
Introduction

The volcano called Cumbre Vieja has a ridge that runs in 
a north-south direction and covers the southern part of La Palma 
island in the Canary Islands, with its top and sides riddled with 
many craters. The last eruption – lava, ashes, sulfur and carbon 
dioxide – was underway continuously from 19.09.2021 up to 
21.12.2021. Initially, the estimated sulfur dioxide emission 
was around 25 kilotons per day. During the eruption period, the 
average intensity of the eruption decreased from a maximum 
value of 36 to 10 kilotons SO2. The products of the eruption, 
especially SO2, CO2 and volcanic ashes, were constantly 
transported with the air over northern Africa and Europe. The 
aim of the study was to analyze and assess environmental 
consequences of the eruption. By ‘environmental’ one should 
understand the magnitude and extent of the dispersion of 
pollutants. 

Two basic factors influence the quality of the operational 
assessment and analysis of an emission incident. The first is 
reliable quantitative data on emissions, including effective 
emission height, its vertical profile and mass flow of pollutant 
(contamination) released. The second is reliable meteorological 
data that would allow for the description of the atmospheric 
dispersion of pollutants. Considering the amount of emission 
in any case of a release of hazardous substances, obtaining 
quantitative information is usually very difficult and involves 
a significant risk. In this study the best emission data that can be 
obtained come from satellite measurements. Emission data for 
this simulation came from (NASA 2021). Weekly variability of 
emitted SO2 is presented in Table 1.

In turn, the meteorological data necessary for modeling 
the atmospheric dispersion of sulfur compounds come from 
the GFS (Global Forecasting System) model, launched by the 
NCEP-NOAA (National Centers for Environmental Prediction 
– National Oceanic and Atmospheric Administration). During
the research, a time subset of the necessary data and a spatial
sub-region adapted to the domain of the dispersion model
were selected. The possibility of online selection is available
using dedicated server (NOMADS 2021). For the simulation,
120-hour sequences (with the time interval of 1 hour and with
a spatial resolution of 0.25 degree) of meteorological fields
forecasts necessary for the work of dispersion model were
selected and recalculated to the model domain. The dispersion
model equations were formulated in rotated latitude-longitude
geographical coordinates and terrain-following height
coordinate (see Schaettler & Blahak 2013 and Mazur et al.
2014, respectively). The domain of the dispersion model is
shown in Figure 1. Overall, the domain size was 295 × 245
grids of 28 × 28 km.

Methods

Meteorological data
The quality of the dispersion simulation results depends inter 
alia on the reliable meteorological data. These, in turn, can 
be ‘improved’ by applying the lagged-ensemble technique 
(Bouallegue et al. 2013, DelSole et al. 2017). Basically, 
lagged-ensemble is a set of forecasts from the same model 
initiated and launched at different times, but giving forecasts 
for the same period of time. For example, if a time horizon for 
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In the Figure 7 the distribution of deposition due to emission 
from Cumbre Vieja and atmospheric transport of sulfur dioxide 
for all the considered periods is presented. Values of deposition 
are presented as milligrams per square meter in a single model 
grid. As per the above note, the left chart shows the results of 
deterministic approach and the right – the results of lagged-
ensemble approach. 

Another field of study was instantaneous concentration, 
i.e., the mean value in the vertical column from the ground 
surface to the top of the model (Figure 6, chart 2). The 
distribution of instantaneous concentration values (obtained 
for the last day of simulation, i.e., 21.12.2021), expressed in 
micrograms per cubic meter in a single model grid is shown 
in Figure 8. 

Fig. 5. Emission profi le – amount of emission vs. emission height. Y axis 
– no. of model level (1 to 15); X axis – relative (percentage) amount of emission at selected level 

(total emission at all levels equals 100%).

Fig. 6. Schematic representation of variables of consideration. Left to right: total deposition, 
instantaneous concentration, mean concentration, instantaneous surface concentration. 

Further explanations in text.
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The third calculated variable was the average value of 
concentration in the vertical column from the ground surface 
to the top of the model (Figure 6, chart 3) over the entire 
period, i.e., the averaged over the time the above-mentioned 
instantaneous concentration. The results obtained in the 
simulation are presented in Figure 9.

Finally, the instantaneous value of concentration at the 
model level closest to the Earth’s surface (Figure 6, chart 4), 
i.e., time-mean surface concentration is shown in Figure 10. 

From results presented in Figures 7 and 9 it can be 
concluded that the main direction of sulfur dioxide dispersion 
was west-northwest (yellow and red colors in the deposition 
and average concentration distributions presented in these 
figures). This is an outcome of the fact that at least in the first 
period – from about a month to five weeks from the beginning 
of the eruption – it was the main path of winds controlling 
the dispersion (advection) of pollution. Subsequently, from the 

beginning of November, the wind changed so much that the 
flow from the west to the east-northeast started to dominate. 
Then, clouds of sulfur compounds much more often reached 
central Europe, changing the distribution of instantaneous 
concentration values and surface concentration, as shown in 
Figures 8 and 10, comparing to the average values (Figures 
7 and 9). This conclusion can be confirmed using the results 
presented in Figures 3 and 4. The spatial distribution of the 
probability of impact by the pollution cloud was shifted – in 
accordance with the above argumentation – to the west and 
north-west direction. In turn, the distribution of estimated 
time of arrival (ETA) to points in the domain was displaced 
to east and north-east. It was mainly due to the predominant 
dispersion directions in the second half of the eruption period 
and stronger winds during that time.

It should be kept in mind that assuming the average 
emission of 15 kilotons of SO2 per day, the calculated deposition 

Fig. 7. Distribution of total deposition [mg/m2] due to emission from Cumbre Vieja and atmospheric transport 
of sulfur compounds (expressed as SO2) in the period 19.02.2021–21.12.2021. Left – results of deterministic approach. 

Right – results of lagged-ensemble approach.

Fig. 8. Distribution of mean instantaneous values of concentration [μg/m3] due to emission from Cumbre Vieja 
and atmospheric transport of sulfur compounds (expressed as SO2) as calculated for 21.12.2021. 

Left – results of deterministic approach. Right – results of lagged-ensemble approach.
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outside Poland was approximately around 40 mg/m2. The 
SO2 from the volcano gave an additional contribution of (on 
average) 1 mg/m2 over 90 days, which is 4 mg/m2 per year. 
This corresponds to about 2.5% of the real eruption time, or 
10% per year.

It is difficult to talk about a quantitative verification of the 
results because no direct field measurements (of deposition) 
were made, and the only current source of information 
about the actual concentration values were satellite images. 
Nevertheless, the results achieved with the deterministic 
and lagged-ensemble approach are similar. The application 
of the lagged-ensemble approach causes the ‘smoothing’ of 
spatial distributions – compared to the results achieved in the 
deterministic approach, the distributions are visually flattened. 

The lagged-ensemble approach uses the latest and most 
up-to-date information and inputs in the calculations. It should 
therefore be expected that the results obtained in this way will 
be more consistent with reality. So it seems logical to use this 
approach if it is possible.
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Trzy miesiące “Cumbre Vieja” – analiza skutków erupcji wulkanu

Streszczenie: W pracy opisano metodykę i wyniki oceny skutków erupcji wulkanu Cumbre Vieja na Wyspach 
Kanaryjskich. Wstępną analizę dyspersji emitowanych zanieczyszczeń przeprowadzono z wykorzystaniem mo-
delu trajektorii Lagrange’a. Do oszacowania długoterminowych skutków erupcji pod względem osadzania i kon-
centracji produktów erupcji wykorzystano eulerowski model dyspersji powietrza. W modelu wykorzystano dane 
z modelu meteorologicznego Global Forecasting System uruchomianego w ośrodku NCEP-NOAA. Zbadano śred-
nie stężenie i depozycję związków siarki oraz prawdopodobieństwo i czas dotarcia chmury zanieczyszczeń do 
wszystkich stolic europejskich. W ciągu 90 dni chmura zanieczyszczeń (dwutlenek siarki popioły wulkaniczne) 
rozprzestrzeniła się na półkuli północnej. Zanieczyszczenia dotarły do Afryki, Morza Północnego i Europy. Przy 
średniej emisji 15 000 ton dwutlenku siarki na dobę maksymalna wyliczona depozycja na powierzchni Ziemi 
osiągnęła 0,8 g na metr kwadratowy, a ogólna depozycja 35 kiloton w obszarze domeny.


