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Abstract 
 
Investigation of Emission Source Heights in FLEXPART 10.02 for the Wildfire in 
Pedrógão Grande, Portugal, 2017 
Anton Nygren 
 
One of the worst wildfires in Portugal in 2017 on June17- 21 started at the central part of Pedrógão 
Grande and spread fast to the surrounding areas Góis, Pampilhosa da Serra and Arganil. The wildfire 
took 64 lives and a large smoke plume was observed. The interest in smoke plumes from wildfires is 
partly due to their emitting of greenhouse gases (CO2), a large source of aerosols, CO, oxides of nitrogen 
and other trace gases that can affect the air quality at local and regional scale. The regional scale can be 
affected because the smoke from wildfires can get elevated and be transported into the free troposphere 
and the lower stratosphere by either pyro convection or radiative driven convection and can be 
transported long distances, for example from Canada to Germany. This thesis investigates how the 
emission source height in a model affects the transport of the smoke plume and compares the simulations 
with observations. 

Observations of transport of emissions from wildfires are often done with satellites and in this 
thesis data from the second modern-era retrospective analysis for research and applications (MERRA2) 
is used as the observations. In this thesis the numerical model FLEXPART 10.02 is used to calculate the 
transportation of CO from the wildfire in Pedrógão Grande. The altitude of the emission source top 
height and bottom height in FLEXPART was changed to see how it affected the smoke plume in the 
simulation. The agreement between plumes from the observations and the simulation plumes were 
calculated with the structural similarity (SSIM) index and the change of SSIM index was investigated. 
The results were that the best similarity for horizontal images was with an emission source height of 
100- 300 m, for vertical images at 40°N with an emission source height 0- 1500 m and for vertical 
images at 41°N with an emission source height 100- 1200. The overall best simulation was the 
simulation with emission source height 100- 1200 m (average of the three similarity calculations). Some 
uncertainty occurs in the results due to for example differences in resolutions between MERRA2 and 
FLEXPART and the weather condition may have contributed. To improve the results there is a need to 
compare simulations with more wildfires to see that the SSIM index behaves the same.  
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Populärvetenskaplig sammanfattning 
 
Undersökning av utsläppshöjder i FLEXPART 10.02 för skogsbranden i Pedrógão 
Grande, Portugal, 2017 
Anton Nygren 
 
En av de värsta skogsbränderna i Portugal 2017 var den 17–21 juni och började i centrala Pedrógão 
Grande och spred sig snabbt till de omgivande områdena Góis, Pampilhosa da Serra och Arganil. 
Skogsbranden tog 64 liv och stora rökplymer observerades. Rökplymer från skogsbränder är intressanta 
därför att de bland annat är en källa av växthusgaser till exempel koldioxid (CO2), aerosoler, kolmonoxid 
(CO) och andra spårgaser som kan påverka luftkvaliteten på lokal och regional skala. Den regionala 
skalan kan påverkas eftersom rök från skogsbränder kan sprida sig upp till den fria troposfären och den 
nedre stratosfären med konvektion. Konvektion är när luften blir varm av olika skäl och stiger, luften 
kyls av när den stiger och blir då tyngre och till slut sjunker luften. Det som kan driva konvektion vid 
en brand är branden själv och strålning och kan transportera röken från branden långa avstånd, till 
exempel från Kanada till Tyskland. Den här uppsatsen undersöker hur utsläppshöjden (mellan vilka 
höjder röken släpps ut från) påverkar transporten av rök och jämför beräkningarna med observationer. 

Observationer av transport av utsläpp från bränder sker ofta med satelliter och i denna uppsats 
används data från en återanalys av en samling observationer från MERRA2 (the second modern-era 
retrospective analysis for research and applications) som observationer. En återanalys är ett dataset som 
räknas med en modell från i tid och rum oregelbundna observationer från historiska och nutida data. I 
denna uppsats används den numeriska transportmodellen FLEXPART 10.02 för att beräkna transport av 
kolmonoxid från skogsbranden i Pedrógão Grande. Höjden av utsläppskällans topphöjd och bottenhöjd 
i FLEXPART ändrades för att se hur det påverkat rökplymen i simuleringen. Likheten mellan rökplymen 
från observationerna och simuleringarna beräknades sedan med ett test kallat SSIM och förändringen av 
SSIM indexet undersöktes. Resultaten var att den bästa simuleringen för de horisontella bilderna med 
en utsläppshöjd på 100– 300 m, för de vertikala bilderna på 40°N en utsläppshöjd på 0– 1500 m och för 
de vertikala bilderna på 41°N en utsläppshöjd på 100– 1200 m. Totalt sett (medelvärde från de tre 
simuleringarna) hade emissions höjden 100- 1200 m den bästa likheten med observationerna. Det finns 
en osäkerhet i resultaten på grund av tillexempel att det är olika upplösning i MERRA2 och FLEXPART 
och att väderförhållanden kan ha påverkat beräkningarna. För att förbättra resultatet så kan man göra 
simuleringar av fler skogsbränder för att se om SSIM indexet uppför sig densamma. 
 
Nyckelord: skogsbränder, Pedrógão Grande, strukturell likhet, SSIM, FLEXPART, MERRA2, CO, 
utsläppshöjd 
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1. Introduction 
 

Wildfires in Europe are common and usually occur each summer, mostly around the 

Mediterranean Sea, with about 3.9 ∙ 105 ha land burned every year (Borunda, 2018). However 

in 2017 about 9 ∙ 105 ha was burned in the European Union and out of them 5.2 ∙ 105 ha was 

burned in Portugal (Bugge, 2017). One of the worst wildfire in Portugal in 2017 started at the 

central part of Pedrógão Grande and then spread to the surrounding areas Góis, Pampilhosa da 

Serra and Arganil (Jones, 2017). The effect of aerosols from wildfires in Portugal 2017 could 

be seen even in Great Britain where aerosols gave the sky a reddish look at day time, usually 

only seen at sunrise and sunset (Minder, 2017).The interest in smoke plumes from wildfires is 

due to their emitting of greenhouse gases (CO2), a large source of aerosols, CO, oxides of 

nitrogen and other trace gases that can affect the air quality at local and regional scale (Bowman 

et al., 2009). The regional scale can be affected because the smoke from wildfires can get 

elevated and be transported into the free troposphere and the lower stratosphere (Fromm et al., 

2000) by either pyro convection (Fromm et al., 2005) or radiative driven convection (Damoah 

et al., 2006) and can be transported long distances, for example from Canada to Germany 

(Dinoev et al., 2013).  

 One way to monitor the transport of emissions from wildfires is with satellites (NASA, 

1999). There are various satellite systems that can monitor fires in different resolution 

frequencies of overpasses, sensitivity and times, however there is no optimal system for fire 

monitoring and because of that a multisensory data fusion is needed (NASA, 1999). The 

monitoring and forecasting of the emissions must be based on satellite observations because 

wildfires vary in time and place (Kaiser et al., 2006). One system that can give observation data 

is the second modern-era retrospective analysis for research and applications, MERRA2 

(McCarty et al., 2016). Models can be used to supplement the satellite monitoring both in the 

air quality sector (Byun & Schere, 2006) and movements of smoke plumes (Stohl et al., 2005). 

The models that are used for simulations of the transport of emissions in the atmosphere 

are called atmospheric dispersion models. These models can be either in offline or online mode, 

with online mode meaning that the model can allow emissions to affect the dynamics, but they 

need more powerful computers. The most common types of atmospheric dispersion models are 

Eulerian and Lagrangian particle dispersion models (LPDM). An example of an LPDM is 

FLEXPART that was developed in Austria for research and as a part of their emergency 

response system (Stohl et al., 1998).  FLEXPART uses the meteorological data from the 
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European center for medium range weather forecasts (ECMWF) to calculate the transport of 

emissions. The trajectories of many particles are calculated, each of them representing a parcel 

of emissions.  

 Investigations of emission source heights with FLEXPART 10.02 are important because 

there are not many that has been made. Therefore, it is important to get more information about 

how it affects the simulation and to show that an investigation is needed to optimize a 

simulation. The aim in this thesis is to investigate how similarity between different emission 

source heights in FLEXPART and observations changes and to find the simulations with the 

best similarity. This thesis gathered data from MERRA2 (a reanalysis of observations from for 

example satellites) for the wildfire in Pedrógão Grande between the 17- 21 June 2017 and 

compared it with model data from FLEXPART 10.02. The altitude of the emission source top 

height and bottom height in FLEXPART was changed to see how it affected the smoke plume 

in the simulations. The similarity between the simulation and observations was found by 

comparing MERRA2 with FLEXPART simulations with the help of structural similarity 

(SSIM) index. The SSIM index for the simulations was then investigated and the best and worst 

fit for the horizontal, vertical images and the combination was found.  
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2. Background 
2.1  The situation in Portugal June 2017 
2.1.1 The weather situation  
 

The temperature in June was very high with an average of 22.3°C, which is about 3°C above 

the normal average temperature. The high average temperatures began with a very hot and dry 

mass of air that moved in over Portugal on the 7th and then the dry and hot days of 17- 19 June. 

The 17th was the hottest day with an average temperature of 29.4°C, about 10°C above the 

normal average temperature. During the period of 16- 19 June 90% of the meteorological 

stations showed that they were hot days (max temperatures were higher than 30°C) and at the 

17th June 50% of the stations showed that it was an extremely hot day (max temperatures higher 

than 40°C). The warmth could also be observed in night time with the nights of 17,18 and 19 

of June classified as tropical nights (minimum temperatures equal or higher than 20°C). 

However, the heat wave didn’t just last during the 16- 19th period but could also be observed 

between June 7 to June 24 (North and central Portugal). There was an unstable atmosphere that 

due to the collapse of the convection column created strong winds towards the ground and 

caused the fire in Pedrógão Grande that went on between the 17- 21 June 2017 to spread by 

spraying embers at a large area (Jones, 2017). There were not only extremes in the temperature 

but also in how dry the area was. The area was classified as very dry (average precipitation was 

9.6 mm which was 30% of the normal average precipitation) and at the end of June 72% of 

mainland Portugal was in severe drought (IPMA, 2017).    
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Table 1. A description of the wind direction, meteorology and fire behavior during the first hours of the beginning 
of the fire in Pedrógão Grande that went on between the 17- 21 June 2017  (Portugal wildfires, 2018)  
Time Meteorology Fire Behaviour 

14.30- 16.00 About 4% dead fuel moisture. 

Weak winds in the beginning but 

increased during the day 

Extreme intensity with 

moderate to high speed (at 15.05 

0.47 km/h) 

16.00- 18.00 An increase in dead fuel moisture 

and instability. Wind speed 

increased with strong gusts 

Intermittent extreme intensity 

with high speeds. 

18.00- 19.00 An increase in dead fuel moisture 

and wind speed. 

Pyrocumulmonimbus clouds (fire 

fueled thunderstorm clouds) was 

formed and conditions were 

influenced by their downburst 

Convection with formation of 

Pyrocumulmonimbus clouds 

19.00- 20.00 The wind gust was increasing in 

speed and convective outflow was 

at its max 

An increase in speed and 

intensity and a stronger 

convection column 

20.00- 21.00 The convection column collapsed 

and caused a downburst 

The collapse of the convection 

column caused burning and 

incandescent projectiles to rain 

down and therefore sudden 

advances of the fire front was 

seen. The speed of the fire front 

was about 15 km/h 

 

A detailed description of the meteorology and fire behavior for the first hours of the fire is 

depicted in Table 1. 

One way to describe the fire potential is the dead fuel moisture that is a measurement of 

water in the vegetation that is available to a fire. The dead fuel moisture is calculated as the 

percent of the dry weight of the vegetation and when the percentage is lower than 30% the 

vegetation is considered dead (NOAA, 2019). The Pedrógão Grande wildfire stared on the 17th 

June at about 14.30 with 4% dead fuel moisture (Table 1) and weak winds that increased during 
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the day. There was no precipitation and the wind direction were mostly west-northwest(Weather 

underground, 2017). At 18- 19.00 Pyrocumulmonimbus clouds were formed and conditions 

started to be influenced by their downburst and the wind speed was decreasing during the 

evening. At 20- 21.00 the convection column collapsed and caused burning and incandescent 

projections to rain down and a fast increase of the fire front was observed (Table 1). 

 

2.1.2    Vegetation cover 
 

The vegetation cover of the burned area in Pedrógão Grande fire 2017 mostly consisted of 

eucalyptus (blue gums (McGuire, 2013) with a typical height of 30-55 m (Eucalyptus globulus, 

2018)) and pine tree (with a height of 20- 35 m (Pinus pinaster, 2018)) plantations. The areas 

of the plantations used to be cultivated lands that were not fire-prone because the farmers used 

biomass for their livestock, heating and cooking (GFMCadmin, 2017). One predictor that has 

been used as an indicator of the forest flammability is fine dead fuel moisture (lower values 

means it is more flammable) (Nolan et al., 2016) and was confirmed by (Boer et al., 2017)) to 

also be a good predictor in Portugal. The fine dead fuel moisture in Pedrógão Grande decreased 

quickly in early June (as the heat wave moved in over Portugal) and on June 9th the fine dead 

fuel moisture median was about 20%, while on June 14th it had decreased to 18% (this means 

the area was highly flammable). At the start of the fire at June 17th in Pedrógão Grande the fine 

dead fuel moisture was under 12% which means the Pedrógão Grande area was extremely 

flammable. Pedrógão Grande was extremely flammable for three days until it recovered on the 

22nd June (Boer et al., 2017).   

 

2.1.3 The wildfires 
 

The wildfires in Portugal in 2017 burned 539,921 ha, that was about 500% of the average value 

of the previous decennia, and there were 21,006 rural fires in total in 2017. Out of those 

wildfires 273 were large fires (over or equal to 100 ha) and 95 of the wildfires burned larger 

areas than 500 ha. The causes of the fires were mainly accidents or negligence (49.7%) and 

intentional (32.4%) while natural causes only represented 1.3%. The remaining percentage of 

16.6% was due to rekindle. In the summer (June- August) there were 8,555 fires that burned 

221,318 ha with 1,871 wildfires being in June that burned 1,777 ha (San-Miguel-Ayanz et al., 

2018). The fires in Pedrógão Grande (Figure 1a) shows where in Portugal Pedrógão Grande is 

located) in mid-June were the deadliest in Portuguese history (San-Miguel-Ayanz et al., 2018) 
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with 64 casualties, many of them died trapped in cars when they tried to escape. The wildfires 

in the area started on the afternoon of June 17 when four wildfires started with only minutes 

apart and spread fast (Wikipedia, 2018). The fire continued for five days (France 24, 2018) and 

burned 30,000 ha of forest. The fires in Pedrógão Grande are believed to have started due to dry 

thunderstorms, however there are speculations that it could be arsons. The reason for the fire to 

have spread that fast was due to extreme weather conditions (Jones, 2017). Figure 1b depicts 

Portugal during the wildfire at the 19th of June in Pedrógão Grande with Lisbon, Porto marked 

 

a 

 
 

b 

 
Figure 1. a) map over Portugal from google earth with Pedrógão Grande marked out (image: Google, Google Data 
SIO, NOAA, U.S. Navy, NGA, GEBCO Inst. Geogr. Nacional Landsat / Copernicus). b) Satellite image of the fire 
captured at 2:48 a.m. on June 19 2017 from the visible infrared imaging radiometer suite on the Suomi NPP satellite 
(NASA, 2017) 
 

2.2  Smoke plumes from wildfires 
 

The smoke from wildfires contains both gases and aerosols that will be transported by local 

atmospheric circulations and atmospheric circulations created by the fires. The smoke plume 

rises through plume rise processes for example smoke plumes most often has a higher 

temperature than the surrounding air and there may be initial vertical momentum affecting the 
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smoke plume (Zannetti, 1990), more details about plume rise processes in (Zannetti, 1990). The 

smoke plumes can rise into higher altitudes and can then be transported large distances 

horizontally. During the transport through the atmosphere gases and aerosols in the smoke 

plume will be affected by chemical reactions and the concentration of gases and aerosols will 

change (Heilman et al., 2014). The plume rise height (the max height a smoke plume can reach 

vertically in the atmosphere) can vary from hundreds of meters (controlled burning) to 

thousands of meters and for the most energetic fires the smoke plume can penetrate the 

stratosphere (wildfires). The smoke that penetrates the stratosphere can reach jet stream winds 

and be transported very long distances (Gabbert, 2010). Smoke from wildfires can behave very 

differently in both spatial and temporal scales, for example a short time effect with a high 

concentration or a long time (weeks or months) effect with low constant concentration with a 

few spikes of high concentrations (Strand et al., 2011).  Therefore smoke can affect air quality 

at both local and regional scales (Meagher et al., 1998) and at local scales smoke can also affect 

the visibility (Mobley, 1989). The plume rise is an important factor for air quality because a 

higher plume rise will probably mean that more of the smoke will be transported out of the area 

of the wildfire and affect areas downwind. The heat, water and particles from smoke plumes 

can affect atmospheric thermal dynamics and hydrological conditions and processes in areas 

downwind from wildfires (Liu et al., 2014).    

 

2.3 NASA’s modern-era retrospective analysis for research and 
applications version 2 

 

In this thesis reanalysis of aerosol data was used as the observations. Reanalysis means that a 

model completes irregular observations in time and space into a complete gridded 

meteorological dataset and is used for data from historical records to contemporary data 

(Schubert et al., 1993). Modern-era retrospective analysis for research and applications version 

2 (MERRA2) generates aerosol data (Gelaro et al., 2017) for observations from both satellites 

and conventional methods and is an reanalysis of data from the 1980 to the present (McCarty 

et al., 2016). Due to of the lack of reanalysis that were suitable for climate and weather studies 

the modern-era retrospective analysis for research and applications MERRA was introduced. 

MERRA was supposed to have a better representation of the hydrological cycle than previous 

reanalysis systems (Schubert et al., 1993) while the MERRA2 was introduced to make it 

function well in numerical weather predictions, reanalysis, climate and global mesoscale modes 
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(Molod et al., 2015). MERRA2 also includes meteorological assimilations of observations in a 

global data system (Gelaro et al., 2017) with a 0.625x0.5° resolution (Bosilovich et al., 2016). 

The Goddard earth observation system atmospheric model (GEOSAM) (Rienecker et al., 2008) 

is together with the grid point statistical interpolation analysis scheme (a detailed description in 

(Kleist et al., 2009)) the most important parts in the MERRA2 system. GEOSAM is for example 

used for atmospheric analyses, weather forecasts coupled chemistry-climate simulations with a 

resolution of 2 to 0.25° horizontally and 72 vertical layers from the surface to 0.01 hPa 

(Rienecker et al., 2008), the resolution used in MERRA2 is about 50x50 km (Bosilovich et al., 

2016). 

 

2.3.1   Observations 
 

There are three different types of observations that are used in MERRA2, conventional, satellite 

observations of wind and satellite observations of mass. The core of the reanalysis are the 

conventional observations that have three different groups; surface, upper air and aircraft. 

Conventional surface observations are for example observations from ships, buoys and land 

surfaces while conventional upper air observations are from probs, weather balloons, radars and 

wind profilers. The most common satellite wind observation is the atmospheric motion vector, 

however there are also observations of surface wind vectors and speeds. Satellite observations 

of winds are collected from both geostationary and polar-orbiting satellites. Satellite 

observations of mass include radiances, GPS radio occultation, retrievals of temperature, 

retrievals of rain rate and ozone retrievals. Satellite observations of radiances can be used to 

generate global temperature and moisture and are collected by microwave temperature 

sounders, microwave humidity sounders, microwave imagers, polar-orbiting infrared sounders 

and geostationary infrared imagers and sounders. The core observations for satellite 

observations of radiances comes from an operational vertical sounder on the Tiros-N and 

NOAA-14 satellites. GPS radio occultation observations are used to get information about the 

bending angle up to 30 km and generate primary temperature data. Satellite retrievals of 

temperature observations are taken from microwave limb sounder on the NASA earth observing 

system Aura satellite and the observations are generated as point temperatures. Satellite 

retrievals of the rain rate are generated from special sensor microwave/imager and the tropical 

rainfall measuring mission microwave imager. Ozone retrievals observations are done for 21 

layers with a thickness of 3 km and a total ozone column and are collected from microwave 
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limb sounder and  ozone monitoring instrument on the NASA’s earth observing system Aura 

satellite (McCarty et al., 2016). 

 

2.3.2 Aerosol data 
 

MERRA2 generates aerosol data for both easily observable aerosols and aerosol diagnostic data 

for less easily observed aerosols every three hours and are for example used for air quality 

forecasting, studies of aerosol climate and aerosol-weather interactions. One of the big 

contributors to aerosol optical depth (AOD) data is MODIS, especially the Terra and Aqua 

satellites. MERRA2 includes sources and observations from biomass burning emissions as well 

as data from reanalysis of the tropospheric chemical composition version 2, the global fire 

emissions database version 3.1 and the quick-fire emission dataset version 2.4r6. AOD can be 

related to column aerosol mass by first being transformed into vertically integrate aerosol 

extinction and then to aerosol mass with a set of optical properties. There are some aerosol 

properties that are mainly generated from the model, however MERRA2 still has a high skill in 

simulating several observable aerosol properties. The change of AOD from season to season 

due to carbonaceous aerosols from biomass burning can be seen in all regions from the 

MERRA2 data (Gelaro et al., 2017).   

    

2.4 Dispersion models 
 

To be able to understand the atmosphere there is a need to be able to model the flow of it. The 

most common models are Eulerian and Lagrangian dispersion models. Eulerian models have a 

fix grid and the transport of emissions is calculated with the fluxes between grid cells. At each 

grid cell calculations of emissions, chemistry and removal processes are done. The way 

Lagrangian models work in contrast is by emissions being released somewhere in the model 

domain and the emissions are not limited to a fixed grid. In Lagrangian particle dispersion 

models (LPDMs) the emission particles are transported by advection, turbulent mixing and 

gravitation and the calculations are on a per particle basis and not for a fixed grid. The per 

particle calculations make the LPDMs to more efficiently calculate the transport of emissions 

at a large domain (no empty grid cells needs to be calculated) and another advantage with 

LPDMs is that there is no numerical diffusion, because they can generate thin plumes from a 

source (Dingwell, 2016).  
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A Lagrangian model follows an air parcel and monitors its state as it moves around in 

the atmosphere. Therefore, Lagrangian models are connected to the underlying flow and 

determine the trajectory, the value of the wanted parameter at different times and locations. 

LPDMS are sophisticated and powerful models for atmospheric transport calculations that 

represents air parcels as particles that are transported with random velocities. LPDMs can track 

thousands of particles in three dimensions and because LPDMs automatically deal with the 

numerical dispersion there is no need to split the particles (Lin et al., 2013). Except for the 

nonexistence of numerical dispersion the difference between LPDMs and many other models 

are that they use both mean and stochastic wind values (Stohl et al., 1998).  

LPDMs can often be run either in a forward in time or backward in time mode. The 

forward in time mode is that which is used to research the dispersion of tracers from a specific 

place. Backward runs are used to for example see where the source of emissions is. Some of the 

advantages of Lagrangian models are the trajectory information, better approximations of the 

atmospheric flows (for example mixing and convection) and as mentioned before minimal 

numerical diffusion. However, there are also some disadvantages like a larger computational 

cost and irregularity of grids. However, during the recent decade the computational power has 

increased and therefore the disadvantage of LPDMs have decreased and the models are thus 

more frequently used and researched (Lin et al., 2013). Many of the LPDMs that have been 

developed in recent years use different meteorological inputs and different schemes for 

calculation, for example transportation and dispersion (Hegarty et al., 2013). One example of 

an LPDM is FLEXPART that uses meteorological inputs from ECMWF (Stohl et al., 2005), 

more about FLEXPART in section 2.4.2 FLEXPART.  

 

2.4.1 European center for medium range weather forecasts 
 

The ECMWF produces data from a variety of parameters (from weather to ocean-wave) every 

three hours and upper air parameter (troposphere and stratosphere) every six hour (Dee et al., 

2011). The spatial resolution of the ECMWF dataset is 0.125° (Darand & Zandkarimi, 2018). 

The dataset is produced with a sequential data assimilation scheme forward in time with 12-

hour cycles and every cycle observation are combined with a forecast model. The calculations 

with in every cycle include basic upper air atmospheric fields and then calculations of the near 

surface parameters (2 m temperature and 2 m humidity), soil parameters, snow and ocean 

waves. These parameters are then used in the short-range model forecast that produce estimates 
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for the next cycle. The forecast model is very important because it makes it possible to 

extrapolate information from local parameters to unobserved parameters. Therefore, the 

forecast model produces many different physical parameters (for example precipitation and 

turbulent fluxes) but they also depend on the observations that are used as the starting points. 

ECMWF can either be found for meteorological data in 3D for six hour gridded estimates or 

three hourly data set for many different parameters in 2D fields (Dee et al., 2011).            

 

2.4.2 FLEXPART 
 

FLEXPART is a LPDM that can calculate long range and mesoscale transport, diffusion, dry 

and wet deposition and radioactive decay from a point, line, area or volume source. FLEXPART 

is coded in Fortran 77 standard and is an offline model that uses ECMWF (gridded binary 

format version 1 or 2) as meteorological input data on a latitude and longitude grid (Stohl et al., 

2005). The ECMWF input data must have all data of the domain in a single gridded binary file 

and will be listed in the AVAILABLE file (Stohl et al., 2016) (see Table F1). The source code 

and manuals of FLEXPART can be downloaded from the web page https://www.flexpart.eu/ 

together with a few of the important files that are needed for the model to work, and can be 

changed to use different settings. Table F1 depicts some of the important files in FLEXPART 

and the description of what the files contains and what they can change in the model. The core 

of all LPDMs are the advection of particles and the second important schemes are the dry and 

wet depositions (Dingwell, 2016). 

 

2.4.2.1 Advection  

 

FLEXPART uses two schemes to calculate the particle trajectory, a simple scheme called zero 

acceleration scheme (eq. 1), that can be integrated to the first order (eq. 2), to integrate the 

particle trajectories (Stohl et al., 2016). 

 

𝑋𝑋(𝑡𝑡 + 𝛥𝛥𝑡𝑡) = 𝑋𝑋(𝑡𝑡) + 𝑣𝑣(𝑋𝑋, 𝑡𝑡)𝛥𝛥     (1) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑣𝑣(𝑋𝑋(𝑡𝑡))                                                            (2) 

 

https://www.flexpart.eu/
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Where 𝑡𝑡 is the time, 𝛥𝛥𝑡𝑡 is the time step, 𝑋𝑋 is the position vector and 𝑣𝑣 = �̅�𝑣 + 𝑣𝑣𝑑𝑑 + 𝑣𝑣𝑚𝑚 

(where 𝑣𝑣 is wind vector, �̅�𝑣 is the grid scale wind, 𝑣𝑣𝑑𝑑 is the turbulent wind fluctuations and 𝑣𝑣𝑚𝑚 

is the mesoscale wind fluctuations (Stohl et al., 1998). The second scheme is from (Petterssen, 

1940) and can be integrated to the second order and is used on grid-scale winds when its possible 

(for example it needs winds at a second time and it cannot be used if the particle crosses the 

boundary of the nested domain) (Stohl et al., 2016). 𝑣𝑣𝑑𝑑 is parameterized with a Markov process 

that is based on the Langevin equations (eq. 3)  

 

𝑑𝑑𝑣𝑣𝑑𝑑𝑖𝑖 = 𝑎𝑎𝑖𝑖(𝑥𝑥, 𝑣𝑣𝑑𝑑 , 𝑡𝑡)𝑑𝑑𝑡𝑡 + 𝑏𝑏𝑖𝑖𝑖𝑖(𝑥𝑥, 𝑣𝑣𝑑𝑑, 𝑡𝑡)𝑑𝑑𝑊𝑊𝑖𝑖    (3) 

       

where 𝑎𝑎 is the drift term, 𝑏𝑏 is the function of the position, 𝑑𝑑𝑊𝑊𝑖𝑖 is incremental components of a 

Wiener process (not correlated to time). The turbulence in FLEXPART is set to Gaussian which 

only works for stable and neutral conditions, however when there are convective conditions 

with a well-mixed boundary layer the error is very small (Stohl et al., 2016). With these 

assumptions the Langevin equation for the vertical wind is:  

 

𝑑𝑑𝑑𝑑 = −𝑑𝑑 𝑑𝑑𝑑𝑑
𝑇𝑇𝐿𝐿𝑤𝑤

+ 𝛿𝛿𝜎𝜎𝑤𝑤2

𝛿𝛿𝛿𝛿
+ 𝜎𝜎𝑤𝑤2 𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿𝛿𝛿
𝑑𝑑𝑡𝑡 + � 2

𝑇𝑇𝐿𝐿𝑤𝑤
�
1
2�
𝜎𝜎𝑤𝑤𝑑𝑑𝑊𝑊    (4) 

 

were 𝑑𝑑 is the turbulent vertical win, 𝜎𝜎𝑤𝑤 is the standard deviation of the turbulent vertical wind, 

𝑇𝑇𝐿𝐿𝑤𝑤 is the Lagrangian timescale for the vertical velocity autocorrelation and 𝜌𝜌 is density. The 

second term on the right side is the drift correction and the third term at the right side is the 

density correction. To calculate 𝜎𝜎𝑣𝑣𝑖𝑖 and 𝑇𝑇𝐿𝐿𝑤𝑤 a scheme based on boundary layer height (h), 

Monin-Obukhov length (L), convective velocity scale (𝑑𝑑∗), roughness length (𝑧𝑧0) and friction 

velocity (𝑢𝑢∗) is used but it is different depending on the atmospheric stability and direction. 

The mesoscale velocity fluctuations are not calculated with the ECMWF data or the turbulence 

parametrization. Instead, they are calculated with their own Langevin equation, the fluctuations 

of the mesoscale are important because mesoscale motions can accelerate the growth of 

dispersing for plumes(Stohl et al., 2016).  

There are sometimes more terms that are added to eq 1, for example horizontal and 

vertical turbulent perturbation. A term in the advection scheme that is important when 

modelling aerosols is the terminal velocity (𝑣𝑣𝑔𝑔) that is added due to the gravitational settling 
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(Dingwell, 2016). 𝑣𝑣𝑔𝑔is calculated differently depending on how large the particles are, if 

particles are larger than 10 µm 𝑣𝑣𝑔𝑔 is calculated by 

 

𝑣𝑣𝑔𝑔 ≈ �
4𝑑𝑑𝑝𝑝𝑔𝑔
3𝐶𝐶𝐷𝐷

�𝛿𝛿−𝛿𝛿𝑎𝑎𝑖𝑖𝑎𝑎
𝛿𝛿𝑎𝑎𝑖𝑖𝑎𝑎

�      (5) 

 

where  𝑑𝑑𝑝𝑝 is the diameter of the particle, g the gravity,  𝜌𝜌 is the density of the particle, 𝜌𝜌𝑎𝑎𝑖𝑖𝑎𝑎 

is the air density and 𝐶𝐶𝐷𝐷 is the drag coefficient (𝐶𝐶𝐷𝐷is calculated by the method from (Näslund 

& Thaning, 1991). While 𝑣𝑣𝑔𝑔 for particles smaller than 1 µm is calculated by dividing 𝐶𝐶𝐷𝐷 in eq. 

5 with 

 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 = 1 + 2𝜆𝜆
𝑑𝑑𝑝𝑝
�𝐴𝐴0 + 𝑄𝑄𝑒𝑒−𝐶𝐶

𝑑𝑑𝑝𝑝
2𝜆𝜆�    (6) 

    

where 𝜆𝜆 is the mean free path of gas molecules in air, 𝑑𝑑𝑝𝑝 is the diameter of the particles, 𝐴𝐴0, 𝑄𝑄 

and 𝐶𝐶 are dimensionless constants (Cunningham, 1910; Knudsen & Weber, 1911).  

 

2.4.2.2 Removal processes 

 

The removal processes in FLEXPART are radioactive decay, OH reaction, wet deposition and 

dry deposition (Stohl et al., 2016), where dry depositions are gravitational settling to the surface, 

impact with the surface and adsorption or absorption of gases by surface elements. Wet 

depositions are for example wash out and when there is nucleation of rain droplets in a cloud. 

Dry depositions are described as a mass loss using a decay function (eq. 7) and is used up until 

a certain altitude (Dingwell, 2016).  

 

𝑚𝑚(𝑡𝑡 + 𝛥𝛥𝑡𝑡) = 𝑚𝑚(𝑡𝑡)𝑒𝑒𝑥𝑥𝑒𝑒 �−𝑉𝑉𝑑𝑑(𝛿𝛿)𝛥𝛥𝑑𝑑
2𝛿𝛿

�    (7) 

 

where 𝑚𝑚(𝑡𝑡 + 𝛥𝛥) is the particle mass at the next time step, 𝑚𝑚(𝑡𝑡) is the particles mass at a certain 

time, 𝑉𝑉𝑑𝑑 is the deposition velocity and z is the altitude (Seinfeld & Pandis, 2016). Wet 

deposition is calculated almost like the dry deposition 

 

𝑚𝑚(𝑡𝑡 + 𝛥𝛥𝑡𝑡) = 𝑚𝑚(𝑡𝑡)exp (−ΛΔt)    (8) 
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where Λ is a coefficient that depends on the intensity of precipitation and is calculated by eq. 9 

when there is wash out (below scavenging) and eq. 10 for the nucleation of cloud droplets on 

particles or dissolution of gases in existing cloud droplets (in cloud scavenging), however the 

removal off particles and gases are through precipitation (McMahon & Denison, 1979). 

 

Λ = A𝐼𝐼𝐵𝐵                                                               (9) 

 

Where A and B are coefficients that are calculated for every modelled emission species 

(McMahon & Denison, 1979).   

 

Λ = 𝑆𝑆𝑖𝑖𝐼𝐼
𝐻𝐻𝑖𝑖

                                                               (10) 

 

Where 𝑆𝑆𝑖𝑖 is the scavenging ratio (the ratio between concentrations in precipitation and 

air and is calculated differently for particles and gases, for more information see (Hertel et al., 

1995)) and 𝐻𝐻𝑖𝑖 is the altitude of the scavenging .   

   

2.5 Structural similarity 
 

The structural similarity uses reference quality that means the quality of a distorted measure is 

compared to a reference. The most used test for full reference quality is the mean squared error 

(MSE) and peak signal to noise ratio, they are used because they are simple to calculate and 

have a clear meaning. However, they are not very good at showing the error in visual quality. 

Instead methods to modify the MSE so errors according to visibility can be penalized have been 

developed. When images are compared, they can be thought of as a one reference picture and 

one distorted picture and the loss of the quality can be related directly to the visibility of the 

error. This can be done with for example MSE, but many are now trying to link the error with 

the error in visibility. One of these tests is the structural similarity (SSIM), which is a way to 

compare the structure of the reference and distorted image. The SSIM index compares the 

structural information in images separate from the luminance and contrast, since the luminance 

and contrast can vary in the image a local luminance and contrast is used (Wang et al., 2004).  
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Figure 2. Diagram of the structural similarity (SSIM) measurement system. X and y are spatial patches extracted 
from two different images. One of the images is the reference image and the other one the distorted image 

   

 Figure 2 depicts the quality assessment system of SSIM with x and y as spatial patches 

of two different images, one of the images is the reference image and the other is a distorted 

picture. The reference image is considered to have the perfect quality; therefore, the similarity 

measure can be the quality of the distorted image. As Figure 2 depict the system has three 

different comparisons, luminance, contrast and structure (Wang et al., 2004). The luminance is 

compared as the mean intensity as in eq. 11 and therefore the luminance comparison function 

(x, y) is a function of µx and µy and becomes eq. 12 (Wang et al., 2004). 

 

µ𝑥𝑥 = 1
𝑁𝑁
∑ 𝑥𝑥𝑖𝑖𝑁𝑁
𝑖𝑖=1       (11) 

 

𝑙𝑙(𝑥𝑥,𝑦𝑦) = 2µ𝑥𝑥µ𝑦𝑦+𝐶𝐶1
µ𝑥𝑥2+µ𝑦𝑦2+𝐶𝐶1

     (12) 
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where C1 is a constant incase µ𝑥𝑥2 + µ𝑦𝑦2  is very close to zero. The contrast is calculated with the 

standard deviation as in eq. 13 and the contrast comparison function c(x, y) is eq. 14, that is 

very similar to the luminance comparison function (Wang et al., 2004). 

 

𝜎𝜎𝑥𝑥 = ( 1
𝑁𝑁−1

∑ (𝑥𝑥𝑖𝑖 − µ𝑥𝑥)2)𝑁𝑁
𝑖𝑖=1

1
2�     (13) 

 

𝑐𝑐(𝑥𝑥,𝑦𝑦) = 2𝜎𝜎𝑥𝑥𝜎𝜎𝑦𝑦+𝐶𝐶2
𝜎𝜎𝑥𝑥2+𝜎𝜎𝑦𝑦2+𝐶𝐶2

     (14) 

   

where C2 is a constant incase 𝜎𝜎𝑥𝑥2 + 𝜎𝜎𝑦𝑦2 is very close to zero. The structure comparison is 

calculated on a normalized data set with (𝑥𝑥 − µ𝑥𝑥)/𝜎𝜎𝑥𝑥 and (𝑦𝑦 − µ𝑦𝑦)/𝜎𝜎𝑦𝑦 and the comparison 

function of the structure is eq. 15 (Wang et al., 2004).   

 

𝑠𝑠(𝑥𝑥,𝑦𝑦) = 𝜎𝜎𝑥𝑥𝑦𝑦+𝐶𝐶3
𝜎𝜎𝑥𝑥𝜎𝜎𝑦𝑦+𝐶𝐶3

     (15) 

 

𝜎𝜎𝑥𝑥𝑦𝑦 = 1
𝑁𝑁−1

∑ (𝑥𝑥𝑖𝑖 − µ𝑥𝑥)(𝑦𝑦𝑖𝑖 −𝑁𝑁
𝑖𝑖=1 µ𝑦𝑦)    (16)      

 

When all three are combined the SSIM index can be calculated with eq. 17 (Wang et 

al., 2004). An SSIM index of one is a perfect similarity while negative one means that the local 

image structure is inverted (Brooks et al., 2008) 

 

𝑆𝑆𝑆𝑆𝐼𝐼𝑆𝑆(𝑥𝑥,𝑦𝑦) = (2µ𝑥𝑥µ𝑦𝑦+𝐶𝐶1)(2𝜎𝜎𝑥𝑥𝑦𝑦+𝐶𝐶2)
(µ𝑥𝑥2+µ𝑦𝑦2+𝐶𝐶1)(𝜎𝜎𝑥𝑥2+𝜎𝜎𝑦𝑦2+𝐶𝐶2)

    (17) 
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3. Methods 
3.1 NASA’s modern-era retrospective analysis for research and applications 
version 2 data 
 

Satellite data was found at  https://disc.gsfc.nasa.gov/ by selecting CO, the time interval 2017 

17-21st June and the domain 45-35° N and 15-5° W (Portugal). The product that was found was 

MERRA-2 inst3_3d_chm_Nv: 3d,3-Hourly, Instantaneous, Model-Level, Assimilation, 

Carbon Monoxide and Ozone Mixing Ratio V5.12.4 (M2I3NVCHM) and was used for the 

comparison. It has a resolution of 0.5 E- W x 0.625 N- S° and 72 vertical layers. The surface 

layer is 15 hPa (120 m) thick and the bottom 32 layers are terrain following and the rest are 

constant pressure surfaces (Rienecker et al., 2011). The product gave values every three hours, 

that meant the comparison of the data were made every three hours, (NASA, 2018) of air density 

(kg/m3), CO mixing ratio (mol/mol) from all sources, pressure thickness (Pa), ozone mass 

mixing ratio (kg/kg) and surface pressure (Pa) (Bosilovich et al., 2016). Since the satellite data 

was affected by the surroundings the days that were not affected were chosen to do calculations 

with. These were the 18th,20th and 21st of June, the image was also zoomed in to avoid further 

influences of the surroundings. 

 

3.2 Simulation settings 
 

The model that was used was FLEXPART 10.02 with meteorological data from ECMWF for 

the dates 17- 21 June 2017 with the resolution of 0.125x0.125° while the resolution of output 

data FLEXPART was 0.2x0.2°, the vertical levels are depicted in Table 2. The purpose of the 

paper is to have one source and then track the plume (forward run) and the species of the 

emission was CO which means no wet removal or dry deposition and no splitting of particles.     

 
Table 2. The vertical layers in meters for the FLEXPART simulations 
Height (m)         

10 50 100 200 300 400 500 600 700 800 

900 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 

10,000 11,000 12,000 13,000 14,000 15,000 16,000 17,000 19,000 20,000 

21,000 22,000 23,000 24,000 25,000      

  

https://disc.gsfc.nasa.gov/
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To be able to simulate the event in Portugal time, location, total mass of the emission 

and the total number of particles was needed. The date and time of the fire was found at Portugal 

wildfires (2018) (blog from the people living in the area). They described that the fire began on 

the 17th of June at about 14.30 and continued until the 21st of June at around 16.40. The location 

of where the fire started is described in Wikipedia (2018), however there is only one coordinate 

39°57′N 8°14′W and there was an area of forest burning so therefore an area was needed. There 

was no information about coordinates for the burned area but there was information about how 

much area that were burned but it differs from 30,000 to 53,000 ha depending on the source 

(efe-epa, 2017; Jones, 2017; Alberti, 2018). The area of the simulation was done by taking the 

coordinate of 39°57′N 8°14′W and making a square around it in google earth that had the area 

of 46000 ha (Figure 3), the coordinates used in FLEXPART where 39°52′N 8°22′W and 

40°01′N 8°03′W. 

 

 
Figure 3. The area that is used in FLEXPART out (image: Google, Google Data SIO, NOAA, U.S. Navy, NGA, 
GEBCO Inst. Geogr. Nacional Landsat / Copernicus) 

 

  

https://tools.wmflabs.org/geohack/geohack.php?pagename=June_2017_Portugal_wildfires&params=39_57_N_8_14_W_type:landmark
https://tools.wmflabs.org/geohack/geohack.php?pagename=June_2017_Portugal_wildfires&params=39_57_N_8_14_W_type:landmark
https://tools.wmflabs.org/geohack/geohack.php?pagename=June_2017_Portugal_wildfires&params=39_57_N_8_14_W_type:landmark
https://tools.wmflabs.org/geohack/geohack.php?pagename=June_2017_Portugal_wildfires&params=39_57_N_8_14_W_type:landmark
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The area burned can be linked with the amount of emissions of CO, the CO emissions 

is proportional to the burned area so that 4500 kg of CO is emitted per ha burned area (Wotawa 

& Trainer, 2000). The total emission of CO was therefore assumed to have been 2.07 ∙108 kg. 

The height of the emission source was changed in three significant ways in between simulations;  

mode one was when the height was 0 to 5000 m and the top height was decreased by a 100 m 

every simulation except the last layer, which was 0- 10 m, mode two was 100- 3000 m 

decreasing the top height with 100 m every simulation and lastly mode three was 0- 3000 m 

increasing the bottom height with 100 m every simulation. The exact emission heights for each 

simulation are depicted in Table 3. 
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Table 3. The emission source heights in meter and the simulation number in parentheses. Number 1- 49 is mode 
one, 50- 79 is mode two and 80- 94 is mode three. The heights 0- 2900 m and 0-1000 m was not used due to errors 
in the simulations     
0-5000 

(1) 

0-3900 

(12) 

0-2700 

(23) 

0-1600 

(34) 

0-400  

(45) 

100-2400 

(56) 

100-1300 

(67) 

100-200 

(78) 

900-1500 

(89) 

0-4900 

(2) 

0-3800 

(13) 

0-2600 

(24) 

0-1500 

(35) 

0-300  

(46) 

100-2300 

(57) 

100-1200 

(68) 

100-150 

(79) 

1000-1500 

(90) 

0-4800 

(3) 

0-3700 

(14) 

0-2500 

(25) 

0-1400 

(36) 

0-200  

(47) 

100-2200 

(58) 

100-1100 

(69) 

0-1500 

(80) 

1100-1500 

(91) 

0-4700 

(4) 

0-3600 

(15) 

0-2400 

(26) 

0-1300 

(37) 

0-100  

(48) 

100-2100 

(59) 

100-1000 

(70) 

100-1500 

(81) 

1200-1500 

(92) 

0-4600 

(5) 

0-3500 

(16) 

0-2300 

(27) 

0-1200 

(38) 

0-10  

(49) 

100-2000 

(60) 

100-900 

(71) 

200-1500 

(82) 

1300-1500 

(93) 

0-4500 

(6) 

0-3400 

(17) 

0-2200 

(28) 

0-1100 

(39) 

100-3000 

(50) 

100-1900 

(61) 

100-800 

(72) 

300-1500 

(83) 

1400-1500 

(94) 

0-4400 

(7) 

0-3300 

(18) 

0-2100 

(29) 

0-900  

(40) 

100-2900 

(51) 

100-1800 

(62) 

100-700 

(73) 

400-1500 

(84) 

 

0-4300 

(8) 

0-3200 

(19) 

0-2000 

(30) 

0-800  

(41) 

100-2800 

(52) 

100-1700 

(63) 

100-600 

(74) 

500-1500 

(85) 

 

0-4200 

(9) 

0-3100 

(20) 

0-1900 

(31) 

0-700  

(42) 

100-2700 

(53) 

100-1600 

(64) 

100-500 

(75) 

600-1500 

(86) 

 

0-4100 

(10) 

0-3000 

(21) 

0-1800 

(32) 

0-600  

(43) 

100-2600 

(54) 

100-1500 

(65) 

100-400 

(76) 

700-1500 

(87) 

 

0-4000 

(11) 

0-2800 

(22) 

0-1700 

(33) 

0-500  

(44) 

100-2500 

(55) 

100-1400 

(66) 

100-300 

(77) 

800-1500 

(88) 
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3.3 Similarity calculations  
 

The SSIM was calculated every three hours during the days where there was no influence from 

the surroundings in the observations (18th, 20th, 21st June) for the horizontal plane and for the 

vertical plane for the 40° N and 41° N latitude. In the similarity calculation the reference image 

was set as the satellite image and the model image was set as the distorted image. The similarity 

was then averaged over the period and a final SSIM index was found for each simulation for 

the horizontal plane and the two cross sections. An overall similarity was also calculated by 

adding the horizontal calculations with the cross section of the same emission source heights 

and then calculating the average. 
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4. Results 
 

The results are presented by showing the change in SSIM index for each simulation and then 

show examples of images from simulations and observations. One image from each day at 12.00 

a clock was chosen to show how good the similarity between FLEXPART and observations 

were each day. For the vertical calculations for the latitude 41° N the 18th of June is not depicted 

because the simulation did not have any smoke at that latitude. 

    

4.1 Horizontal 
4.1.1 SSIM index 
 
The SSIM index for all simulations of the horizontal plane are depicted in Figure 4. The SSIM 

index for the first mode (red curve) increased in the beginning with decreasing emission height 

until about simulation 13 were it decreased until simulation number 19 were the SSIM index 

stated to increase almost linearly. The SSIM index increased until simulation number 40 

(emission height 0- 900 m with SSIM index 0.1454) and then decreased fast (with a few 

exceptions) and gave the lowest SSIM index at simulation number 49 (emission height 0- 10m 

and an SSIM index of 0.0656). The SSIM index for mode two decreased from simulation 

number 50- 52 (simulation 52 had the lowest SSIM index, 0.0735, with an emission height of 

100- 2800 m) and then increased almost linearly until simulation number 74. After simulation 

74 a small plateau was formed and a maximum of 0.1474 for simulation number 77 (emission 

height 100- 300 m) was observed. After the maximum value the SSIM index decreased largely 

until the last simulation for mode two. Mode three had the largest SSIM index (0.1198) for it 

first simulation (simulation number 80 with emission height 0- 1500) and decreased until 

simulation number 92 (emission height 1200- 1500 m) with an SSIM index of 0.0664. After 

simulation number 92 there was first an increase and then a small decrease for the last 

simulation (Figure 4, Table A1- Table A3).      
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Figure 4. The change in SSIM with the different simulations in the horizontal direction. The first and last 
emission height for each mode are depicted together with the emission height of the simulation with the largest 
SSIM index for each mode. The corresponding simulation number and emission interval height and SSIM are 
depicted in Table A1- Table A3 

  
 The largest SSIM index came from the 77th simulation that had an emission height of 

100-300 m and a SSIM index of 0.1474 while the smallest SSIM index came from the 49th 

simulation that had an emission height of 0- 10 m with a SSIM index of 0.0656. The difference 

between the largest and smallest SSIM index was therefore about 0.0818. A comparison of the 

SSIM index for the simulations of mode one and mode two with the same top emission height 

will now described. The first simulation (emission height 100- 3000 and 0- 3000 m) of mode 

two had higher SSIM index but from simulation number 52 mode two had a lower SSIM index 

than mode one. Mode two had a lower SSIM index than mode one until simulation number 72 

(emission height 100- 800 and 0- 800 for mode one) and mode two had a higher SSIM index 

until the last simulation (Table A1, Table A2). 
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 4.1.2 Visual comparison 
 

Figure 5 depicts the accumulated CO concentration on the 18th of June at 12.00 for simulation 

number 77 (Figure 5a), simulation number 80 (Figure 5b) and MERRA2 (Figure 5c). The two 

black lines are where the vertical cross sections are calculated. Figure 5a is the simulation with 

the largest SSIM index for the horizontal calculations and Figure 5b is the simulation with the 

highest SSIM index for the vertical calculations of 40°N. Compared to each other they have 

about the same spread to the north (to about 40.5°N) and east (to about 7.4°W) but there was a 

larger spread to the west and south west in Figure 5b (to about 9°W in Figure 5a and about 

9.6°W in Figure 5b. The MERRA2 image (Figure 5c) shows a smoke plume that spread to the 

south (to even more than 38.5°N) and to the north (to about 40.75°N), with lower concentrations 

in the south but with a larger horizontal spread. Figure 5c depicts a spread to about 9.25°W and 

more than 7.5°W. Compared to the simulations MERRA2 had a much larger spread to the south 

and a little more spread to the west, north and east (Figure 5).   

 

 
Figure 5.The horizontal image of the accumulated CO concentrations (ppm) from the wildfire in Pedrógão 
Grande on the 18th June at 12.00. A) is from simulation number 77 (largest horizontally SSIM index), b is the 
image from simulation number 80 (largest vertically SSIM index for the latitude 40°N) and c is the MERRA2 
image. The two black lines are where the cross section for the vertical calculations are done. Latitude (°N) is 
depicted on the y-axis and longitude (°W) is depicted on the x-axis   
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Figure 6 depicts the accumulated CO concentrations on the 20th of June at 12.00 for 

simulation number 77 (Figure 6a), simulation number 80 (Figure 6b) and MERRA2 (Figure 

6c). The two black lines are where the vertical cross sections are calculated. Figure 6a is the 

simulation with the largest SSIM index for the horizontal calculations and Figure 6b is the 

simulation with the highest SSIM index for the vertical calculations of 40°N. Figure 6a and b 

had about the same spread of the plume to the east (7.5°W) but Figure 6a had a slightly more 

spread to the west and south. The smoke plume in Figure 6a had about the same spread to the 

west until 41°N where the plume got horizontally thinner and a tail of smoke was depicted from 

about 41.5- 42.25°N. Figure 6c depicted a very little spread to the south (39.6°N) and large 

spread to the north, beyond 42.5°N. Figure 6c shows that the plume was largely spread in the 

west- east with a maximum of about 9.9°W to beyond 7.5°W at the longitude 41.5°N. The 

similarity between the simulations and MERRA2 was that the smoke plume was transported in 

the same direction but MERRA2 depicted a larger spread of the smoke plume in both north and 

west- east direction and a smaller spread to the south (Figure 6).     

 

 
Figure 6. The horizontal image of the accumulated CO concentrations(ppm) from the wildfire in Pedrógão 
Grande on the 20th June at 12.00. a) is from simulation number 77 (largest horizontally SSIM index), b is the 
image from simulation number 80 (largest vertically SSIM index for the latitude 40°N) and c is the MERRA2 
image. The two black lines are where the cross section for the vertical calculations are done. Latitude (°N) is 
depicted on the y-axis and longitude (°W) is depicted on the x-axis   
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Figure 7 depicts the accumulated CO concentrations on the 21st of June at 12.00 for 

simulation number 77 (Figure 7a), simulation number 80 (Figure 7b) and MERRA2 (Figure 

7c). The two black lines are where the vertical cross sections are calculated. Figure 7a is the 

simulation with the largest SSIM index for the horizontal images and Figure 7b is the simulation 

with the largest SSIM index for the vertical images of 40°N. Figure 7b depicts a smoke plume 

spread to about 7.4°W to the east and about 9°W to the west with the largest concentrations of 

CO at location of the fire. Figure 7a show a smoke plume that was thicker than b throughout 

the image with a max close to 7.5°W to the east and a maximum of about 9.4°W to the west. 

Figure 7a also had a larger spread to the north, to about 41.5°N, and south to about 39°N. Figure 

7c depict that there was a large spread of the smoke plume to the north and west- east, further 

than 42.5°N and 10- 7.5°W and almost no spread to the south (about 39.5°N). The images are 

similar in the way that they show a smoke plume that was transported to the north and west- 

east. However, MERRA2 depicts a much larger spread of the smoke plume to the north and 

west- east, with both low and larger concentrations being transported larger distances (Figure 

7). 

 

 
Figure 7. The horizontal image of the accumulated CO concentrations(ppm) from the wildfire in Pedrógão 
Grande on the 21st June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal 
calculations), b is the image from simulation number 80 (largest SSIM index for the vertical calculations for the 
latitude 40°N) and c is the MERRA2 image. The two black lines are where the cross section for the vertical 
calculations are done. Latitude (°N) is depicted on the y-axis and longitude (°W) is depicted on the x-axis   
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4.2 Vertical 
4.2.1 SSIM index 
 

The SSIM index for each simulation mode with the vertical image for 40°N is depicted in Figure 

8. The red line is the SSIM index for mode one, blue for mode two and green mode three. The 

red line varied in SSIM index through the simulations, but it is slowly reaching a maximum 

SSIM index (0.0165) at simulation number 35 (emission source height 0- 1500 m). After 

simulation 35 the SSIM index decreased slowly at first and then fast and got a minimum SSIM 

index of 9.8∙10-5. Mode two (blue line) had the same trend as mode one with varying SSIM 

index but slowly reaching a maximum SSIM index and then a slow decrease. The maximum 

SSIM index for mode two was 0.0160 and was calculated for simulation 64 that had an emission 

source height of 100- 1600 m. The minimum SSIM index for mode two was 0.0049 and was 

calculated for simulation 50, that had an emission source height of 100- 3000 m. Mode three 

(green line) varied but had a decreasing trend throughout the simulations. The maximum SSIM 

index was found for simulation number 80 and had an SSIM index of 0.0165 and the emission 

source height was 0- 1500 m and the minimum SSIM index was 0.0032 that was calculated for 

simulation 94 with an emission source height of 1400- 1500 m (Figure 8, Table B1- Table B3).     

 

 
Figure 8. The change in SSIM with the different simulations in the vertical direction at 40°N. The first and last 
emission height for each mode are depicted together with the emission height of the simulation with the largest 
SSIM index for each mode. A negative SSIM index means that the local image structure is inverted (Brooks et 
al., 2008). The corresponding simulation number and emission interval height and SSIM are depicted in Table 
B1- Table B3 
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 The largest SSIM index was found to be 0.0165 and was simulation 35 and 80 that had 

an emission source height 100- 1500 m and the smallest was 9.8∙10-5 and was simulation 49 

with the emission source height 0-10 m. Simulation 77 got the largest SSIM index in the 

horizontal calculations, however it was not the same simulation that got the maximum SSIM in 

the vertical at 40°N (Table A1- Table B3).    

Figure 9 depicts the SSIM index for each simulation mode with the vertical image for 

41°N, since the plume in the simulations on the 18th June didn’t reach 41°N that day was not 

used here. The red line is the SSIM index for mode one, blue for mode two and green mode 

three. Mode one and two were about linearly increasing until they reach a maximum, they then 

decreased fast. The maximum for mode one was found for simulation number 37 (emission 

height 0- 1300 m) with an SSIM index of 0.0249 and the minimum was found for simulation 

number 42 and 43 (emission height 0- 700 m and 0- 600 m respectively) with an SSIM index 

of 0.0013. The maximum for mode two was found for simulation 68 (emission height 100- 1200 

m) with an SSIM index of 0.0258 and the minimum was found for simulation 73 (emission 

height 100- 700 m) with an SSIM index of 6.3∙10-4. Mode three was decreasing about linearly 

until the last simulation. The maximum for mode three was found at the start for simulation 

number 80 (emission height 0- 1500 m) with an SSIM index of 0.0238 and the minimum was 

found for simulation 93 (emission height 1300- 1500 m) with an SSIM index of 0.0055 (Figure 

9,Table C1- Table C3).    
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Figure 9. The change in SSIM with the different simulations in the vertical direction at 41°N. The first and last 
emission height for each mode are depicted together with the emission height of the simulation with the largest 
SSIM index for each mode. A negative SSIM index means that the local image structure is inverted (Brooks et 
al., 2008). The corresponding simulation number and emission interval height and SSIM are depicted in Table 
C1- Table C3 

 

Figure 8 and Figure 9 are different but they show a similar pattern of the different modes 

with mode one and two increasing slowly until a maximum and then decreases and mode three 

that is generally decreasing throughout the simulations but with a few increases. However, they 

got different simulations with the largest SSIM index. In Figure 8 the largest SSIM index was 

found with emission height 0- 1500m and in Figure 9 the largest SSIM index was found for 

100- 1200 m and in Figure 4 the largest SSIM index was found with emission height 100- 300 

m. When an average of the three different similarity calculations the largest SSIM index of 

0.0555 was found for the emission source height 100- 1200 m and the smallest SSIM index of 

0.0236 for emission source height 0- 10 m Table D1- D3. 
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4.2.2 Visual comparison 
 

Figure 10 depicts the CO concentration on the 18th of June at 12.00 for simulation number 77 

(Figure 10a) with an emission source height of 100- 300 m, simulation number 80 (Figure 10b) 

with an emission source height 0- 1500 m and MERRA2 (Figure 10c) at 40°N. Figure 10a is 

the simulation with the largest SSIM index for the horizontal calculations and Figure 10b is the 

simulation with the highest SSIM index for the vertical calculations for latitude 40°N. The 

simulations have about the same spread to the west and east (about 9.5°W to about 7.5) and 

both had about the same thickness for all altitudes. Figure 10a and b show a smoke plume that 

reached a higher altitude than 3000m. MERRA2 (Figure 10c) depicts a smoke plume that spread 

from about 9 to 7.1°W but the smoke plume got thinner with higher altitude. Figure 10c shows 

a smoke plume that reached about 2250 m. The similarity between the simulations and 

MERRA2 was that the simulations spread in the same way to the west and east. However, 

MERRA2 spread further in both east and west directions and both simulations reached higher 

altitudes than MERRA2 (Figure 10).       

 

 
Figure 10. The vertical image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 18th 
June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal calculations), b is the 
image from simulation number 80 (largest SSIM index of the vertical calculations for the latitude 40°N) and c 
is the MERRA2 image. The image is of the 40°N latitude. Altitude (m) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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Figure 11 depicts the CO concentration on the 20th of June at 12.00 for simulation 

number 77 (Figure 11a) with an emission source height of 100- 300 m, simulation number 80 

(Figure 11b) with an emission source height 100- 1500 m and MERRA2 (Figure 11c) at 40°N. 

Figure 11a is the simulation with the largest SSIM index for the horizontal calculations and 

Figure 11b is the simulation with the highest SSIM index for the vertical calculations for latitude 

40°N. Figure 11a depicts a smoke plume that mostly spread vertically from its emission source 

height (100- 300 m) to about 500 m up, however smaller concentrations almost spread up to an 

altitude of 3000 m. The horizontal spread of the smoke plume in Figure 11a was further than 

9.2°W to the west and about 7.8°W to the east. Figure 11b shows a smoke plume with about 

the same horizontal spread as Figure 11a but the smoke plume spread to an altitude higher than 

3000 m. Figure 11c depict a smoke plume that spread further than 9.2°W at ground level but 

got thinner at higher altitudes and reached about 7.5°W and an altitude around 2000 m. Figure 

11a, b and c has about the same shape but the smoke plume in Figure 11c had a lower altitude 

and a larger spread horizontally (Figure 11).  

 

 
Figure 11. The vertical image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 20th 
June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal calculations), b is the 
image from simulation number 80 (largest SSIM index of the vertical calculations for the latitude 40°N) and c 
is the MERRA2 image. The image is of the 40°N latitude. Altitude (m) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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Figure 12 depicts the CO concentration on the 20th of June at 12.00 for simulation 

number 77 (Figure 12a) with an emission source height of 100- 300 m, simulation number 68 

(Figure 12b) with an emission source height 100- 1200 m and MERRA2 (Figure 12c) at 41°N. 

Figure 12a is the simulation with the largest SSIM index for the horizontal calculations and 

Figure 12b is the simulation with the highest SSIM index for the vertical calculations for latitude 

41°N. The simulations have about the same spread to the west and east (about 9.25°W to about 

8.2). Figure 12a had a top altitude of about 500 m while Figure 12b had a top height of 1000 m. 

MERRA2 (Figure 12c) shows a smoke plume that had a spread further than 9.25 and 6.5°W but 

the smoke plume got thinner with higher altitude. Figure 12c depicts a smoke plume that 

reached about 2100 m. The similarity between the simulations and MERRA2 was that the 

simulations mainly spread in the same way to the west and east. However, MERRA2 spread 

further in both east and west directions and reached higher altitudes than the simulations (Figure 

12).       

 

 
Figure 12. The vertical image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 20th 
June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal calculations), b is the 
image from simulation number 80 (largest SSIM index of the vertical calculations for the latitude 41°N) and c 
is the MERRA2 image. The image is of the 41°N latitude. Altitude (m) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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Figure 13 depicts the CO concentration on the 21st of June at 12.00 for simulation 

number 77 (Figure 13a) with an emission source height of 100- 300 m, simulation number 80 

(Figure 13b) with an emission source height 0- 1500 m and MERRA2 (Figure 13c). Figure 13a 

is the simulation with the largest SSIM index for the horizontal calculations and Figure 13b is 

the simulation with the highest SSIM index for the vertical calculations for latitude 40°N. Figure 

13a shows a smoke plume that spread to about 2700 m and the horizontal spread of the smoke 

plume was to about 8.9°W to the west and about 6.9°W to the east. Figure 13b depict a smoke 

plume that had a thinner horizontal spread than Figure 13a and the smoke plume spread to about 

the same altitude as Figure 13a. Figure 13c shows a smoke plume that had spread further than 

the image depicts horizontally with a maximum altitude of about 2500 m. Figure 13a, b and c 

has about the same shape for the high concentrations in MERRA2, however the lower 

concentrations of Figure 13c had a much larger spread in the horizontal plane (Figure 13).   

 

 
Figure 13. The vertical image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 21st 
June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal calculations), b is the 
image from simulation number 80 (largest SSIM index of the vertical calculations for the latitude 40°N) and c 
is the MERRA2 image. The image is of the 40°N latitude. Altitude (m) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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Figure 14 depicts the CO concentration on the 21th of June at 12.00 for simulation 

number 77 (Figure 14a) with an emission source height of 100- 300 m, simulation number 68 

(Figure 14b) with an emission source height 100- 1200 m and MERRA2 (Figure 14c) at 41°N. 

Figure 14a is the simulation with the largest SSIM index for the horizontal calculations and 

Figure 14b is the simulation with the highest SSIM index for the vertical calculations for latitude 

41°N. The simulations have about the same spread to the west and east (about 7.8 to about 9°W) 

and had about the same top altitude of 2900 m. MERRA2 (Figure 14c) shows a smoke plume 

that had a spread further than 9.25 and 6.5°W. Figure 14c depicts a smoke plume that reached 

about 3000 m. MERRA2 spread further in both east and west directions and the main smoke 

plume did was not similar to the simulations but the maximum altitude was about the same as 

the simulations (Figure 14).       

 

 
Figure 14. The vertical image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 21st 
June at 12.00. a) is from simulation number 77 (largest SSIM index for the horizontal calculations), b is the 
image from simulation number 80 (largest SSIM index of the vertical calculations for the latitude 41°N) and c 
is the MERRA2 image. The image is of the 41°N latitude. Altitude (m) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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5. Discussion 
5.1 Results 
 

Figure 4 and Figure 8 depict that the emission source height had a large impact on the similarity 

(SSIM index) between the simulation image and MERRA2 and that the SSIM index increases 

(better similarity) until a maximum and then decreases (worse similarity) fast. Figure E1- Figure 

E3 depict the difference of the horizontal image of the largest and smallest SSIM index and 

depicts how much the emission source height can affect the image of the simulation. Emission 

source height 0- 10 m had a very small spread of the smoke plume compared both to the 

emission source height 100-300 and MERRA2. However, the smallest SSIM index was 

calculated for an extreme condition but even when the largest SSIM index is compared to 

another simulation, for example with 0- 1500 m, there is still quite big differences in the images.     

Emission height 100- 300 m had an SSIM index of 0.1474 for the horizontal calculations 

and 0.0149 and 0.0022 for the vertical calculations of 40°N and 41°N respectively. The 

simulation that had the largest SSIM index for the vertical calculations for the latitude 40°N 

was the simulation with the emission source height of 0- 1500 m. It had an SSIM index of 

0.1198 for the horizontal calculations and 0.0165 and 0.0238 for the vertical calculations 40°N 

and 41°N, respectively. The images for these two simulations in the horizontal plane were 

similar but the emission source height 100-300 usually got a lager spread of the smoke plume 

while the images in the vertical plane most of the time were similar (Figure 5- Figure 13). The 

simulation that had the largest SSIM index for the vertical calculations for the latitude 41°N 

was the simulation with emission source height of 100- 1200 m. It had an SSIM index of 0.1268 

for the horizontal calculations and 0.0140 and 0.0258 for the vertical calculations 40°N and 

41°N, respectively. This indicates that depending on which plane and latitude that is observed 

a different emission source height will be optimal. Both the horizontal and vertical images for 

40°N had the lowest SSIM index for 0- 10 m emission source height, that was expected since it 

had the most extreme condition. The lowest SSIM index for the vertical calculations at 41°N 

was found for 100- 700 emission source height. The average from the three different 

calculations (the horizontal and the two vertical) gave that the overall best simulation was the 

one with an emission source height of 100- 1200 m with SSIM index 0.0555 and the worst 

simulation was for the emission height 0- 10 m with SSIM index 0.0236 (Table D1-D3). The 

SSIM index couldn’t probably get larger due to differences between MERRA2 and 



 

 

36 

 

FLEXPART, different schemes that are used in FLEXPART that may not favorable in the 

weather conditions during this event and settings in FLEXPART.  

 

5.2 Sources of errors 
 

The weather situation, for example the beginning of the fire where incandescent projections 

rained down may not have been well simulated. This situation was probably not well simulated 

since FLEXPART have been given a constant area for the emissions and the great advanced of 

the fire was not seen in the simulations. The constant area was also a source of error because in 

reality a fire is small in the beginning and increases in size with time and a wildfire will also 

not have a squared area but will have more have a horseshoe like shaped area as depicted in 

Figure 1b. However, there was a lack of information on how the area of the wildfire changed 

and the coordinates of what was burned and therefore a constant area was used. The ECWMF 

may also have not been able to capture the local weather phenomena that is caused by the fire 

and therefor FLEXPART may need in data with even better resolution. 

The best SSIM index for the horizontal plane was calculated with an emission source 

bottom height of 100 m, however the vegetation was at most 55 m high. This means that the 

emission source at most had a bottom height of 55 m and it was probably even lower than that. 

As described plume rise behaves differently depending on the local weather conditions of the 

location and atmospheric circulations caused by the fires. The plume rise in models are 

calculated by different schemes the FLEXPART scheme may not have been able to calculate 

the plume rise properly. This may be to weather conditions (both local and fire induced) or the 

unusual speed of the wildfire. The top height of the simulation was 300 m which was rather 

low, which can be seen in Figure 11- Figure 13 where the image for simulation 77 is not similar 

to the MERRA2 image.  

There was also a difference in the resolution between FLEXPART and MERRA2, 0.2 

E-W° x0.2 N- S° and 0.5 E- W° x 0.625 N- S° respectively, and a difference in the physical 

properties of FLEXPART and the in data. MERRA2 had the worst resolution in both directions 

and may therefore have lager areas of CO simply due to lager grid cells. The MERRA2 product 

inst3_3d_chm_Nv: 3d,3-Hourly may also have a certain error due to different processes, for 

example the fire fueled thunderstorms clouds that were formed. It can also be that FLEXPART 

had a better resolution and got affected by local processes for example mountains when it in 

reality was fire induced circulations that mostly affected the plume. For the vertical resolution 
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MERRA2 was better with more vertical layers but the worse horizontal resolution seemed to be 

the one that limited the similarity. The different vertical layers and different horizontal 

resolution can be one the reason for the low SSIM index for the vertical images. There are also 

errors in the MERRA2 data due to the calculations done to get the CO concentrations and the 

error of the instruments that are used to measure. 

 

5.3 Future studies 
 

To improve the study of how emission heights affects smoke plumes there may be important to 

use observations from more wildfires to compare with simulations. This may be used to see if 

SSIM index (or other calculations of similarity) behaves in similar ways for multiple wildfires. 

An improvement could also be a better resolution of the observations. Inverse modeling could 

also be used to improve the quality of the study.  
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6. Conclusion 
 

• The SSIM index for both horizontal and vertical images increased (better similarity 

between simulations and observations) about linearly for constant bottom emission 

height and a decreasing top emission source height until a maximum was found, after 

the maximum value the SSIM index decreased (worse similarity) fast. When a constant 

top height and an increasing altitude of the bottom height was used SSIM index 

decreased (worse similarity) about linearly, with a few outliers. The increase in 

similarity was due to emission source heights that made the plume spread similar to 

MERRA2. 

• The horizontal images gave a decent SSIM index while the vertical images gave low 

SSIM index for all simulations. The best simulation with horizontal images was found 

for emission source height of 100- 300 m, for vertical images at 40°N was found for an 

emission source height of 0- 1500 m and for vertical images at 41°N was found for an 

emission source height of 100- 1200 m. The best simulation for the horizontal image 

had most similar extent of the smoke plume but the emission source height of 100- 300 

m did not seem likely. The best simulations for the vertical images had more realistic 

emission source heights but the extent of the smoke plume was a bit worse.  

• The overall best simulation was the one with emission source height 100- 1200 m 

(average of the three similarity calculations) and the worst was the one with emission 

source height 0- 10 m (average of the three similarity calculations). This made sense, 

100- 1200 m emission source height is a reasonable height as the best simulation due to 

vegetation and weather situation. The simulation 0- 10 m emission source height was 

expected to be one of the worst because it was only the surface layer and it was already 

known that the vegetation that was burning was higher than 10 m.    
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Appendix 
A. Tables of horizontal SSIM index 
 
Table A1. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red 
m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM 

0-5000 

(1) 

0.0894 0-4000 

(11) 

0.0947 0-3000 

(21) 

0.0757 0-1900 

(31) 

0.1043 0-800  

(41) 

0.1239 

0-4900 

(2) 

0.0897 0-3900 

(12) 

0.0957 0-2800 

(22) 

0.0797 0-1800 

(32) 

0.1074 0-700  

(42) 

0.1255 

0-4800 

(3) 

0.0903 0-3800 

(13) 

0.0965 0-2700 

(23) 

0.0821 0-1700 

(33) 

0.1117 0-600  

(43) 

0.0986 

0-4700 

(4) 

0.0906 0-3700 

(14) 

0.0754 0-2600 

(24) 

0.0840 0-1600 

(34) 

0.1158 0-500  

(44) 

0.0999 

0-4600 

(5) 

0.0907 0-3600 

(15) 

0.0764 0-2500 

(25) 

0.0865 0-1500 

(35) 

0.1198 0-400  

(45) 

0.0998 

0-4500 

(6) 

0.0920 0-3500 

(16) 

0.0777 0-2400 

(26) 

0.0891 0-1400 

(36) 

0.1236 0-300  

(46) 

0.1015 

0-4400 

(7) 

0.0921 0-3400 

(17) 

0.0786 0-2300 

(27) 

0.0914 0-1300 

(37) 

0.1282 0-200  

(47) 

0.1068 

0-4300 

(8) 

0.0929 0-3300 

(18) 

0.0709 0-2200 

(28) 

0.0949 0-1200 

(38) 

0.1330 0-100  

(48) 

0.1082 

0-4200 

(9) 

0.0933 0-3200 

(19) 

0.0724 0-2100 

(29) 

0.0981 0-1100 

(39) 

0.1378 0-10  

(49) 

0.0656 

0-4100 

(10) 

0.0943 0-3100 

(20) 

0.0741 0-2000 

(30) 

0.1009 0-900  

(40) 

0.1454   
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Table A2. The SSIM values for all the simulations with mode two (starts with 100-3000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 50 m). The largest SSIM value and 
the height interval is highlighted with green and the worst is highlighted with red 
m (nr) SSIM m (nr) SSIM m (nr) SSIM 

100-3000 

(50) 

0.0799 100-2000 

(60) 

0.0939 100-1000 

(70) 

0.1364 

100-2900 

(51) 

0.0807 100-1900 

(61) 

0.0971 100-900 

(71) 

0.1398 

100-2800 

(52) 

0.0735 100-1800 

(62) 

0.1006 100-800 

(72) 

0.1432 

100-2700 

(53) 

0.0753 100-1700 

(63) 

0.1045 100-700 

(73) 

0.1449 

100-2600 

(54) 

0.0777 100-1600 

(64) 

0.1084 100-600 

(74) 

0.1470 

100-2500 

(55) 

0.0802 100-1500 

(65) 

0.1126 100-500 

(75) 

0.1470 

100-2400 

(56) 

0.0821 100-1400 

(66) 

0.1164 100-400 

(76) 

0.1464 

100-2300 

(57) 

0.0851 100-1300 

(67) 

0.1215 100-300 

(77) 

0.1474 

100-2200 

(58) 

0.0875 100-1200 

(68) 

0.1268 100-200 

(78) 

0.0994 

100-2100 

(59) 

0.0905 100-1100 

(69) 

0.1312 100-150 

(79) 

0.0985 
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Table A3. The SSIM values for all the simulations with mode two (starts with 0-1500 m and the bottom height 
increased with 100 m every simulation). The largest SSIM value and the height interval is highlighted with green 
and the worst is highlighted with red 
m (nr) SSIM m (nr) SSIM 

0-1500 

(80) 

0.1198 800-1500 

(88) 

0.0827 

100-1500 

(81) 

0.1126 900-1500 

(89) 

0.0776 

200-1500 

(82) 

0.1074 1000-1500 

(90) 

0.0716 

300-1500 

(83) 

0.1035 1100-1500 

(91) 

0.0685 

400-1500 

(84) 

0.0984 1200-1500 

(92) 

0.0664 

500-1500 

(85) 

0.0932 1300-1500 

(93) 

0.0885 

600-1500 

(86) 

0.0865 1400-1500 

(94) 

0.0876 

700-1500 

(87) 

0.0804   
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B. Tables of vertical SSIM index at 40°N 
 
Table B1. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red. A negative SSIM index means that the local image 
structure is inverted (Brooks et al., 2008) 
m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM 

0-5000 

(1) 

0.0042 0-4000 

(11) 

0.0042 0-3000 

(21) 

0.0049 0-1900 

(31) 

0.0117 0-800  

(41) 

0.0139 

0-4900 

(2) 

0.0042 0-3900 

(12) 

0.0044 0-2800 

(22) 

0.0076 0-1800 

(32) 

0.0149 0-700  

(42) 

0.0151 

0-4800 

(3) 

0.0045 0-3800 

(13) 

0.0037 0-2700 

(23) 

0.0077 0-1700 

(33) 

0.0132 0-600  

(43) 

0.0127 

0-4700 

(4) 

0.0047 0-3700 

(14) 

0.0036 0-2600 

(24) 

0.0086 0-1600 

(34) 

0.0159 0-500  

(44) 

0.0128 

0-4600 

(5) 

0.0047 0-3600 

(15) 

0.0038 0-2500 

(25) 

0.0092 0-1500 

(35) 

0.0165 0-400  

(45) 

0.0136 

0-4500 

(6) 

0.0049 0-3500 

(16) 

0.0039 0-2400 

(26) 

0.0089 0-1400 

(36) 

0.0136 0-300  

(46) 

0.0139 

0-4400 

(7) 

0.0038 0-3400 

(17) 

0.0042 0-2300 

(27) 

0.0099 0-1300 

(37) 

0.0131 0-200  

(47) 

0.0121 

0-4300 

(8) 

0.0037 0-3300 

(18) 

0.0043 0-2200 

(28) 

0.0102 0-1200 

(38) 

0.0141 0-100  

(48) 

0.0115 

0-4200 

(9) 

0.0041 0-3200 

(19) 

0.0043 0-2100 

(29) 

0.0104 0-1100 

(39) 

0.0145 0-10  

(49) 

9.8∙10-5 

0-4100 

(10) 

0.0040 0-3100 

(20) 

0.0047 0-2000 

(30) 

0.0109 0-900  

(40) 

0.0141   
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Table B2. The SSIM values for all the simulations with mode two (starts with 100-3000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 50 m) with zoomed in simulation 
image. The largest SSIM value and the height interval is highlighted with green and the worst is highlighted with 
red 
m (nr) SSIM m (nr) SSIM m (nr) SSIM 

100-3000 

(50) 

0.0049 100-2000 

(60) 

0.0135 100-1000 

(70) 

0.0144 

100-2900 

(51) 

0.0050 100-1900 

(61) 

0.0148 100-900 

(71) 

0.0143 

100-2800 

(52) 

0.0051 100-1800 

(62) 

0.0153 100-800 

(72) 

0.0142 

100-2700 

(53) 

0.0076 100-1700 

(63) 

0.0158 100-700 

(73) 

0.0147 

100-2600 

(54) 

0.0098 100-1600 

(64) 

0.0160 100-600 

(74) 

0.0153 

100-2500 

(55) 

0.0104 100-1500 

(65) 

0.0130 100-500 

(75) 

0.0133 

100-2400 

(56) 

0.0107 100-1400 

(66) 

0.0123 100-400 

(76) 

0.0137 

100-2300 

(57) 

0.0116 100-1300 

(67) 

0.0107 100-300 

(77) 

0.0149 

100-2200 

(58) 

0.0119 100-1200 

(68) 

0.0140 100-200 

(78) 

0.0129 

100-2100 

(59) 

0.0129 100-1100 

(69) 

0.0145 100-150 

(79) 

0.0124 
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Table B3. The SSIM values for all the simulations with mode two (starts with 0-1500 m and the bottom height 
increased with 100 m every simulation) with zoomed in simulation image. The largest SSIM value and the height 
interval is highlighted with green and the worst is highlighted with red 
m (nr) SSIM m (nr) SSIM 

0-1500 

(80) 

0.0165 800-1500 

(88) 

0.0046 

100-1500 

(81) 

0.0130 900-1500 

(89) 

0.0045 

200-1500 

(82) 

0.0104 1000-1500 

(90) 

0.0053 

300-1500 

(83) 

0.0154 1100-1500 

(91) 

0.0040 

400-1500 

(84) 

0.0103 1200-1500 

(92) 

0.0034 

500-1500 

(85) 

0.0096 1300-1500 

(93) 

0.0034 

600-1500 

(86) 

0.0089 1400-1500 

(94) 

0.0032 

700-1500 

(87) 

0.0052   
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C. Tables of vertical SSIM index at 41°N 
 
Table C1. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red. A negative SSIM index means that the local image 
structure is inverted (Brooks et al., 2008)  
m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM m 

(nr) 

SSIM 

0-5000 

(1) 

0.0057 0-4000 

(11) 

0.0096 0-3000 

(21) 

0.0123 0-1900 

(31) 

0.0207 0-800  

(41) 

0.0017 

0-4900 

(2) 

0.0067 0-3900 

(12) 

0.0096 0-2800 

(22) 

0.0143 0-1800 

(32) 

0.0205 0-700  

(42) 

0.0013 

0-4800 

(3) 

0.0069 0-3800 

(13) 

0.0098 0-2700 

(23) 

0.0135 0-1700 

(33) 

0.0225 0-600  

(43) 

0.0013 

0-4700 

(4) 

0.0069 0-3700 

(14) 

0.0105 0-2600 

(24) 

0.0143 0-1600 

(34) 

0.0217 0-500  

(44) 

0.0018 

0-4600 

(5) 

0.0070 0-3600 

(15) 

0.0109 0-2500 

(25) 

0.0154 0-1500 

(35) 

0.0238 0-400  

(45) 

0.0019 

0-4500 

(6) 

0.0078 0-3500 

(16) 

0.0107 0-2400 

(26) 

0.0170 0-1400 

(36) 

0.0231 0-300  

(46) 

0.0015 

0-4400 

(7) 

0.0075 0-3400 

(17) 

0.0116 0-2300 

(27) 

0.0171 0-1300 

(37) 

0.0249 0-200  

(47) 

0.0017 

0-4300 

(8) 

0.0082 0-3300 

(18) 

0.0104 0-2200 

(28) 

0.0178 0-1200 

(38) 

0.0098 0-100  

(48) 

0.0057 

0-4200 

(9) 

0.0078 0-3200 

(19) 

0.0119 0-2100 

(29) 

0.0190 0-1100 

(39) 

0.0108 0-10  

(49) 

0.0052 

0-4100 

(10) 

0.0094 0-3100 

(20) 

0.0129 0-2000 

(30) 

0.0192 0-900  

(40) 

0.0016   
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Table C2. The SSIM values for all the simulations with mode two (starts with 100-3000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 50 m) with zoomed in simulation 
image. The largest SSIM value and the height interval is highlighted with green and the worst is highlighted with 
red 
m (nr) SSIM m (nr) SSIM m (nr) SSIM 

100-3000 

(50) 

0.0116 100-2000 

(60) 

0.0190 100-1000 

(70) 

0.0014 

100-2900 

(51) 

0.0113 100-1900 

(61) 

0.0198 100-900 

(71) 

0.0016 

100-2800 

(52) 

0.0121 100-1800 

(62) 

0.0188 100-800 

(72) 

0.0013 

100-2700 

(53) 

0.0128 100-1700 

(63) 

0.0201 100-700 

(73) 

6.3∙10-4  

100-2600 

(54) 

0.0138 100-1600 

(64) 

0.0207 100-600 

(74) 

0.0015 

100-2500 

(55) 

0.0154 100-1500 

(65) 

0.0219 100-500 

(75) 

0.0015 

100-2400 

(56) 

0.0150 100-1400 

(66) 

0.0233 100-400 

(76) 

0.0022 

100-2300 

(57) 

0.0175 100-1300 

(67) 

0.0248 100-300 

(77) 

0.0022 

100-2200 

(58) 

0.0170 100-1200 

(68) 

0.0258 100-200 

(78) 

0.0019 

100-2100 

(59) 

0.0182 100-1100 

(69) 

0.0121 100-150 

(79) 

0.0133 
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Table C3. The SSIM values for all the simulations with mode two (starts with 0-1500 m and the bottom height 
increased with 100 m every simulation) with zoomed in simulation image. The largest SSIM value and the height 
interval is highlighted with green and the worst is highlighted with red  
m (nr) SSIM m (nr) SSIM 

0-1500 

(80) 

0.0238 800-1500 

(88) 

0.0078 

100-1500 

(81) 

0.0219 900-1500 

(89) 

0.0069 

200-1500 

(82) 

0.0203 1000-1500 

(90) 

0.0065 

300-1500 

(83) 

0.0199 1100-1500 

(91) 

0.0057 

400-1500 

(84) 

0.0164 1200-1500 

(92) 

0.0057 

500-1500 

(85) 

0.0143 1300-1500 

(93) 

0.0055 

600-1500 

(86) 

0.0112 1400-1500 

(94) 

0.0150 

700-1500 

(87) 

0.0102   
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D. The average SSIM index from the three different calculations 
 
Table D1. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red. 
m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM m (nr) SSIM 

0-5000 

(1) 

0.0331 0-4000 

(11) 

0.0362 0-3000 

(21) 

0.0310 0-1900 

(31) 

0.0456 0-800  

(41) 

0.0465 

0-4900 

(2) 

0.0335 0-3900 

(12) 

0.0366 0-2800 

(22) 

0.0339 0-1800 

(32) 

0.0476 0-700  

(42) 

0.0473 

0-4800 

(3) 

0.0339 0-3800 

(13) 

0.0367 0-2700 

(23) 

0.0344 0-1700 

(33) 

0.0491 0-600  

(43) 

0.0375 

0-4700 

(4) 

0.0341 0-3700 

(14) 

0.0230 0-2600 

(24) 

0.0356 0-1600 

(34) 

0.0511 0-500  

(44) 

0.0382 

0-4600 

(5) 

0.0341 0-3600 

(15) 

0.0304 0-2500 

(25) 

0.0370 0-1500 

(35) 

0.0534 0-400  

(45) 

0.0384 

0-4500 

(6) 

0.0349 0-3500 

(16) 

0.0308 0-2400 

(26) 

0.0383 0-1400 

(36) 

0.0534 0-300  

(46) 

0.0390 

0-4400 

(7) 

0.0345 0-3400 

(17) 

0.0315 0-2300 

(27) 

0.0395 0-1300 

(37) 

0.0554 0-200  

(47) 

0.0402 

0-4300 

(8) 

0.0349 0-3300 

(18) 

0.0285 0-2200 

(28) 

0.0410 0-1200 

(38) 

0.0523 0-100  

(48) 

0.0418 

0-4200 

(9) 

0.0351 0-3200 

(19) 

0.0295 0-2100 

(29) 

0.0425 0-1100 

(39) 

0.0544 0-10  

(49) 

0.0236 

0-4100 

(10) 

0.0359 0-3100 

(20) 

0.0306 0-2000 

(30) 

0.0437 0-900  

(40) 

0.0537   
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Table D2. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red. 
m (nr) SSIM m (nr) SSIM m (nr) SSIM 

100-3000 

(50) 

0.0321 100-2000 

(60) 

0.0421 100-1000 

(70) 

0.0507 

100-2900 

(51) 

0.0323 100-1900 

(61) 

0.0439 100-900 

(71) 

0.0519 

100-2800 

(52) 

0.0302 100-1800 

(62) 

0.0449 100-800 

(72) 

0.0529 

100-2700 

(53) 

0.0319 100-1700 

(63) 

0.0468 100-700 

(73) 

0.0534  

100-2600 

(54) 

0.0338 100-1600 

(64) 

0.0484 100-600 

(74) 

0.0546 

100-2500 

(55) 

0.0353 100-1500 

(65) 

0.0492 100-500 

(75) 

0.0539 

100-2400 

(56) 

0.0359 100-1400 

(66) 

0.0507 100-400 

(76) 

0.0541 

100-2300 

(57) 

0.0381 100-1300 

(67) 

0.0523 100-300 

(77) 

0.0548 

100-2200 

(58) 

0.0388 100-1200 

(68) 

0.0555 100-200 

(78) 

0.0381 

100-2100 

(59) 

0.0405 100-1100 

(69) 

0.0526 100-150 

(79) 

0.0414 
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Table D3. The SSIM values for all the simulations with mode one (starts with 0-5000 m and the top height 
decreased with 100 m every simulation except the last where it decreased with 90 m). The heights 0- 2900 m and 
0-1000 m was not used due to errors in the simulations. The largest SSIM value and the height interval is 
highlighted with green and the worst is highlighted with red. 
m (nr) SSIM m (nr) SSIM 

0-1500 

(80) 

0.0534 800-1500 

(88) 

0.0317 

100-1500 

(81) 

0.0492 900-1500 

(89) 

0.0297 

200-1500 

(82) 

0.0460 1000-1500 

(90) 

0.0278 

300-1500 

(83) 

0.0463 1100-1500 

(91) 

0.0261 

400-1500 

(84) 

0.0417 1200-1500 

(92) 

0.0252 

500-1500 

(85) 

0.0390 1300-1500 

(93) 

0.0325 

600-1500 

(86) 

0.0355 1400-1500 

(94) 

0.0353 

700-1500 

(87) 

0.0319   
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E. Images of the best and worst SSIM index for the horizontal calculations 
 

 
Figure E1. The horizontal image of the CO concentrations (ppm) from the wildfire in Pedrógão Grande on the 
18th June at 12.00. A) is from simulation number 49 (lowest SSIM index), b is the image from simulation number 
77 (largest SSIM index) and c is the MERRA2 image. Latitude (°N) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   

 

 

 



 

 

59 

 

 
Figure E2. The horizontal image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 
20th June at 12.00. a) is from simulation number 49 (lowest SSIM index), b is the image from simulation number 
77 (largest SSIM index) and c is the MERRA2 image. Latitude (°N) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   

 

 
Figure E3. The horizontal image of the CO concentrations(ppm) from the wildfire in Pedrógão Grande on the 
21st June at 12.00. a) is from simulation number 49 (lowest SSIM index), b is the image from simulation number 
77 (largest SSIM index) and c is the MERRA2 image. Latitude (°N) is depicted on the y-axis and longitude 
(°W) is depicted on the x-axis   
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F. Table of important files for FLEXPART 
 
Table F1. A list of a few important files that FLEXPART needs to function. The files can be changed to use 
different settings in FLEXPART. The information about the files are from (Stohl et al., 2005) 

 

 

File name Description of file 

Includepar Contains all relevant parameter settings 

(physical constants and field dimensions) 

Includecom Defines all global variables and fields 

Pathnames Contains four lines: Directory where all 

command files are stored, directory where 

output is going to be written, directory where 

GRIB input files are, path name of the 

available file 

AVAILABLE Lists all available dates and the 

corresponding meteorological input files 

COMMAND Set different important setting (for example 

time steps, dates, particle splitting, 

forward/backward run) 

RELEASES Set different setting for the release of the 

emissions (for example date, location, which 

species that is emitted) 

SPECIES A directory with all the different species that 

can be used as emissions  
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