
project start to June of the current year. A few paragraphs might be sufficient. If submitted  during the 
second project year, this summary should be more detailed and cover the period from the project start. The 
length, at most 8 pages, should reflect the complexity of the project. Alternatively, it could be replaced by a  
short summary plus an existing scientific report on the project attached to this document. If submitted during 
the third project year, please summarise the results achieved during the period from July of the previous 
year to June of the current year. A few paragraphs might be sufficient.
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1) Monitoring trends in European methane emissions 

Accurate estimates of greenhouse gas (GHG) emissions are essential to better understand the threats 
that  climate  change  poses  to  various  ecosystems  and  societies.  The  second  most  abundant 
anthropogenic GHG is methane (CH4), which makes up about 16% of all GHGs in the atmosphere. 
Here, we focus on investigating the trends in European emissions, their key driving processes, and 
their  contribution  to  global  emission  trends.  The  COVID-19  pandemic  and  large  changes  in 
Europe’s energy supply and infrastructure likely have influenced both the magnitude and spatial 
distribution of methane emissions. According to the European Environment Agency, CH4 emissions 
from the energy, agriculture and waste sectors have decreased by 36% in the EU in the past 30 
years. However, the accuracy of this number is questionable since national emission totals and their  
long-term changes show large difference between inventories for important European countries. 
The downward trend in reported European methane emissions was supported from a top-down 
perspective (Stavert  et  al.,  2021) but with a ~10 Tg CH4 yr−1 lower methane flux.  By contrast 
Bergamaschi et al. (2018) indicated, based on their inversions, an underestimation of the reported 
European  methane  flux.  Viewed  against  the  backdrop  of  Europe’s  pledge  to  contribute  to  a 
reduction of global methane emissions by 30% until 2030 and the EU climate goals for 2030 and 
2050, this creates an urgent need for improved quantification of methane emissions and their year-
to-year changes in all of Europe, especially since 2020.

Within the scope of the IM4CA project, an inverse modeling approach is used to identify trends in 
European CH4  fluxes over a 20-year period from 2005 up to and including 2024. The transport 
model FLEXPART is combined with novel bottom-up emission estimates over Europe and in-situ 
measurements  to  optimize  CH4 fluxes  (see  Figure  1).  Additionally,  inversions  using  isotopic 
measurements are performed to separate emissions into broad source-sectors. 

Figure 1: Average increment of European CH4 emissions for the year 2022.
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2) Estimating hydrofluorocarbon emissions

The ERA5 atmospheric reanalysis produced by ECMWF forms the meteorological backbone of our 
inverse  modelling  system  for  estimating  emissions  of  hydrofluorocarbons  (HFCs),  potent 
greenhouse gases regulated under the Kigali Amendment to the Montreal Protocol. ERA5 drives the 
FLEXPART Lagrangian particle dispersion model to compute source–receptor relationships linking 
observations to surface emissions. For each three-hour observation, 50-day backward simulations 
were performed using ERA5 at 0.5° × 0.5° resolution and 137 vertical levels, capturing atmospheric 
transport and boundary-layer mixing. The quality, consistency, and global coverage of ERA5 are 
essential for robust transport simulations and top-down emission estimates, enabling quantification 
of HFC emissions, assessment of their temporal evolution across major source regions, evaluation 
of mitigation policies, and provision of independent constraints on emission inventories.
As an example of  these inversions,  Figure 2 shows the median HFC-134a emissions from the 
ensemble  inversions  for  the  period  2014–2023,  highlighting  the  major  emission  hotspots  in 
northwestern Europe.

Figure 2. Median posterior HFC-134a emissions (2014–2023) estimated from ERA5-driven FLEXPART inverse 
modelling. The map highlights major HFC-134a emission hotspots across Europe, while labels indicate the 
corresponding national annual emissions (kt yr-¹) for selected countries.

3) Constraining 2020 methane emissions in the Eastern Mediterranean and Middle East using 
TROPOMI satellite data

We use ECMWF ERA5 meteorological data to drive the Lagrangian transport model FLEXPART 
in a satellite-based inversion to estimate methane (CH4) emissions in the Eastern Mediterranean and 
Middle East (EMME) for 2020. The region is of particular relevance because it hosts a large share 
of global oil and gas production and thus offers significant mitigation potential. Inverse modelling 
combines atmospheric observations with an atmospheric transport model to optimize prior emission 
estimates and derive posterior emissions that better reproduce the observations.
Figure 3 summarizes our inversion results by showing (a) the inversion innovation (a posteriori 
minus a priori emissions), (b) the relative error reduction, (c) the a posteriori emission distribution, 
and (d) the a posteriori emission uncertainties. Our inversions show robust downward corrections of 
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emissions around the Persian Gulf relative to the EDGAR v8.0 inventory, consistent with the 
recently released EDGAR_2025_GHG dataset, yielding total emissions of 22.4 (±1.9) Tg yr−1 in 
the EMME region. 

Figure 3. Results of the reference inversion. (a) Emission increments from the inversion (a posteriori–a priori 
emissions), (b) relative error reduction, (c) a posteriori emission distribution, and (d) a posteriori uncertainty obtained 
for our reference inversion and averaged over the year 2020.

At the national scale, we derive emissions of 4.6 (±0.4), 3.6 (±1.1), 3.5 (±0.8), 2.8 (±0.4), and 1.9 
(±0.4) Tg yr−1 CH4 for Iran, Saudi Arabia, Turkey, Iraq, and Egypt, respectively. While many 
countries in the region appear to substantially underestimate their emissions, Greece, subject to 
mandatory reporting requirements, reports emissions consistent with our inversion estimates. Our 
results further suggest a decrease in emissions in the EMME region during 2020, coinciding with 
reduced oil demand during the COVID-19 epidemic.

4) Moisture sources of extreme precipitation events in Northern Europe

In August 2023, an extreme precipitation event named Storm Hans occurred in Northern Europe, 
which  produced  flooding  and  landslides  in  southeastern  Norway  and  large  parts  of  Sweden, 
resulting in casualties and considerable infrastructural damage.
We used a  Lagrangian moisture  tracking algorithm and a  global  Lagrangian reanalysis  dataset 
created with FLEXPART to identify the moisture source regions that contributed to precipitation 
during  Storm Hans.  Additionally,  we  applied  the  moisture  tracking  algorithm over  an  83-year 
period to compare the moisture source regions of Storm Hans with those of other extreme events 
affecting the same area, and the climatology.
For Storm Hans, a temporal evolution of moisture uptake regions indicates a shift of origins for the 
different  phases  of  the  event.  Eastern  Europe  contributed  the  most  moisture  during  the  first  
precipitation peak, which occurred between 6 and 8 August. During the second precipitation peak 
between 9 and 10 August, moisture sources were mostly located in the Atlantic, the precipitation  
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region, the North Sea, the Baltic Sea, and Eastern Europe. Overall, the majority of the moisture 
came  from  Eastern  Europe,  which  is  rare  for  extreme  precipitation  events  that  occurred  in 
southeastern Norway and Sweden.

Figure 4: Moisture uptakes for Storm Hans between 6 and 10 August 2023. The black polygon indicates the
target region.

5) Heat transport during heatwaves over Greece

Heatwaves are becoming more frequent, intense, and persistent under climate change, with strong 
impacts on human health, agriculture, and wildfire risk. The Eastern Mediterranean and Middle East 
region is warming particularly fast, about 1.5 times the global average rate, making Greece and the  
Eastern Mediterranean highly exposed to severe heatwave impacts. Mediterranean heatwaves are 
often linked to large-scale atmospheric conditions such as anticyclonic blocking, subtropical ridges, 
subsidence, and adiabatic warming. However, the physical drivers can differ from one event to 
another. Some heatwaves are mainly driven by local heating under clear skies, while others are 
influenced by the transport of already warm and dry air from remote continental regions. To better  
understand these differences, it is important to identify the origin of heatwave air masses and the 
evolution of  heat  and moisture  along their  pathway.  Lagrangian diagnosis  is  useful  here,  as  it  
follows the thermodynamic history of air masses from their source regions to the heatwave area. 
Existing Lagrangian studies infer the heat and moisture sources from changes in parcel temperature, 
dry static energy, or specific humidity along trajectories (Sodemann et al., 2008; Schumacher et al., 
2019).  These approaches have provided valuable insight  into air-mass history,  but  they can be 
sensitive to temporal scales of the trajectories and threshold choices. 
We develop a new Lagrangian framework to quantify the contributions of surface sensible and 
latent heat fluxes to the thermodynamic state of heatwave air masses over Greece. The Lagrangian 
particle  dispersion model  FLEXPART is  used to  trace air  masses  backwards in  time from the 
heatwave region. For each release, FLEXPART produces a source–receptor relation (SRR) field 
that quantifies the time the air mass spent near the surface at each location along its pathway. The  
SRR is coupled directly to ERA5 surface fluxes to compute the total flux energy added to the air  
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mass during transport. Together with the thermodynamic state of the air mass at its origin, this flux 
contribution  is  used  to  reconstruct  the  thermodynamic  energy  in  the  region  of  the  heatwave 
(receptor) and compared against the ERA5 values. This tells us how much energy was added to the 
airmass  via  the surface turbulent  fluxes,  along with the advected airmass framework,  which is  
validated across heatwave events spanning 1987–2024. Reconstruction skill is statistically robust in 
detected heatwave cases (r = 0.61–0.88, p < 0.001). North African sensible heat flux and local land-
surface heating over Greece emerge as the dominant and recurring contributors to the heatwave air  
mass thermodynamics. 

Figure 5: Regional surface flux attribution across Greek heatwave events. Left: stacked bar showing the percentage  
contribution from each region to total surface flux, split into sensible heat flux (solid fill) and moisture flux (hatched  
fill), for releases within the heatwave period (HW) and the remaining warm period. S and M percentages above each  
bar denote total sensible and moisture contributions. Right: land-and-ocean region mask defining the 15 source regions 
used for attribution.

6) FLEXWEB

We are developing a web service, called FLEXWEB, where FLEXPART can be run in the cloud 
via a web interface. FLEXWEB uses ERA5 data as input for the meteorological fields and gives  
users worldwide access to FLEXPART without the need for installation on a local HPC system or  
downloading meteorological input data. A first version of the web service is already running on our 
local cluster (https://flexweb.wolke.img.univie.ac.at/), and we are currently working on transferring 
it to a Kubernetes-based service on the European Weather Cloud (EWC). We have run into a few 
challenges during this process. Thanks to the EWC support team and discussions at the Bologna 
workshop, we successfully set up our Kubernetes Cluster. However, our main application issues—
slow plotting and poor scaling—are still  not fixed. Background jobs are not using resources or 
scheduling correctly. Right now, the app does not handle multiple users well when they ask for 
different meteorological data. Requesting data, processing it, and running the simulation takes about 
20 minutes. This is too long for most regular users to sit and wait. Because of this, we need to  
redesign the web interface to email users when their results are ready. At the same time we will add 
scheduled  jobs  to  pre-order  and  cache  some meteorological  fields  to  improve  the  overall  user 
experience. We are still experimenting with ways to better use our resources. This will be even 
more important for the upcoming ERA6 reanalysis data. Storage will be a major issue for regular 
users worldwide who cannot save massive files. To prepare for ERA6, we are currently developing 
a faster, more flexible way to pre-process meteorological data for FLEXPART.
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