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Abstract

Airborne hazards either in gaseous form or particulate matter can originate from a 

variety of sources. The most common natural airborne hazards are ash and SO2 released during 

volcanic eruptions, smoke emitted caused by wildfires and dust storms. Once released into the 

atmosphere they can have a significant impact on different parts of the environment e.g. air 

quality, soil and water, as well as air traffic and ground transportation networks. This latter field 

is an important aspect of everyday life that is affected during hazardous events.

Aviation is one of the most critical ways of transport in this century. Even short 

interruptions in flight schedules can lead to major economic damages. Volcanic eruptions 

comprise one of the most important airborne hazards to aviation. These are considered rare as 

compared to severe weather, but with an extremely high impact. This dissertation focusses on 

dispersion modeling tools and how they can support emergency response during different 

phases of volcanic eruption events.

The impact of the volcanic ash cloud on the prediction of meteorological parameters 

and furthermore the dispersion of the ash is demonstrated by applying the Weather Research 

Forecasting (WRF) model with on-line integrated chemical transport (WRF-Chem) to simulate 

the 2010 Eyjafjallajökull eruption in Iceland. Comprehensive observational data sets have been 

collected to evaluate the model and to show the added value of integrating direct-feedback 

processes into the simulations. The case of the Eyjafjallajokull eruption showed the necessity to 

further develop the volcanic emission preprocessor of WRF-Chem which has been extended for 

flexible and complex ash and SO2 source terms. Furthermore, the thesis describes how 

scientists could support operational centers to mitigate hazards during a large volcanic eruption 

event. The author of the dissertation coordinated a large exercise including experts across all 

Europe within a project funded by the European Union. The exercise aimed to develop and test 

new tools, models, and data to support real-time decision making in aviation flight planning 

during a volcanic crisis event. New state-of-the-art modeling applications were integrated into 
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a flight planning software during a fictitious eruption of the Etna volcano in Italy with 

contributions from scientists, the military and the aviation community.
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Chapter 1 - Introduction

1.1 Airborne hazards and their impact on the environment and aviation

Gaseous or particulate airborne hazards have an impact on our environment in different 

ways. The most common sources are ash and sulfur dioxide (SO2) released during volcanic 

eruptions, smoke emitted from wildfires, dust storms or releases caused by anthropogenic 

sources (e.g. explosions). They lead to reduced air quality or contaminated soil and water once 

they reach surface levels. Furthermore, the economy can also be impacted as increased aerosol 

concentrations in the atmosphere decrease solar energy production (Breitkreuz et al., 2007; 

Calinoiu, 2013) and especially the aviation domain can be affected through rerouting and 

cancellations of flights.

While sand storms or wildfires can lead to the closure of airports because of reduced 

visibility during takeoff and landing phases (e.g. Lacagnina, 2008; Papagiannopoulos et al., 

2020; Osborne et al., 2019), volcanic eruption plumes also reach higher atmospheric levels e.g. 

at cruising altitudes in the upper troposphere. Volcanic eruptions comprise an important 

airborne hazard for aviation as volcanic ash clouds can provoke a wide variety of damage to 

aircraft: from wind-shield abrasions, to instrument damage, to engine flame-out and thus, 

consequent in-flight loss of engine power (Bolic and Sivcev, 2011; Casadevall, 1994; Guffanti et 

al. 2009, Albersheim and Guffanti, 2009).

Several eruptions with a significant impact on aviation (e.g. Bolic and Sivcev 2011, 

Guffanti et al. 2010a, Albersheim and Guffanti, 2009) occurred during the last few decades with 

more than 100 aircraft that have been damaged from these encounters. The first recorded 

aircraft incident due to volcanic ash occured during the eruption of the Indonesian volcano 

Galunggung in 1982. During the event a British airways jet lost engine power and dropped over 

4000 m before restoring power and finally landing safely (Hanstrum and Watson, 1983). A KLM 

Boeing 747 was powerless for more than 4 minutes as the plane flew into a dense ash- 
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contaminated airspace during the eruption of Redoubt volcano December 1989 in the vicinity 

of Anchorage, Alaska (Przedpelski, 1994). In both occasions, the direct impact of volcanic ash 

caused the jet engines to flame-out. The incidents occurred due to at the time missing warning 

procedures and failure to detect the volcanic hazard. Operational measures for rerouting and 

cancellations of flight operations due to eruptive activity barely existed a few decades ago. 

During July and August of 2008, the Kasatochi volcano in Alaska's Aleutian Islands chain, 

erupted, causing widespread impacts to aviation operations as the volcanic ash and gas ejected 

into the stratosphere while dispersing into major North American jet airways (Guffanti et al., 

2010b). Additionally, the Eyjafjallajökull 2010 crisis (e.g. Stohl et al, 2010, Bolic and Sivcev 2011, 

Gudmundsson et al., 2012) highlighted our society's demand for unaffected mobility, as well as 

aviation's vulnerability to natural hazards. About seven million passengers were left stranded 

across Europe (Alexander, 2013). The aviation shutdown had an effect on trade, business, and 

general production (IATA, 2010). The response to the crisis was widely considered a policy 

fiasco (Budd et al., 2011), in need of critical improvement of hazard mitigation measures in the 

event of another eruption.

1.2 The volcanic risk mitigation system for aviation

There are many contributors to the overall volcanic risk mitigation system such as, Air 

Navigation Service Providers including Aeronautical Information Services and Air Traffic Flow 

Management (AFTM) units, Meteorological Service providers including Meteorological Watch 

Offices (MWOs), Volcano Observatories, aircraft developers and scientific researchers. Their 

cooperation in supplying States, Operators and Civil Aviation Authorities (CAAs) with the 

information necessary to support the pre-flight process and the in-flight and post-flight 

decision-making process is essential to continuing safe operations. Acting on the highest level 

and most important is the International Civil Aviation Organization (ICAO), an UN specialized 

agency, established in 1944 to manage the administration and governance of the Convention 

on International Civil Aviation. ICAO works with the Convention's 192 Member States and 

industry groups to reach consensus on international civil aviation Standards and Recommended
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Practices (SARPs) and policies in support of a safe, efficient, secure, economically sustainable 

and environmentally responsible civil aviation sector. These SARPs and policies are used by 

ICAO Member States to ensure that their local civil aviation operations and regulations conform 

to global norms, which in turn permits more than 100,000 daily flights in aviation's global 

network to operate safely and reliably in every region of the world.

1.3 Dispersion models support emergency response

Dispersion model applications for volcanic emissions have been developed in the past 

due to the increasing need of accurate real-time forecasts of ash and SO2. They are included 

into emergency response procedures during volcanic crisis situations and range from local 

services e.g. for certain airports to national and global applications to support legislations and 

guidelines. In 1991, the aviation community set up Volcanic Ash Advisory Centers (VAACs) as a 

liaison between meteorologists, volcanologists, and the aviation industry. VAACs use 

operational Volcanic Ash Transport and Dispersion models (e.g . Witham et al., 2012) in order 

to provide public aviation hazard notices, and different agencies have chosen different types of 

models to use for their prediction systems.

There are several models capable of forecasting volcanic ash, each with advantages and 

disadvantages. For example, Lagrangian particle dispersion models are computationally cheap 

and provide quick output when immediate information is needed about the fate of a volcanic 

cloud. Some examples are FLEXPART (Pisso et al., 2019), HYSPLIT (Draxler and Rolph, 2010), 

PUFF (Malkovsky at al., 2017) and VOL-CALPUFF (Barsotti et al., 2008). These models can also 

be used to constrain the initial conditions of an eruptive plume (Kristiansen et al., 2010). Other 

models follow an Eulerian approach and are more complex and computationally more 

demanding e.g. FALL3D (Folch et al., 2009), MOCAGE (Sic et al. 2018) and NAME (Turner et al., 

2014). On the other hand, they might be able to simulate feedback processes between 

meteorology and aerosol. In the frame of this dissertation the Weather Research and 

Forecasting (WRF) model with inline Chemistry (WRF-Chem) model has been used and adapted 
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to model volcanic ash and integrate different types of input data. WRF-Chem is a fully 

compressible, non-hydrostatic, deterministic model that includes microphysics and chemistry 

packages that are calculated in step with the atmospheric dynamics (Grell et al., 2005). Since 

these calculations are included in line, there is no interpolation required, unlike other offline 

models. It has been used in numerous studies to research and forecast volcanic ash and SO2 

transport (Egan et al., 2020; Hirtl et al., 2019; Stuefer et al., 2012; Webley et al., 2012).

1.4 Composition of the dissertation

The research performed in this dissertation shows recent developments of the WRF- 

Chem model and its capabilities to forecast volcanic ash and SO2 clouds. The model 

performance is evaluated using extensive sets of different independent observational data that 

became available after the Icelandic eruptive events of Eyjafjallajokull volcano April and May 

2010 and Grimsvotn volcano May 2011. WRF-Chem was one of the selected dispersion models 

that have been applied in the frame of a natural hazard exercise with the goal to show the 

benefit of complex modeling applications and their integration into emergency response 

systems. The following chapters are comprised of three peer-reviewed manuscripts that 

approach the following topics:

1. It is investigated if the complexity of the integrated processes in the numerical WRF-Chem 

model has a relevant impact on the model performance. Operational centers use less 

complex model setups to simulate the dispersion of volcanic emissions due to the reduced 

computational costs as forecast have to be available very fast and in near real time. With the 

rapid increase in computing power, integrated modelling systems become more and more 

popular (Grell and Baklanov, 2011; Baklanov et al., 2014). Online coupled chemical transport 

models like WRF-Chem account for the inclusion of two-way interactions of physical and 

chemical atmospheric processes. These interaction or feedback effects are most pronounced 

for high aerosol concentrations during the extreme events like volcanic eruptions (as well as 

wildfires and dust storms). Chapter 2 summarizes the results obtained for the WRF-Chem 
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simulation of the dispersion of the volcanic ash cloud during the Eyjafjallajokull eruption in 

2010. The impact of the ash cloud on the meteorological pa rameters as the model considers 

direct feedback effects in the simulations is shown. Different observational data (satellite, 

lidar, ground - meteorology and air quality) sets have been collected and used for the 

evaluation of the model simulations. One of the significant conclusions is that integrating 

feedback effects into the simulations does not only change relevant meteorological 

parameters (e.g. wind and vertical temperature structure), but as a consequence also the 

dispersion of the volcanic ash cloud itself, which can have a large impact when forecasts are 

conducted for the upcoming days. The study also demonstrated the restrictions of the 

currently integrated emission preprocessor of WRF-Chem and led to the motivation of the 

developments described in Chapter 3.

2. The input data for the dispersion model during volcanic eruptions, especially the emission 

source, respectively the emitted mass, the size distribution of the ash and the source 

geometry (vertical structure above the vent) directly affect the output and thus forecast 

quality of the numerical model. Different data are available during the consecutive phases of 

an eruption such as observed plume heights, satellite observations (total ash/SO2) or 

emission data obtained from source term emission applications. The emission processing 

component of the WRF-Chem code was extended to use different kinds of source term data 

to build a more flexible modeling system. Chapter 3 describes in detail a new volcanic 

emission preprocessor that allows for the integration of complex volcanic source terms into 

the WRF-Chem model. The new application is applied and evaluated for the eruption of the 

Grimsvotn volcano, Iceland in 2011. This case is especially of interest because of extremely 

varying and complex plume development during the event. The volcanic ash and SO2 plumes 

from the Grimsvotn eruption were emitted to different heights above the volcanic summit 

and transported in different directions as a consequence of strong vertical wind shear. It is 

demonstrated how different input data may affect the dispersion of the different plumes 

such as time series of plume heights, or complex source data obtained from source term 

inversion with satellite data. The used source data may be available during different phases 
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of an eruption, and they can impact the analysis and prediction of the volcanic ash and SO2 

cloud.

3. Chapter 4 demonstrates how model simulations can be integrated into air traffic 

management applications to support emergency response and to illustrate the impact of 

volcanic eruptions on aviation. An international demonstration exercise was conducted in 

Europe within the framework of a large European Union project to better understand and 

react to airborne hazards in March 2019. The scope of the exercise ranged from the 

detection of the assumed event to the issuance of early warnings. Volcanic emission 

concentration charts were generated applying modern ensemble techniques. By integrating 

the available wealth of data, observations and modelling results directly into a widely used 

flight planning software, it was demonstrated that route optimization measures could be 

implemented effectively.

Chapter 5 summarizes the overall findings from the dissertation and provides future 

perspectives.
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Chapter 2 - The effects of simulating volcanic aerosol radiative feedbacks with WRF-Chem 

during the Eyjafjallajokull eruption, April and May 20101

1 Hirtl, M., Stuefer, M., Arnold, D., Grell, G., Maurer, C., Natali, S., Scherllin-Pirscher, B. and Webley, P.: The effects 
of simulating volcanic aerosol radiative feedbacks with WRF-Chem during the Eyjafjallajokull eruption, April and 
May 2010. Atmos. Environ., 198, 194-206, doi:10.1016/j.atmosenv.2018.10.058, 2019.

Abstract

Explosive volcanic eruptions can inject large amounts of ash and gases into the 

atmosphere. Such volcanic aerosols can have a significant impact on the surrounding 

environment, and there is the need to closely investigate their effects on meteorology on local, 

regional, and even continental scale. This work presents a study of the 2010 Eyjafjallajokull 

volcanic eruption the resulting ash dispersion and its radiative feedback effects on the 

meteorological conditions with the Weather Research Forecasting model with on-line 

Chemistry (WRF-Chem). Two model runs, one meteorology-only simulation (without chemistry) 

and one that considers gas- and aerosol chemistry as well as direct- and semidirect aerosol 

feedbacks were performed and compared. Results for daily values show that aerosol radiative 

feedback effects can cool the atmosphere close to the surface on average by 1 °C with 

maximum cooling exceeding even 2 °C for the considered episode. Near-surface atmospheric 

wind speed changed on average by 0.5 m/s with maximum values above 2 m/s. Furthermore, 

the presence of ash aerosols affected the vertical shape of the profiles of wind speed and 

temperature and resulted in a better agreement with radiosonde measurements when 

radiative feedback effects were considered. Although the modeling of the dispersion of volcanic 

ash clouds is subject to large uncertainties, we have demonstrated that the WRF-Chem model 

can reproduce observations at surface levels and vertical profiles more realistically when 

radiative feedback effects are considered in the simulations.
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2.1 Introduction

Aerosols are known to have an impact on the weather and climate via their direct effect 

on radiation (Charlson et al., 1992; Jacobson et al., 2007; Thordarson and Self, 2003) and their 

impact on cloud formation (Twomey, 1977) and have been implemented into several numerical 

weather prediction (NWP) models (e.g., Grell et al., 2005; Solomos et al., 2011; Bangert et al., 

2011). Furthermore, absorbing aerosols cause changes in surface temperature, wind speed, 

relative humidity, clouds, and atmospheric stability through the semi-direct effect (e.g., Hansen 

et al., 1997; Baró et al., 2017). In order to account for these effects, models are necessarily on

line coupled meteorology-chemistry models, which means that both the chemical and 

meteorological components are included in one single system. An overview of different 

integrated models developed and applied in the US and in Europe can be found in Zhang (2008) 

and Baklanov et al. (2014).

Within the phase 2 of the air quality Model Evaluation International Initiative (AQMEII 

http://aqmeii.jrc.ec.europa.eu/, Alapaty et al., 2012) eight different regional coupled chemistry 

and meteorology models were evaluated. Forkel et al. (2015) showed that the direct aerosol 

effect reduced the seasonal mean solar radiation by 20 Wm-2 and the seasonal mean 

temperature by 0.25 °C. The AQMEII-2 studies of Brunner et al. (2015) showed that different 

model systems generated greater differences than a single model system that includes or 

excludes aerosol feedback effects. The AQMEII-2 studies revealed (e.g. San Jose et al., 2015) 

that it is difficult to demonstrate positive impacts of aerosol-atmosphere feedback effects on 

NWP due to variations of the aerosol parameterization schemes within the different models, 

and due to the lack of significant aerosol concentrations during the chosen test periods. 

However, this conclusion may be different for episodes with high aerosol loads such as during 

the Russian forest fires in2010 (Kong et al., 2015). Grell et al. (2011) used the WRF-Chem model 

(Grell et al., 2005) to simulate the interaction of Alaska wildfire aerosols with atmospheric 

radiation and microphysics. Accounting for the aerosol feedback resulted in significant 

modifications of the vertical profiles of temperature and moisture in cloud-free areas. During 
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day-time, a strong direct effect was apparent. Interaction of the aerosols with atmospheric 

radiation through scattering and absorption was also significant and resulted in cooler surface 

temperatures in cloud-free areas.

In this study we used the WRF-Chem model to investigate radiative feedback effects 

caused by volcanic ash clouds, on meteorology based on the already proven capability of WRF- 

Chem to realistically simulate emissions from volcanic eruptions (Stuefer et al., 2012). A 

volcanic source term parameterization provides us with the possibility to include time varying 

ash and sulfur dioxide emissions from volcanic eruptions. The volcanic module of WRF-Chem 

has been tested for several cases (i.e. Mount Redoubt, Alaska, 1989 and Eyjafjallajökull 

Volcano, Iceland, 2010) showing good agreement with observations such as infrared satellite 

data and ground-based lidar. Webley et al. (2012) provided a detailed evaluation of the 

eruption of Eyjafjallajokull in Iceland in 2010 and demonstrated that the proper knowledge of 

model input parameters, such as volcanic plume height, mass eruption rate, particle size 

distribution and duration, are essential to realistically forecast ash concentrations.

In this study the influence of radiative feedback effects on wind speed and temperature 

is investigated during the eruption of Eyjafjallajokull volcano, Iceland, in April and May 2010. 

The description of the volcanic eruption, the WRF-Chem model configuration and the scenarios 

setup are described in Sections 2.2. In Section 2.3, the simulated temporal- and spatial 

distribution of the ash plume is evaluated with satellite, PM10, and LIDAR observations. The 

description of meteorological measurements and a general model evaluation for the whole 

considered period and all stations is summarized in Section 2.4.

The effects of aerosol feedbacks on the model performance are investigated in Section 

2.5. The impact of considering feedback effects on the dispersion of the plume is demonstrated 

in Section 2.6 and concluding remarks are given in Section 2.7.
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2.2. Simulations setup

2.2.1. Model setup and case specifications

The on-line coupled WRF-Chem model (v3.4) was applied for a domain extending over 

Europe, northern Africa, and Western Russia. Simulations were performed with a horizontal 

resolution of 12 km.

Analysis and forecast data (resolutions - (1) horizontal: 0.25°, (2) vertical: 91 model 

levels, and (3) temporal: 3 hourly) provided by the global Integrated Forecast System (IFS) 

model operated at the European Centre for Medium-Range Weather Forecast (ECMWF) were 

used to initialize the model.

In order to investigate the impact of aerosol feedback effects on meteorology, two WRF- 

Chem simulations were performed and compared. The first run, the reference or base case 

scenario, considers only meteorology without any chemistry (‘onlyMET'). The onlyMET run also 

considers aerosols, but only uses an aerosol climatology with no information on the volcanic 

eruption. The second ‘VOLC' scenario considers gas-phase- and aerosol-chemistry using 

anthropogenic, biogenic-, and natural emissions. The following physics options were applied for 

both simulations: Rapid Radiative Transfer Method for Global (RRTMG) long-wave and short

wave radiation scheme (Iacono et al., 2008), Yonsei University (YSU) Planet Boundary Layer 

(PBL) scheme (Hong et al., 2006), NOAH land surface model (Chen and Dudhia, 2011), and the 

Grell three-dimensional (3D) ensemble cumulus parameterization (Grell and Freitas, 2013) with 

radiative feedback.

To consider the aerosol direct effect, aerosol optical properties (extinction coefficients, 

single scattering albedo, and asymmetry factor) are calculated as a function of wavelength and 

position (3D), and then transferred to the radiation scheme. For the used aerosol option MADE/ 

SORGAM, the finest three ash bins - depending on their size - are added to the respective 

PM10 and PM2.5 variables, which are defined as unspeciated aerosols which enables the 
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capability to include volcanic aerosol interaction with radiation (shortwave as well as long 

wave) and cloud microphysics (not used in this study).

The VOLC run was based on the Regional Acid Deposition Model (RADM2) module 

(Stockwell et al., 1990) for the gas-phase chemistry as well as the Modal Aerosol Dynamics 

Model for Europe (MADE)/ Secondary Organic Aerosol Model (SORGAM) module to describe 

the aerosol chemistry (Ackermann et al., 1998; Schell et al., 2001). No aqueous phase chemistry 

was considered (WRF-Chem chem_opt = 2 was used without aerosol indirect effects). To 

provide realistic chemical initial conditions, a 9-day spin-up period (5 April to 13 April 2010) was 

applied.

A 40-day period from April 14 until May 23, 2010, was simulated with WRF-Chem as a 

sequence of two-day time slices. The initial chemical state at the beginning of each time slice 

was adopted from the final state of the previous time slice, while meteorology was re-initialized 

with ECMWF analysis every second day using a 12-h meteorological spin-up. An implicit 

inclusion of aerosol impacts in these input fields (e.g. through data assimilation of wind and 

temperature in the ECMWF model) is considered very small as the input fields are much coarser 

than the WRF-Chem simulations which have their own dynamics.

Anthropogenic emissions were obtained from the Netherlands Organization for Applied 

Scientific Research inventory (TNO, Visschedijk et al., 2007). In addition, anthropogenic 

emissions from the European Monitoring and Evaluation Program (EMEP) inventory (e.g., 

Vestreng et al., 2006, http://www. ceip.at/ceip) were included for areas not covered by TNO. 

These areas are located mainly in Africa and Asia. The simulations also considered biogenic 

emissions (Guenther, 2006) as well as dust and sea salt emissions.
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2.2.2. Volcanic emission preprocessor

The Eruption Source Parameters (ESP) for the Eyjafjallajokull eruptive event were 

provided by Mastin et al. (2014). We used 3-hourly plume heights and respective emission rates 

of ash. The plume height information was provided by a combination of data from a C-band 

Doppler radar system and a multiple web camera imagery (Arason et al., 2011). The emission 

rates were derived empirically using the observed plume heights (Mastin et al., 2009). The time 

series of the 3- hourly emitted ash mass was further scaled with the total erupted mass as 

provided by Gudmundsson et al. (2012), who estimated total emissions for the different phases 

of the Eyjafjallajokull eruption lasting from April 14, 2010, until May 18, 2010. A total emission 

of 170 Tg and 190 Tg were estimated for phase I (14-18 April) and for phase III (4-18 May), 

respectively. During phase II (19 April - 3 May) only low discharge diffusion was observed. Fig.

2.1 summarizes the emission heights and rates used in the WRF-Chem model initialization.

The preprocessor for volcanic emissions used in this study is based on a modified 

emission preprocessor from Freitas et al. (2011) that uses the time series of volcanic source 

data (emitted mass and plume height) as in Fig. 2.1. The volcanic ash and sulfur dioxide (SO2) 

plumes are vertically distributed to an umbrella shape with 75% of the erupted mass in the area 

surrounding the specified top plume height (parabolic distribution, Fig. 2.2) and 25% of the 

mass linearly distributed underneath.

The model considers ash particles smaller than 63 μm (fine ash) distributed over 10 

particle size bins to better predict ash fall as well as atmospheric transport in relation to the 

different sizes (Stuefer et al., 2012). The distribution of the volcanic ash into the model bins is 

based on historic volcanic eruptions and depends on the eruption type. In this work, the option 

that allows to add the ash to the PM2.5 and PM10 particle variables within WRF-Chem was 

used. This approach enables the inclusion of volcanic aerosol interaction with radiation and 

cloud microphysics.
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Figure 2.1: Estimated plume heights (green, 3-hourly) and derived emitted mass (blue) used in 

the WRF-Chem modeling simulations (VOLC) for the eruption period April 14 until May 18,

2010.

The total ash mass is distributed between 10 bins of aerosol particles with diameter size 

ranging between 2 mm and less than 3.9 μm. For this study the classification S2 (see Table 2.1) 

was used according to Stuefer et al. (2012).
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Table 2.1

Ash particle bin size ranges with corresponding WRF-Chem bins (1-10); the mass fractions in 

percent of total mass are given in the 3rd column for the used classification S2.

bin Particle size diameter S2

1 1-2 mm 22.0

2 0.5-1 mm 5.0

3 0.25-0.5 mm 4.0

4 125-250 μm 5.0

5 62.5-125 μm 24.5

6 31.25-62.5 μm 12.0

7 15.625-31.25 μm 11.0

8 7.8125-15.625 μm 8.0

9 3.9065-7.8125 μm 5.0

10 < 3.9 μm 3.5

The simulated ash plume is highly sensitive to the eruption source parameters (ESP). 

Initial simulations of the Eyjafjallajokull case revealed that the representation of the source 

geometry had to be adjusted for this particular case. Since the mass distributed to the lower 

atmospheric levels was strongly overestimated, two changes were implemented within the 

volcanic WRF-Chem parameterization (see also Fig. 2.2): 

1.) A large difference between model vent height and real height of the Eyjafjallajokull was 

found. Due to the smoothed model topography (with the horizontal resolution of 12 km) the 

top height of the volcano was at 600 m above sea level (ASL), while the real vent height is about 

1000 m higher at 1600 m ASL. The code was adjusted to consider the vent height as an 

additional parameter to avoid atmospheric dispersion of volcanic ash at altitudes below the real 

vent height.
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2.) The default vertical plume shape assumes a 75:25 (umbrella:linear-part) distribution of the 

mass emissions, which seems to be inaccurate during the times of explosive eruptions. In our 

simulations we have assumed that during timesteps when a strong increase of plume height 

occurs the mass is shifted to higher altitudes. We account for that fact by allocating only 5% of 

the mass to the linear part of the initial plume and 95% of the mass to the umbrella shape at 

the top of the plume. This 95:5 distribution was used during the times when the plume heights 

were raised above 8000 m ASL. For all other times the proposed, and WRF-Chem model default, 

standard distribution 75:25 was used.

Figure 2.2: Exemplified ash plume representation with the adjustments conducted for WRF- 

Chem, with the original 75% parabolic mass detrainment and volcano summit as depicted in 

the 12 km grid. Adjustment to 95% for the parabolic mass detrainment for explosive phases 

and the correct vent height was used in this study.
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Figure 2.3: Comparison of the WRF-Chem simulation with (A) observations of daily average 

PM10 ground concentrations, (B) vertical profiles of normalized backscatter coefficients from 

EARLINET, and (C) SEVIRI ash mass loading.
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2.3. Spatial and temporal evaluation of the location of the volcanic plume

To evaluate the temporal and spatial location of the simulated volcanic ash cloud of the 

Eyjafjallajokull eruption, WRF-Chem model simulations were compared to observations. As the 

focus of this paper is on the evaluation of meteorological parameters with respect to feedback 

effects, only a sub-set of relevant results are shown (Fig. 2.3).

European-wide ground measurements from EEA (European Environmental Agency) 

were used to evaluate the simulated PM10 concentrations for those days when the dispersing 

ash cloud was close to the surface.

Figure 2.4: Locations of meteorological ground stations (blue) and radiosonde (red and green) 

observations used to be compared with the WRF-Chem modeling simulations in this study. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

Web version of this article.)
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Table 2.2

Statistics for the whole period (April 14 until May 23, 2010) and all measurement stations for 

10 m wind speed, WS10, (left) and 2 m temperature, T2, (right).

WS10 onlyMET VOLC OBS T2 onlyMET VOLC OBS

MEAN (m/s) 4.60 4.60 3.36 MEAN (°C) 7.35 7.30 9.50

SDEV (m/s) 2.61 2.61 2.54 SDEV (°C) 5.60 5.58 5.66

CORR 0.44 0.44 CORR 0.72 0.72

FBIAS 0.31 0.31 FBIAS -0.25 -0.26

NMSE 0.57 0.57 NMSE 0.31 0.32

NUM 344065 NUM 345713

Table 2.3

Statistics at Brest from 16 to 18 April 2018 for 10 m wind speed, WS10, (left) and 2 m 

temperature, T2, (right). Only daytime measurements are considered.

WS10 onlyMET VOLC OBS T2 onlyMET VOLC OBS

MEAN (m/s) 5.10 5.11 5.27 MEAN (°C) 14.05 13.66 13.43

SDEV (m/s) 2.14 2.01 2.28 SDEV (°C) 2.75 2.85 2.94

CORR 0.80 0.81 CORR 0.92 0.92

FBIAS -0.033 -0.032 FBIAS 0.045 0.017

NMSE 0.067 0.064 NMSE 0.008 0.007

NUM 12 NUM 12

In central Europe, peak PM10 concentrations were observed in April only a few days 

after the first eruption. Fig. 2.3A shows the PM10 ground concentrations (daily average - 

colored circles) compared to the modeled concentrations on April 19. The simulated cloud was 

located over France and southern Germany and Switzerland. The observed peak-concentrations 

are reproduced by the model near the borders of France, Switzerland, and Germany. Schaefer 

et al. (2011) showed similar results for Germany. The comparison with ground PM10 

measurements also for other days (not depicted) reveals that the parameterization of the 
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source strength and geometry of the initial plume produced quantitative and qualitative 

realistic aerosol distributions.

The vertical location of the plume was evaluated with data from the European Aerosol 

Research Lidar Network (EARLINET), which provides long-term multi-wavelength backscatter 

and extinction coefficient profiles. The vertical backscatter coefficient profile of the VOLC WRF- 

Chem run is compared to the EARLINET measurement at Leipzig (Fig. 2.3B). The profiles are 

normalized with the maximum values so that the scale ranges from 0 to 1. The peak of the 

normalized backscatter coefficient between 5 km and 7 km is caused by the volcanic ash cloud.

The simulation agrees well with the observation at this particular location and time. This 

means that WRF-Chem is able to represent the vertical location of the ash cloud keeping in 

mind the uncertainties that are related to the representation of the volcanic emission source 

and especially its initial vertical distribution. The observed elevated aerosol distribution in the 

lower levels of the atmosphere represents accumulated aerosols in the boundary layer, which 

in this case are not resolved by the model.

Figure 2.5: 16 April 2010, 12 UTC. Left: AOT calculated from the VOLC run. Right: Short wave 

downward radiation flux (SWDOWN) difference between VOLC and onlyMET.
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Figure 2.6: Difference of daily average 10 m wind speed distribution between the two model

runs (onlyMET-VOLC) for selected days in April 2010. Black: 0.8 AOT contour line.

Data from SEVIRI (Spin Enhanced Visible and Infra-Red Instrument) was used to 

qualitatively evaluate the regional extent and location of the volcanic plume (Fig. 2.3C). We 

compared WRF-Chem-derived atmospheric optical thickness (AOT) with the total ash load 

observed by the SEVIRI instrument for a selected day in May. A very good coincidence between 

model and observation is demonstrated for the cloud location in the vicinity (south-east) of the 

volcano.

2.4. Evaluation of meteorological parameters close to the surface

2.4.1. Meteorological observations

Evaluation of the WRF-Chem runs was performed with 2 m temperature and 10 m wind 

speed data from more than 1500 meteorological ground stations. In addition, daily 

observations at 00 UTC and 12 UTC from radiosonde data from the European network (Fig. 2.4) 

were used for the comparison with model-based vertical profiles of temperature and wind 

speed.

26



Figure 2.7: Daily absolute maximum differences of the 10 m wind speed distribution for

selected days in April 2010.

Figure 2.8: Difference of the daily average 2 m temperature distribution between the two

model runs (onlyMET-VOLC) for selected days in April 2010. Black: 0.8 AOT contour line.
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Table 2.4

Statistics at all stations from 16 to 18 April 2018 for 10 m wind speed, WS10, (left) and 2 m 

temperature, T2, (right). Only daytime measurements are considered.

WS10 onlyMET VOLC OBS T2 onlyMET VOLC OBS

MEAN (m/s) 4.22 4.09 2.90 MEAN (°C) 10.12 9.9 7.5

SDEV (m/s) 2.08 2.07 1.15 SDEV (°C) 6.21 6.22 7.06

CORR 0.90 0.90 CORR 0.90 0.90

FBIAS 0.37 0.34 FBIAS 2.29 0.27

NMSE 0.24 0.22 NMSE 0.211 0.203

NUM 3578 NUM 3596

2.4.2. Average meteorological parameters at ground level

Quantitative evaluation of the entire period of the eruption, from April to May 2010, 

was performed for both model runs with the observational data. The statistical indices 

comprise mean values (MEAN), standard deviation (SDEV), correlation coefficient (CORR), 

fractional bias (FBIAS), and normalized mean square error (NMSE). The number of considered 

data pairs (number of stations and time steps - NUM) is also indicated. It should be noted that 

the modeled gridded values were compared to point measurements and systematic differences 

can occur especially when stations are located in regions where the model resolution cannot 

represent sub-grid scale processes (e.g., Zhang et al., 2015).

Table 2.2 reveals that both wind and temperature have a fractional bias compared to 

the observations. Simulated mean wind is overestimated by about 1.2 m/s while average 

temperature is under-estimated by more than 2 °C. However, correlation between model 

results and observations is higher for temperature (r = 0.72) than for wind speed (r = 0.44). 

Also, the NMSE is worse for wind speed and almost twice as high (0.57) than for the 

temperature (0.31 for onlyMET).
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Similar results were found by Zhang et al. (2009) and Brunner et al. (2015), using WRF- 

Chem simulations with comparable horizontal resolutions. Other studies found improved 

results using significantly higher-resolved model simulations of 3 km (Zhang et al., 2015) using 

WRF-Chem, Seity et al. (2011) using the models ALADIN and AROME).

2.5. Aerosol radiative feedback effects in the model simulations

2.5.1. Radiative feedback effects close to the surface

The analysis in the previous section showed that the differences between the two model 

runs are negligible when the whole simulation period of 40 days is evaluated. This is due to the 

large number of stations that are not located near the ash cloud. Furthermore, periods during 

nighttime (without incoming solar radiation) were included in this comparison, which mask 

radiative feedback effects. To better quantify radiative feedback effects caused by the volcanic 

ash cloud during daytime, a statistical comparison was performed for a selected station in

France (Brest, see Fig. 2.4) for the period from 16 to 18 April (Table 2.3). This station was 

selected because the volcanic ash cloud was passing by the station during these days (see Figs.

2.6 and 2.8). Statistical measures given in Table 2.3 were obtained only from daytime 

measurements (9/12/15/18 UTC).

Figure 2.9: Daily absolute maximum differences of the 2 m temperature distribution for

selected days in April 2010.
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Table 2.3 reveals reduced biases and a better agreement to observations when 

considering radiative feedback effects from atmospheric aerosols. While improvements in 

terms of 10 m wind speed are small (the mean value reduces only by 0.1 m/s), the 2 m 

temperature mean value decreases significantly by 0.39 °C and results in differences to only 

about 0.2 °C for the VOLC run to the observations. The FBIAS, CORR and the NSME are also 

slightly better for the VOLC run.

This analysis can also be expanded to the other stations. For these 3 days the analysis is 

also done for the other stations (see Table 2.4) applying the same filtering as for the results 

obtained in Table 2.3. A similar effect can be observed as for the single station, in this example 

wind speed and temperature are decreased in the VOLC run and fit better to the measurements 

in the example.

The differences in wind speed and temperature are an effect of reduced incoming 

radiation caused by the presence of the volcanic ash cloud. The effect is shown in Fig. 2.5 which 

depicts the location of the ash cloud (Fig. 2.5A) and the resulting difference between the two 

model runs (onlyMET-VOLC) in the short-wave downward radiation flux (Fig. 2.5B).

Negative values shown in Fig. 2.5B indicate regions that receive less incoming short

wave radiation due to aerosol layers aloft. The highest differences in radiation have values 

greater than 50 W/m2.

The differences of near-surface winds and temperatures on a daily basis (average and 

maximum values) between the VOLC- and the onlyMET (DIFF=onlyMET-VOLC) runs are shown 

for three consecutive days during the first phase of the eruption in Figs. 2.6 - 2.9. During these 

days (April 16 to April 18, 2010), highest ash loads were observed over Europe. To facilitate the 

interpretation of the model runs, the location of the volcanic ash cloud is indicated by the daily 

average 0.8 - AOT contour-line from the VOLC run.
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The differences between the daily average 10 m wind speed of the two model runs (Fig. 

2.6) can be both negative and positive and range within ± 0.5 m/s. The maximum magnitudes of 

the wind speed differences are co-located with the ash cloud. Since the model simulations were 

performed as sequences of two-day time slices with meteorological conditions initialized every 

other day, feedback effects are stronger and wider-spread on the second day of the simulation 

(i.e., on April 17) than on the first day (April 16 and April 18).

The maximum daily difference of the wind speed between the two model runs (Fig. 2.7) 

exceeds 2 m/s in some regions. Note, that radiative feedback effects far away from the volcanic 

ash cloud (e.g., wind speed differences in Northern Africa on April 17), are caused by local 

Saharan dust rather than the volcanic ash plume. This is because the VOLC run does not only 

include atmospheric aerosols from the volcanic eruption but also from other sources such as 

desert dust or anthropogenic emissions.

The presence of the volcanic ash cloud in the VOLC run lowers the incoming radiation at 

the surface, and therefore lower temperatures prevail compared to the onlyMET run. The daily 

average temperature differences are therefore positive reaching up to 1 °C (Fig. 2.8). 

Nevertheless, for some grid points the VOLC run even produces higher daily average 

temperatures, which can occur due to the influence of different air flow dynamics in the two 

runs. The daily maximum absolute differences of near-surface temperature are shown in Fig. 

2.9. The highest differences occur over mainland and exceed 2 °C.

As already found for wind speed, the temperature differences of the two model runs 

increase with forecast time and are more pronounced on the 2nd day (April 17) of the 

simulations.
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2.5.2. Vertical profiles of wind speed and temperature

Mean vertical profiles of wind speed and temperature are evaluated against radiosonde 

measurements at various locations for the whole period from April 14 until May 23, 2010. It 

should be noted that the lowest depicted levels of wind speed and temperature represent the 

lowest level rather than the surface.

Average wind speed profiles (Fig. 2.10A) of the two model runs agree to within ± 0.3 

m/s. Compared to the observations, the average wind speed shows better agreement at upper 

levels/altitudes, but the model overestimates wind speeds at lower levels by up to 2 m/s (Fig. 

2.10C). Slightly better agreement is found at the lowest levels, where the average model wind 

speed is larger than that of the observations by only 0.8 m/s, which confirms results of the 

surface parameters (see Table 2.2).

In analogy, Fig. 2.10B shows the average temperature profiles at all levels/altitudes. At 

high altitudes (above 300 hPa), the average temperature simulated with the VOLC run is larger 

than that of the onlyMET run by up to 0.6 °C. At altitudes below 900 hPa, the two model runs 

differ by up to 0.4 °C with higher temperatures found for the onlyMET run.
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Figure 2.10: Average vertical profiles of wind speed (A) and temperature (B) for all 122 

radiosonde locations for 40 days compared to the model runs. C and D focus in on lower 

altitudes (> 920 hPa), within the WRF-Chem model.
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At these lower levels, simulations and observations agree to within 1 °C on average (Fig. 

2.10D) showing better agreement of the VOLC run at altitudes below 960 hPa.

The vertical structure of the temperature distribution defines the height of the 

tropopause. This location of the tropopause is sensitive to temperature changes in the 

troposphere and stratosphere which has already been investigated in various studies (e.g. Reid 

and Gage, 1985; Santer et al., 2003a; Randel et al., 2000). Santer et al. (2003b) showed that 

volcanic aerosols during massive eruptions can also lower the tropopause because of the 

absorbed incoming solar radiation. This effect can also be found in the temperature distribution 

of the two model runs Fig. 2.10B. As the temperature is slightly higher in the VOLC run at the 

upper levels the simulated tropopause is slightly lower than in the onlyMET run.

2.5.3. Influence of the radiative feedback effects on the atmospheric stability

To investigate temperature differences between the two model runs at lower altitudes 

in more detail, individual profiles are investigated in this section.

An interesting situation happened on April 16 at the French station Brest (7110 in Fig. 

2.11A), where the VOLC run simulated a temperature inversion slightly above 800 hPa that was 

also found in radiosonde measurements. The same effect, but a little weaker, was also found at 

other locations, e.g., in Prague (11520 in Fig. 2.11B).

The volcanic ash cloud reduces the incoming short-wave radiation at the surface, which 

leads to an improved thermal structure of the boundary layer and prevents the inversion to 

disappear during the morning hours.

The temporal evolution of the thermal structure of the boundary layer at Brest is 

illustrated in Fig. 2.12 that shows temperature profiles for different time steps on April 16, 

2010.
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Figure 2.11: Temperature profiles for the onlyMET and VOLC WRF-Chem runs at Brest (A, stat

nr. 7110) and Prague (B, stat nr. 11520) compared to radiosonde measurements on 16 April 

2010.

Figure 2.12: Temporal evolution of the vertical temperature profile for the onlyMET (green) 

and the VOLC (red) run for April 16 at the station 7110 for (A) 9:00, (B) 12:00, (C) 15:00 and (D) 

18:00 UTC. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the Web version of this article.)
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While at 09:00 UTC the inversion at 900 hPa is present in both model runs, it has almost 

disappeared in the onlyMET run at 12:00 UTC. The VOLC run, however, persistently keeps 

showing the inversion as do the radiosonde observations (see Fig. 2.11A). At the next time step, 

at 15:00 UTC, neither the VOLC run nor the onlyMET profile reveal a temperature inversion, 

which is established again in both simulations in the evening at 18:00 UTC.

2.6. The influence of considering the direct effect on the dispersion of the ash cloud

In the previous chapters we have shown that the wind distribution is altered at the 

surface and in vertical levels when direct aerosol effects are considered in the simulations. If 

the wind distribution is changed also the dispersion of the ash cloud is changed. To show this 

effect also a five-day simulation (forecast) was conducted without re-initialization of the 

meteorology. The results are depicted in Fig. 2.13, for 15 to 18 April at 12 UTC. Both model runs 

consider volcanic ash emissions, but only one run (green) uses direct feedback effects. It can be 

observed that as the forecasting period gets longer the fields deviate more and more as the 

time evolves. During the last 2 days of the forecast (Fig. 2.13C and D) already significant 

differences in the ash location can be found in some regions. This is relevant if dispersion 

models are used for emergency response during hazard situations.
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Figure 2.13: Total PM10 columns for the simulations with (green) and without (red) radiative 

feedback turned on from 15th to 18th April 2010. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the Web version of this article.)
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2.7. Summary and conclusions

The dispersion of aerosols is strongly influenced by atmospheric conditions as described 

by the 4-D (x, y, z, and t) wind and temperature (stability) distribution. On the other hand, 

meteorological parameters can be changed due to the presence of aerosols in the atmosphere. 

The downward short-wave radiation flux is reduced through aerosols causing changes of 

standard atmospheric characteristics. In this study we evaluated a widely used aerosol 

feedback parameterization implemented in WRF-Chem. One goal of the experiments was to 

better understand the direct radiative feedback effects on temperatures and wind speeds at 

the near-surface as well as within the lower troposphere.

Former studies, e.g., from Brunner et al. (2015), San Jose et al. (2015), and Forkel et al. 

(2015), revealed that further research is needed for heavy dust load events to better 

understand changes in meteorological parameters when feedback effects are considered. The 

WRF-Chem model was used in our study to simulate the dispersion of the volcanic ash cloud 

during the Eyjafjallajokull volcanic eruption in 2010. The model allowed us to investigate the 

influence of aerosol radiative feedback effects on the local, regional, and continental scale.

A series of major eruptions of the Eyjafjallajokull volcano in Iceland started on April 14, 

2010 and continued until May 18, 2010. During that episode, the volcanic ash cloud dispersed 

over Europe. Two WRF- Chem simulation scenarios were conducted for the entire period of 40 

days. An ‘onlyMET' simulation using only meteorology without any chemistry and no aerosol

radiation feedback effects provided the base case scenario that was compared to the results 

obtained from a ‘VOLC' model run considering gas- and aerosol chemistry as well as direct- and 

semi-direct aerosol feedbacks.

The temporal and spatial location of the modeled volcanic ash cloud agreed well with 

satellite data from SEVIRI. Vertical profiles of simulated extinction coefficients were also in good 

agreement with data from the EARLINET lidar network. The comparison of simulated PM10 and 
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ground-based PM10 measurements also confirmed that the parameterization of the volcanic 

emissions produced quantitative and qualitative realistic aerosol distributions.

Evaluation of the WRF-Chem model results with ground-based observations revealed a 

near-surface model bias of about +1.2 m/s in wind speed and -2.0 °C in temperature. Radiative 

feedback effects were negligible when averaging over the entire time period of 40 days.

Comparison of the two model runs showed that radiative feedback effects are largest 

below or close to the volcanic ash cloud. Differences between the model runs for the daily 

average wind speed can reach up to ± 0.5 m/s near the surface. The maximum daily wind speed 

difference can even exceed 2 m/s in some regions. While daily average temperature differences 

mainly remained within 1 °C, daily maximum differences at ground level were as large as 2 °C. 

Since the WRF-Chem experiment was designed to be re-initialized every other day, larger 

differences were found on the second day of the simulations because semi-direct effects have 

more time to evolve.

Comparing the onlyMET with the VOLC model simulations revealed average vertical 

wind speed differences within ± 0.3 m/s for all levels when the whole period and all radiosonde 

observations were considered. While the model runs generally overestimated wind speeds by 

up to 2 m/s in the atmospheric boundary layer, better agreement was found for upper levels.

The simulated averaged temperature profiles agreed reasonably well with the 

observations at all levels/altitudes. At lower altitudes, the model runs differed from each other 

by about 0.4 °C with higher values for the onlyMET run. At higher altitudes the temperature 

values produced by the VOLC run can reach on average values up to 0.6 °C above those of the 

onlyMET run. The temperature at the lower levels showed that the model runs and 

observations agreed to within 1 °C on average. At altitudes below 960 hPa the VOLC run 

produced lower temperatures than the onlyMET run and was in better agreement with the 

observations.
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Analysis of individual stations and time steps showed that for surface and lower 

atmospheric levels the VOLC run was in better agreement with the radiosonde observations for 

stations that were influenced by the presence of the volcanic ash cloud. We presented a case 

during which a temperature inversion was preserved in the VOLC run due to decreased 

incoming radiation caused by high aerosol concentrations aloft. In comparison the onlyMET run 

did not reproduce the temperature inversion apparent during day time.

It is worth mentioning some of the limiting factors of this study. The work presented in 

this paper included a range of different areas (volcanic eruptions, NWP, and air quality 

modeling), also subject to their own uncertainties. Not only are the emissions of the volcanic 

eruption quite complex, but also the contribution of other aerosol sources, e.g. desert dust 

emissions and anthropogenic contributions were estimated on best effort basis. Furthermore, 

the uncertainties of transport processes over large areas and the representation of the coupling 

between atmospheric aerosols and meteorological parameters in the model are complex 

processes. The relatively coarse grid used in our study for WRF-Chem of 12 km is also not 

always appropriate to compare gridded model outputs to point observations.

It was shown for selected cases that the coupled WRF-Chem model simulated a slightly 

improved atmospheric state in the presence of a volcanic cloud and highlighted that the current 

aerosol parameterization within WRF-Chem was both useful and provided an added value to 

“only meteorological” runs results compared to observational data.
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Chapter 3 - Extension of the WRF-Chem volcanic emission preprocessor to integrate complex 

source terms and evaluation for different emission scenarios of the Grimsvotn 2011 eruption2

2 Hirtl, M., Scherllin-Pirscher, B., Stuefer, M., Arnold, D., Baro, R., Maurer, C., and Mulder, M. D.: Extension of the 
WRF-Chem volcanic emission preprocessor to integrate complex source terms and evaluation for different 
emission scenarios of the Grimsvotn 2011 eruption, Nat. Hazards Earth Syst. Sci., 20, 3099-3115, 
https://doi.org/10.5194/nhess-20-3099-2020, 2020.

Abstract

Volcanic eruptions may generate volcanic ash and sulfur dioxide (SO2) plumes with 

strong temporal and vertical variations. When simulating these changing volcanic plumes and 

the afar dispersion of emissions, it is important to provide the best available information on the 

temporal and vertical emission distribution during the eruption. The volcanic emission 

preprocessor of the chemical transport model WRF-Chem has been extended to allow the 

integration of detailed temporally and vertically resolved input data from volcanic eruptions. 

The new emission preprocessor is tested and evaluated for the eruption of the Grimsvotn 

volcano in Iceland 2011. The initial ash plumes of the Grimsvotn eruption differed significantly 

from the SO2 plumes posing challenges to simulate plume dynamics within existing modelling 

environments: observations of the Grimsvotn plumes revealed strong vertical wind shear that 

led to different transport directions of the respective ash and SO2 clouds. Three source terms, 

each of them based on different assumptions and observational data, are applied in the model 

simulations. The emission scenarios range from (i) a simple approach, which assumes constant 

emission fluxes and a predefined vertical emission profile, to (ii) a more complex approach, 

which integrates temporarily varying observed plume-top heights and estimated emissions 

based on them, to (iii) the most complex method that calculates temporal and vertical 

variability of the emission fluxes based on satellite observations and inversion techniques. 

Comparisons between model results and independent observations from satellites, lidar and 

surface air quality measurements reveal best performance of the most complex source term.
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3.1 Introduction

In the past decades, there have been several eruptions with significant impact on 

aviation (e.g., Albersheim and Guffanti, 2009; Guffanti et al., 2010; Bolic and Sivčev, 2011). 

Airspace closure or flight rerouting has been required since volcanic ash may cause significant 

damage to turbine engines when internal fans are exposed to elevated concentration levels 

over certain time periods (Clarkson et al., 2016). During the eruption of the Eyjafjallajökull 

volcano in 2010, wide areas of the European airspace were closed for days (Bolic and Sivcev, 

2012). From 15 until 22 April 2010, 104 000 flights were cancelled (Alexander, 2013). In May 

2011, the Grimsvotn eruption led to a cancellation of 1 % (~900 of total ~90000) of planned 

flights in Europe during a period of 2 d (http://www.volcano.si.edu/reports/).

Observational data, e.g. from radar, lidar, or satellite are used to observe locations and 

extent of volcanic clouds. Numerical model simulations are performed by Volcanic Ash Advisory 

Centers (VAACs) to predict the dispersion of the volcanic ash and SO2 clouds in support of 

emergency management. After the Eyjafjallajöküll 2010 eruption, harmonized thresholds were 

defined for aircraft alerting procedures and provided by the London and Toulouse VAACs to 

support the Volcanic Ash Contingency Plan (VACP, Edition 2.0.0 - July, 2016). Low-, medium-, 

and high-contamination regions were defined for volcanic ash mass concentrations: less than or 

equal to 2 mg/m3, greater than 2 mg/m3 and less than or equal to 4 mg/m3, and higher than 

4 mg∕m3, respectively.

Characterizations of emission source terms during volcanic events are typically 

extremely challenging to obtain, and best model results can only be achieved by integrating all 

available observational data. Volcanic source terms include the source strength, its vertical and 

temporal variations, and size, density, and shape of emitted particles. A realistic estimate of the 

source term is crucial to accurately predict the transport of ash and gases released during 

volcanic eruptions.
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The Weather Research and Forecasting (WRF; Grell et al., 2005) model coupled with 

Chemistry (WRF-Chem) is able to realistically simulate the dispersion of ash clouds from 

volcanic eruptions (e.g. Webley et al., 2012; Stuefer et al., 2013; Hirtl et al., 2019). However, the 

standard volcanic emission preprocessor of WRF-Chem has some deficiencies degrading the 

model performance related to the dispersion of volcanic ash and SO2 clouds. These deficiencies 

can be mainly attributed to limitations of the description of temporal and vertical variability of 

emission fluxes (Hirtl et al., 2019). In other words, the WRF-Chem volcanic emission application 

has been limited to using source terms based on “simple” mass eruption rate time series. This 

study presents the extension of the WRF-Chem volcanic emission preprocessor towards more 

complex source terms and evaluates the results for the eruption of the Grimsvotn volcano in 

Iceland in May 2011.

The Grimsvotn volcano is one of the most active and well-known volcanoes in Iceland 

(e.g. Gudmundsson and Bjornsson, 1991; Vogfjord et al., 2005; Witham et al., 2007; Moxnes et 

al., 2014). Over the past centuries, it has erupted about once per decade. During the most 

recent major eruption, which occurred from 21 until 25 May 2011, significant amounts of SO2 

and ash were injected into the atmosphere. The Grimsvotn plume development was observed 

by GOME-2 (Global Ozone Monitoring Experiment-2; Flemming and Innes, 2013), OMI (Ozone 

Monitoring Instrument; Sigmarsson et al., 2013), IASI (Infrared Atmospheric Sounding 

Interferometer; Moxnes et al., 2014; Carboni al., 2016), SEVIRI (Spinning Enhanced Visible Infra

Red Imager; Cooke et al., 2014), AIRS (Atmospheric Infrared Sounder; Chahine et al., 2006), 

AATSR (Advanced Along-Track Scanning Radiometer; Virtanen et al., 2014) and MODIS 

(Moderate Resolution Imaging Spectroradiometer; Tesche et al., 2012). This study uses 

observations from the IASI, SEVIRI, AATSR, and AIRS instruments. The IASI observations are used 

in the Bayesian inversion technique to calculate a volcanic ash and SO2 source term and the 

SEVIRI, AIRS, and AATSR for evaluation purposes. Beside satellite observations lidar and ground 

station measurements from national air quality monitoring networks are used for model 

evaluation.
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Figure 3.1 shows ash and SO2 clouds observed by the IASI instrument for 23 May 2011. 

The comparison between ash and SO2 observations clearly reveals different dispersion patterns. 

While SO2 was first transported to the north of Iceland and then towards Greenland and the 

Canadian and US east coast, volcanic ash was transported to the south of Iceland and then 

towards the northern UK and eastern Scandinavia. The separation of the ash and SO2 clouds 

was caused by different injection heights and vertical wind shear (Moxnes et al., 2014). Forecast 

models, which did not take into account the different release heights at the early stage of the 

eruption, produced unrealistic forecasts as shown by comparisons to satellite data (Tesche et 

al., 2012; Cooke et al., 2014). Prata et al. (2017) provided observational perspectives on the 

event and advised using separate source terms for ash and SO2. The motivation to further 

develop the volcanic emission preprocessor of WRF-Chem was to improve the capabilities of the 

model to also simulate complex eruption cases.

Figure 3.1: IASI SO2 (left) and total ash (right) observations on the 23 May 2011, 22:00 UTC.

For this study, three source terms, based on different assumptions and observational 

data, are applied in the model simulations. The emission scenarios range from (i) a simple 

approach, which assumes constant emission fluxes and a pre-defined vertical emission profile, 

52



to (ii) a more complex approach, which integrates temporarily varying observed plume heights 

and estimates emissions based on observed plume heights, to (iii) the most complex method 

that calculates temporal and vertical variability of the emission fluxes based on satellite 

observations and inversion techniques.

The remainder of this paper is divided into the following sections: Section 3.2 provides a 

technical description of the extension of the WRF-Chem volcanic emission preprocessor. Section 

3.3 describes the WRF-Chem model setup and emission scenarios. The results and model 

evaluation with different observations (satellite, lidar and surface air quality measurements) can 

be found in Section 3.4. Summary and conclusions are given in Section 3.5.

3.2 Extension of the volcanic preprocessor of the WRF-Chem model

The WRF-Chem model simulates emission, transport, mixing, and chemical 

transformation of trace gases and aerosols simultaneously with the meteorology. The model 

enables the use of various options for dynamic cores and physical parameterizations 

(Skamarock et al., 2008). The online approach (meteorology with air chemistry; see e.g. 

Baklanov et al., 2014) accounts for a numerically consistent air quality forecast.

In the official release of WRF-Chem v4.2 (code is available at https://github.com/wrf- 

model/WRF/releases), volcanic emission sources can be considered only in a very simplified 

way. The model can simulate the dispersion of volcanic emissions specified by the initial plume 

height, erupted mass (ash and SO2), duration of the eruption, and aerosol bin size distribution 

(up to 10 bin sizes).
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If erupted mass is not known, it can be calculated applying the Mastin formula (Mastin 

et al., 2009), which relates plume height hplume (in metres) to the emitted mass per time step 

memitted (kg/s)

memitted = 2600 * (0.0005 * hplume)4.1494 (1)

For the vertical source term structure, a 75/25 umbrella shaped plume is applied: 25 % 

of the mass from vent height to a certain height (~73 % of plume height) of the plume, then 

75 % of the mass distributed to a parabolic distribution until plume top height. For real-time 

applications, this is a straightforward approach, as the development of the volcanic emission 

cannot be predicted.

Stuefer et al. (2013) had extended the volcanic emission preprocessor with time variant 

emissions, which can either be specified directly as mass fluxes or calculated with the Mastin 

equation based on temporarily varying plume heights (implemented in WRF-Chem version 3.4).

We extended the WRF-Chem capability towards user-defined volcanic source emission 

data that are read in through an external file. These emission fluxes (kg/m/s) comprise vertically 

resolved time series of ash and SO2, as shown in Table 3.1. The date and time entries refer to 

the start of the emission interval, and the specified height (above ground level, AGL) refers to 

the lower limit of the height interval. Emissions of the last time step and the topmost level are 

the upper bounds of the highest sub-column and the last time step (therefore emissions are set 

to zero). The emission fluxes can be estimated by any suitable method. They can for example be 

produced with Bayesian inversion techniques, as included in the third emission scenario in this 

study.

As the emission fluxes have to be provided at heights above ground, the preprocessor 

(linearly) interpolates the input values for each column to the model levels of WRF-Chem (see 

Fig. 3.2). Depending on the difference between the model terrain height of the vent and the 
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real vent height, an offset can be defined to account for deviations due to the limited model 

resolution. Finally, the resulting total volcanic emission, which is used for the WRF-Chem 

simulation is scaled in order to ensure mass conservation (can be violated due to interpolation 

effects). The routines have already been used in the frame of a volcanic eruption exercise for an 

artificial eruption of Etna (Hirtl et al., 2020).

Table 3.1: Example input data from the May 2011 Grimsvotn event for the new volcanic 

emission preprocessor.

Date

(in 

yyyymmdd)

Time 

(in 

hhmmss)

Height 

(AGL in 

metres)

Ash emissions

(kg/m/s)

SO2 emissions 

(kg/m/s)

20110521 150000 750 1.0112 0.0002

20110521 150000 1250 0.9713 0.0107

20110521 150000 1750 0.8887 0.0347

20110521 150000 2250 0.7603 0.0748

20110521 150000 2750 0.0 0.0

20110521 180000 750 0.0057 0.0000

20110521 180000 1250 0.0753 0.0000

20110521 180000 1750 0.1996 0.0000

20110521 180000 2250 0.3484 0.0009

20110521 180000 2750 0.0 0.0

20110521 210000 750 0.0000 0.2210

20110521 210000 1250 0.0053 0.2135

20110521 210000 1750 0.0341 0.1997

20110521 210000 2250 0.0897 0.1820

20110521 210000 2750 0.0 0.0
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Figure 3.2: Linear interpolation between input data (blue) and WRF-Chem model levels (green)

of the emission flux (red, kg/m/s).

3.3 WRF-Chem model simulations

3.3.1 Model setup

WRF-Chem simulations were performed from 21 to 26 May 2011. The model domain 

extended from northern Africa to the north of Greenland and from eastern Newfoundland to 

western Russia. Model resolution was 12 km horizontally and 47 levels vertically from the 

surface up to 50 hPa. Meteorological fields used as initial and boundary conditions were derived 

from the European Centre for Medium-range Weather Forecasts (ECMWF). Parameterization of 

physical processes included the Mellor-Yamada-Nakanishi and Niino Level 2.5 planatary 

boundary layer (PBL) schemes (Hong et al., 2006), the Grell three-dimensional (3D) ensemble 
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cumulus parameterization (Grell and Freitas, 2014), and the Rapid Radiative Transfer Model for 

Global (RRTMG) long-wave and short-wave radiation schemes (Iacono et al., 2008).

All simulations considered 10 volcanic ash bins and SO2 (chem_opt = 402). Total fine ash 

was assumed to be composed of the finest four bins (the other bins were set to zero): 12.7 % of 

particles within 0.01 to 3.9 μm in diameter, 18.2 % within 3.9 to 7.8 μm, 29.1 % within 7.8 to 

15.6 μm, and 40.0 % within 15.6 to 31.0 μm. This is consistent with the FLEXPART (FLEXible 

PARTicle dispersion model; Stohl et al., 2005) model simulations that are used as input for the 

Bayesian inversion (emission scenario 3) to calculate an a posteriori source term (see Section 

3.3.2). It uses the size distribution, which represents the bin size range to which the IASI satellite 

observations are mainly sensitive to.

3.3.2 Volcanic emission scenarios

Three emission scenarios (further designated as S1, S2, and S3) were selected to test the 

sensitivity of ash and SO2 dispersion to volcanic emissions. Underlying complexity of the source 

terms ranges from a very simple first guess to a sophisticated a posteriori source term, which 

was derived with satellite observations and inverse modelling.

Simple volcanic emission source terms can be derived from the eruption plume height 

(Mastin et al., 2009; see also Section 3.2). During the Grimsvotn eruption in 2011, plume height 

measurements were performed with weather radars (e.g., Petersen et al., 2012) and made 

available by the Icelandic Meteorological Office (IMO). The time series of observed plume 

heights AGL from the Keflavik radar is shown in Fig. 3.3.
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Figure 3.3: Observed plume heights (AGL) from the Keflavik radar from 21 until 25 May 2011

during the eruption of the Grimsvotn volcano.

The first emission scenario (S1) used only the first observed plume height (15 km) and 

assumed constant emissions of ash and SO2 for the eruption which was assumed to last 2 days. 

This is a very rough estimate, though a common approach to get a first idea of the dispersion of 

the volcanic plume. The associated uncertainties increase rapidly, in particular if eruption 

characteristics change. An ash emission rate of about 0.01 Tg/s was estimated with the Mastin 

formula (Eq. 1) for ash. For SO2, the total emitted mass was assumed to be 1 Tg, yielding a 

constant emission rate of about 5787 kg/s for the 2 d. The vertical source term structure was 

modelled as a 75/25 umbrella-shaped plume.
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The second emission scenario (S2) was based on the entire observed plume height time 

series. The same plume heights were assumed for ash and SO2 even though Prata et al. (2017) 

found that observed plume heights were more linked to SO2 than to ash. Ash emission rates 

were computed with the Mastin equation for each time step. Based on the total amount of IASI 

ash and SO2 measurements for the 4d of the eruption, the hourly emission rates were further 

constrained with these satellite observations following Moxnes et al. (2014). The total emitted 

mass used in the simulations was scaled to 0.4 Tg for ash and to 0.36 Tg for SO2. The magnitude 

of the SO2 emission is reasonable, as shown by Flemming and Inness (2013), who estimated a 

total emitted mass of SO2 of 0.32 Tg. After scaling, volcanic emission rates ranged from 67 kg/s 

to 12080 kg/s for ash and from 60 kg/s to 10872 kg/s for SO2. The vertical structure of the 

source term was again modelled as a 75/25 umbrella-shaped plume but considering different 

plume heights.

The third emission scenario (S3) uses the source terms produced with the Bayesian 

inversion technique, using FLEXPART runs and observations from the IASI instrument. The 

source term files were provided by Moxnes et al. (2014), who also described the method in 

detail. The source terms are shown in Fig. 3.4, with a vertical resolution of 1000 m. In contrast 

to S1 and S2, the vertical structure of these emissions does not follow an umbrella-shaped 

plume. While maximum SO2 emissions (up to 11541 kg/s) were found at altitudes between 

about 5 km and 12 km above sea level (ASL) in the morning of 22 May, ash emissions were 

largest (7539 kg/s) at lower altitudes (below approximately 2 km ASL) in the morning on 23 

May.
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Figure 3.4: Temporal evolution of hourly-resolved vertical (height ASL) SO2 (left) and ash (right)

emissions from FLEXPART inverse modelling based on IASI data. Data obtained from Moxnes et 

al. (2014).

According to Fig. 3.4, the highest ash emissions are below 5 km ASL, while the SO2 

emission peaks are located at altitudes between 5 km and 13 km. Figure 3.5 summarizes the 

temporal evolution of the emission rates of all three scenarios. While SO2 emissions are highest 

during the early phase of the eruption, the highest ash emissions occur after 22 May, 20:00 

UTC, when SO2 emissions are already low. The comparison of the three scenarios reveals 

average SO2 emissions for the simple S1 source term but distinctively higher S1 ash emissions 

compared to S2 and S3 (note the logarithmic y axis).
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Figure 3.5: Emission rates for all three emission scenarios for SO2 (left) and ash (right).

3.3.3 Model inter-comparison of predicted ash considering aviation regulation aspects

To evaluate the performance of the three emission scenarios in a first step, the model 

runs are intercompared for the first 2 d of the eruption. Focus is set on ash concentration levels, 

which are important for aviation aspects. All regions with volcanic ash mass concentration 

greater than or equal to 4 mg/m3 are considered high contamination areas (ICAO, 2016). 

Passenger aircraft are advised not to fly through regions of volcanic ash concentrations that 

exceed 4 mg/m3. This threshold is therefore most important for aviation aspects.

Figure 3.6 shows the 4 mg/m3 contour lines of maximum sub-column (between WRF- 

Chem model levels) volcanic ash for all emission scenarios for 22 and 23 May, 00:00 and 12:00 

UTC. Since emission rates of scenario S1 are much higher than those of S2 and S3 (see Fig. 3.5), 

ash-rich regions are distinctively larger for S1 than for the other scenarios. This is most visible 

on 23 May, 12:00 UTC, when the S1 cloud spreads from Greenland and Iceland towards the UK. 

Neither the S2 nor the S3 scenario shows any significant area with an ash concentration 

exceeding 4 mg/m3. This illustrates how crucial it is to carefully estimate the emission rates. 

Comparison between scenarios S2 and S3 reveals a higher ash concentration on 22 May for S2 
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but lower ash contamination on the day after. This can be explained with corresponding 

emission rates (Fig. 3.5). An evaluation of the source-term performance and investigation of 

corresponding ash and SO2 dispersion from all WRF-Chem simulations can be found in the next 

section, where model runs will be compared with independent observations.

Figure 3.6: Maximum sub-column concentrations of total ash indicated via the 4 mg/m3 

isoline for each grid cell predicted for the first two days (22 and 23 May 2011, 00:00 and 12:00 

UTC) after the eruption start for the three emission scenarios simulated with WRF-Chem.
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3.4 Evaluation of WRF-Chem simulations with observations

3.4.1. Comparison of volcanic ash and SO2 with satellite data

In In this section, the model simulations are compared to satellite observations of ash 

and SO2 from different instruments. SEVIRI is an instrument on board the geostationary 

METEOSAT (Schmetz et al., 2002) satellite, which observes any point within its field of view 

every 15 minutes (over Europe every 5 minutes), AATSR was an instrument on board of ENVISAT 

(mission ended in 2012), which was in a sun-synchronous orbit with an Equator crossing time of 

10:00 local time. Several studies exist in which data of the two instruments have been used to 

analyse volcanic eruptions. Virtanen et al. (2014) have developed a (plume and cloud) height 

estimate algorithm for AATSR, which has been validated and compared to other satellite-based 

instruments and in situ data. The method was applied to the Eyjafjallajokull eruption in 2010 

and performed reasonably well. Kylling et al. (2015) compared SEVIRI with IASI observations for 

the Grimsvotn eruption and found deviations in mass loadings of about a factor of 2 between 

the instruments, with the higher concentrations measured by SEVIRI, for the plume going 

northward.

Results from scenario S1 are not considered here because the model intercomparison 

already indicated a strong overestimation of ash simulated with S1 (Fig. 3.6). The model 

simulations for the scenarios S2 and S3 are compared to total column ash from SEVIRI and 

AATSR observations for 23 May 2011 in Fig. 3.7. The ash cloud was observed south of Iceland by 

both SEVIRI and aerosol optical thickness (AOT) from the AATSR, which were in good 

agreement. The simulation based on S3 performs well and reproduces the location of the cloud. 

The maximum total ash concentration based on S3 was higher than that of SEVIRI with 10.7 

g/m2 compared to 3.9 g/m2, respectively. Based on S2, however, the highest ash concentrations 

(maximum 4.5 g/m2) are simulated in the northwest of Iceland due to wrong assumptions of the 

emitted ash-plume-top heights. On the next day (24 May; see Fig. A.1) the scenarios S2 and S3 

further drift apart, again with S3 being in better agreement with the observations. While most 

of the observed cloud moves towards the east (to the UK and Scandinavia), SEVIRI also detected 
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some ash north of Iceland, which is assumed to be noise in the data, not present in AATSR and 

in the model. Ash mass loading of the cloud northeast of Scotland is as high as 3.7 g/m2 in 

SEVIRI data and 0.8 g/m2 in the S3 model run.

Observations from the AIRS instrument, a hyperspectral imager on the polar-orbiting 

EOS Aqua satellite, are used for comparison of SO2. AIRS has a spatial resolution of 13.5 km and 

has already been used to study other volcanic eruptions, such as the Etna eruption in 2002, 

published by Carn et al. (2005). They showed that comparisons with MODIS observations 

indicated that AIRS is likely to underestimate SO2 in the vicinity of the volcano due to the 

presence of dense ash.

Simulated SO2 concentrations from all WRF-Chem runs and SO2 observed by AIRS are 

shown in Fig. 3.8 for the 23 May 2011. A total of 2 d after the eruption the SO2 cloud was 

transported towards the north. All model scenarios reproduce this pattern in general but show 

differences in plume width and in the distance of the plume from the vent. AIRS data also 

showed SO2, which was transported towards the east, but this could not be reproduced by the 

model simulations. The maximum observed SO2 concentration was about 95 DU, which was 

detected northwest of Iceland. The highest SO2 concentrations from model simulations range 

from about 60 DU in S2 to 910 DU in S1. During the next days (Fig. A.2) differences between the 

model and the observations increase.

The comparison of the WRF-Chem simulations with satellite observations revealed that 

the proper prediction of the location of the ash and SO2 plumes for the Grimsvotn 2011 

eruption is only possible when the source terms are treated separately.
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Figure 3.7: Total ash columns from WRF-Chem simulations (S2 and S3), SEVIRI ash mass loading and AOT from AATSR.

Figure 3.8: SO2 total columns (DU) from WRF-Chem simulations (SI, S2 and S3) compared to the AIRS observations.



3.4.2 Comparison with ground-based observations

Measurements from two lidar stations and several ground-based in situ observations are 

used to further evaluate the S3 model simulation. Both S1- and S2-based simulations, did not 

show relevant ash concentrations at these locations.

3.4.2.1 Lidar profiles at selected stations

Vertical profiles of volcanic ash are compared with measurements from lidars (pink dots 

in Fig. 3.9) in Stockholm (Tesche et al., 2007; Althausen et al., 2009; Tesche et al., 2012) and 

Cabauw. On 24 May, the model simulates that a narrow, elongated band of ash was transported 

over the northern European mainland. The cloud ranged from the Netherlands up to northern 

Scandinavia (Fig. 3.9). It slowly approached Stockholm (Fig. 3.9 northern pink dot), where 

maximum ash column concentrations were found at about 23:00 UTC.

Figure 3.9: Simulated maximum total ash column for each grid cell on 24 May at 19:00 (left)

23:00 (middle) and 25 May 03:00 UTC (right). The pink dots indicate the locations of the lidar 

in Stockholm and Cabauw, and the orange dots indicate the location of the ground stations.
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The lidar measurements in Stockholm (Fig. 3.10) revealed ash arrival a few hours later, 

on 25 May between 03:00 and 04:00 UTC. The temporal offset is, however, relatively small, 

considering that Stockholm is far away from the source region and that the ash cloud has 

already been transported for a couple of days.

The vertical profile of modelled maximum ash concentration (average from 24 May 

19:00 UTC until 25 May 03:00 UTC) based on S3 over Stockholm is below the ash mass 

concentration estimates from Tesche et al. (2012) that were based on lidar measurements 

between 02:00 and 08:00 UTC. While the model predicts maximum ash concentrations 

(<100 μg∕m3) within a thick vertical layer between 500 m and 2500 m, the lidar observations 

revealed a sharp peak at about 1000 m with values between 50 μg∕m3 (lower estimate) and 

450 μg∕m3 (upper estimate). The maximum (as well as the minimum) curve is based on different 

assumptions when calculating the mass from the extinction coefficient. According to Tesche et 

al. (2012), the minimum curve is more likely to represent the real observed ash concentrations.

Figure 3.10: Min-max observed ash concentrations values at the lidar Stockholm (25 May 

02:00 until 08:00) compared to the WRF-Chem maximum ash concentrations (24 May 19:00 

until 25 May 03:00 UTC) for each vertical level.
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Volcanic ash was also detected by the lidar at Cabauw on 25 May, 16:30 UTC. Figure 3.11 

shows a qualitative comparison of the observed backscattering coefficient profile and the S3- 

based modelled ash concentration profile, both normalized to 1. Both data sets clearly show 

enhanced aerosol concentrations between about 500 m and 2000 m with the peaks at 1250 m 

and 1500 m in the lidar and model data, respectively. The predicted vertical extension of the ash 

layer shows a very good agreement with the observation at the Cabauw station.

Figure 3.11: Vertical (scaled) profiles of WRF-Chem S3-based total ash and backscattering 

coefficients from the EARLINET lidar at Cabauw on 25 May 2011, 16:30 UTC.

3.4.2.2 Comparison with PM10 observations at selected ground stations

For the days of the Grimsvotn eruption, surface measurements of PM10 are available

from several stations in northern Europe (orange dots in Fig. 3.9). These data have already been 
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used by others to investigate the eruption and to evaluate dispersion models (e.g. Prata and 

Prata, 2012; Tesche et al., 2012; Moxnes et al., 2014). The WRF-Chem output (the finest three 

ash bins corresponding to the size range of PM10) from scenario S3 was interpolated to the 

station locations and compared for the 2 days of the volcanic ash cloud overpass on 24 and 25 

May. Figure 3.12 shows the time series of the observed hourly data for the stations.

In general, the observed PM10 concentrations are slightly higher than the model 

prediction. This is not only true for PM10 peaks, when a large portion of PM10 can be attributed 

to volcanic ash, but also for the entire time period. This model bias is caused by missing 

anthropogenic and biogenic aerosol emissions as well as secondary aerosol formation yielding 

zero PM concentrations before and after the volcanic ash overpass. These contributions were 

not considered in the simulations as the emphasize of this study was on the ash and SO2 

emitted by the volcano.

For most of the ground stations, the plume arrival is simulated well by the model, 

although the model underestimates the observations. In Aberdeen, a temporal shift of about 6 

hours is observed. At this station the modelled peak is later compared to the observed peak. 

This is in contrast to the station in Oslo where the simulated peak arrives about 6 hours earlier. 

The ground observations in Stockholm reveal that the time of the plume arrival is captured by 

the model very well in contrast to the lidar observation, which indicates a temporal shift of 

about 4 hours.
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Figure 3.12: Time series of observed PM10 (μg∕m3) ground concentrations (solid line) and WRF-Chem simulations (dotted line) for

24 and 25 May 2011.



Note that the simulation of the dispersion of ash and SO2 over long distances is subject 

to large uncertainties. Uncertainty in the emission and the meteorology (e.g. vertical mixing) 

has a strong impact on the dispersion and causes deviations between model and observations, 

especially for this complex case.

3.5. Conclusions

The developments presented in this paper permit the integration of complex source 

profiles into the emission preprocessor of the WRF-Chem model. Such temporarily and 

vertically resolved emissions of ash and SO2 can be obtained, e.g., by inverse modelling 

exploiting satellite observations. The simple structure of the input data format allows the 

integration of source term characteristics from any suitable method.

Model runs with three emission scenarios were conducted and evaluated for the 

eruption of the Grimsvotn volcano in 2011. This eruption was unique because ash and SO2 

injection heights were separated and a vertical wind shear led to different transport directions 

of the respective clouds after the eruption. Model performance for ash and SO2 dispersion was 

therefore highly sensitive to the source geometry.

The first model scenario neglected different emission geometries of ash and SO2. It used 

the first observed plume height (15 km) as plume-top height for ash and SO2 and assumed 

constant emission fluxes for the entire eruption period which was estimated to last for 2 days. 

Emission fluxes were calculated empirically (Mastin et al., 2009) and distributed vertically in a 

75/25 umbrella-shaped plume (Stuefer et al., 2013). The second scenario was based on the 

entire observed plume-top-height time series, which was, again, assumed to be the same for 

ash and SO2. After scaling empirically derived emission fluxes (Moxnes et al., 2014), emitted 

mass was distributed again in a 75/25 umbrella-shaped plume while considering different 

plume heights. The third scenario was based on emission fluxes obtained by the inversion of 

volcanic ash and SO2 column observations from the IASI instrument applying the FLEXPART 
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model to link an a priori source term and satellite total column observations. This source term 

includes different emission characteristics of ash and SO2, both in the temporal and in the 

vertical dimensions.

Evaluation of the model simulations revealed the best performance of the most complex 

third emission scenario (S3). Improper emission heights of scenario 1 (S1) resulted in 

overestimated emission fluxes and produced too high ash concentrations. Furthermore, the ash 

cloud dispersed into the wrong direction. For the second emission scenario (S2), the simulated 

magnitudes of the concentrations of ash and SO2 were in good agreement with the satellite 

observations, although the location of the ash cloud was wrong due to incorrect ash plume-top 

heights, which were in reality lower than those of SO2. This underpins the utility of separate ash 

and SO2 source terms with reasonable temporal and vertical variability as used in S3. This 

simulation did not only reproduce the location of ash and SO2 clouds correctly, but also ash 

concentration values close to the surface.

Validation of simulated vertical ash concentration profiles also revealed a good 

agreement with observations, although the ash cloud was dispersed already for a few days on 

the way to the measurement locations. The PM10 fraction of the ash was compared to ground 

stations in northern Europe. The model underestimates the observations because no other 

PM10 sources (anthropogenic, biogenic, sea salt, etc.) were considered in the simulations. The 

prediction of the cloud overpass time was well accomplished for most of the stations by the 

model run using the complex emission source term S3.

Our analysis showed that volcanic ash can also have an impact on air quality when the 

cloud touches the ground. Especially for volcanic events which significantly affect surface air 

pollution, forecast models can support authorities to warn the public.

Fast access to on-site measurements, e.g. from volcano observatories is important to 

constrain dispersion models during an emergency crisis. Decisions must be based on the best 
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available information. Updated source term estimates and model hindcasts can help to better 

understand and predict the transport of ash and gases. Volcanic ash observations from satellite 

instruments are sometimes limited in accuracy; thus models may help to interpret satellite 

retrievals. This is crucial for the aviation sector, which is highly vulnerable to “airborne” hazards. 

Accurate model predictions are not only important to ensure aircraft safety, but can also avoid 

air space closures or flight reroutings, which can save millions of dollars.
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Glossary

AATSR Advanced Along-Track Scanning Radiometer

AGL Above ground level

ASL Above surface level

AIRS Atmospheric Infrared Sounder

AOT Aerosol optical thickness

DU Dobson units
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ECMWF European Centre for Medium-Range Weather Forecasts

EARLINET European Aerosol Research Lidar Network

ENVISAT Environmental Satellite

EOS Earth Observing System

EUNADICS-AV European Natural Airborne Disaster Coordination and Information System 

for Aviation

FLEXPART FLEXible PARTicle dispersion model

GOME-2 Global Ozone Monitoring Experiment

IASI Infrared Atmospheric Sounding Interferometer

ICAO International Civil Aviation Organization

IMO Icelandic Meteorological Office

Lidar Light detection and ranging

METEOSAT Meteorological satellite

MODIS Moderate Resolution Imaging Spectroradiometer

NOAA National Oceanic and Atmospheric Administration

OMI Ozone Monitoring Instrument

PBL Planetary boundary layer

PM Particulate matter

RRTMG Rapid Radiative Transfer Model for Global radiation schemes

SEVIRI Spinning Enhanced Visible Infra-Red Imager

UTC Coordinated universal time

VAACs Volcanic Ash Advisory Centres

VACP Volcanic Ash Contingency Plan

VAST Volcanic Ash Strategic initiative Team

WRF-Chem Weather Research and Forecasting (WRF) model coupled with Chemistry
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Appendix

Figure A.1: Total ash columns from WRF-Chem simulations (S2 and S3), SEVIRI ash mass 

loading and AOT from AATSR on 22 to 24 May 2011 12:00.
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Figure A.2: SO2 total columns (DU) from WRF-Chem simulations (S1, S2 and S3) compared to 

the AIRS observations on 22 to 24 May 12:00.
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Chapter 4 - A volcanic-hazard demonstration exercise to assess and mitigate the impacts of 

volcanic ash clouds on civil and military aviation3

3 Hirtl, M., Arnold, D., Baro, R., Brenot, H., Coltelli, M., Eschbacher, K., Hard-Stremayer, H., Lipok, F., Maurer, C., 
Meinhard, D., Mona, L., Mulder, M. D., Papagiannopoulos, N., Pernsteiner, M., Plu, M., Robertson, L., Rokitansky, 
C.-H., Scherllin-Pirscher, B., Sievers, K., Sofiev, M., Som de Cerff, W., Steinheimer, M., Stuefer, M., Theys, N., 
Uppstu, A., Wagenaar, S., Winkler, R., Wotawa, G., Zobl, F., and Zopp, R.: A volcanic-hazard demonstration exercise 
to assess and mitigate the impacts of volcanic ash clouds on civil and military aviation, Nat. Hazards Earth Syst. Sci., 
20, 1719-1739, https://doi.org/10.5194/nhess-20-1719-2020, 2020.

Abstract

Volcanic eruptions comprise an important airborne hazard for aviation. Although 

significant events are rare, e.g. compared to the threat of thunderstorms, they have a very high 

impact. The current state of tools and abilities to mitigate aviation hazards associated with an 

assumed volcanic cloud was tested within an international demonstration exercise. Experts in 

the field assembled at the Schwarzenberg barracks in Salzburg, Austria, in order to simulate the 

sequence of procedures for the volcanic case scenario of an artificial eruption of the Etna 

volcano in Italy. The scope of the exercise ranged from the detection (based on artificial 

observations) of the assumed event to the issuance of early warnings. Volcanic-emission

concentration charts were generated applying modern ensemble techniques. The exercise 

products provided an important basis for decision-making for aviation traffic management 

during a volcanic-eruption crisis. By integrating the available wealth of data, observations and 

modelling results directly into widely used flight planning software, it was demonstrated that 

route optimization measures could be implemented effectively. With timely and rather precise 

warnings available, the new tools and processes tested during the exercise demonstrated 

vividly that a vast majority of flights could be conducted despite a volcanic plume being widely 

dispersed within a high-traffic airspace over Europe. The resulting number of flight 

cancellations was minimal.
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4.1 Introduction

Aviation is nowadays one of the most critical means of transport, and even short 

interruptions in flight schedules can result in major economic loses. Volcanic eruptions can have 

a significant impact on aviation (e.g. Bolic and Sivčev, 2011; Guffanti et al., 2010a; Albersheim 

and Guffanti, 2009; Brechan, 2010) not only in the vicinity of an erupting volcano but also far 

from the volcano. Fine ash especially, typically defined as ash particles with diameters below 63 

μm, can be transported over very long distances (Durant et al., 2012; Prata et al., 2007).

Volcanic ash, particularly fine ash, may represent a significant danger to aviation, as 

volcanic ash particles can cause the deterioration of forward-facing surfaces and metal 

components. Although ash would not destroy the engine, high concentrations of volcanic ash 

particles are a problem as they melt due to having a lower melting temperature than the 

temperature within the engine and stick to turbine surfaces that can lead to a blocking of the 

aerodynamic throat area (Clarkson et al., 2016). Aircraft engines may sustain sudden power loss 

(Bolic and Sivcev, 2011) or even complete engine failure (ICAO, 2007). Volcanic ash generally 

may cause a variety of additional damage inside and outside an aircraft. The silicate particles of 

an ash cloud scratch cockpit screens or grind down various parts of the aircraft, such as the 

leading edge of the wings or tail parts, instantly impacting aerodynamics in flight. In addition, 

the pitot tubes, which are essential for speed and altitude measurement, can be clogged. 

Volcanic ash may cause blockages of the air filters and contamination of the inside cabin air.

The first incident concerning engine flameout due to high-level (i.e. at cruise altitudes) 

volcanic ash clouds happened on 24 June 1982. A Boeing 747-200 of British Airways lost power 

of all four engines when the aircraft entered at 11000 m an ash-contaminated airspace due to 

the eruption of volcano Mount Galunggung, Indonesia (Johnson and Casdevall, 1994). During 

the ensuing 16 min, the aircraft descended without power from 11000 to 3600 m; at the last 

minute, the pilots were able to restart three of the four engines (ICAO, 2007) and therefore 

regained control without the cost of human lives.
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Other incidents include a KLM Boeing 747, on 15 December 1989, which was powerless 

for more than 4 min as the plane flew into a dense ash-contaminated airspace 170 km north of 

Anchorage, Alaska (Przedpelski and Casadevall, 1994). The ash cloud originated from Mount 

Redoubt, at a distance of 240 km from the aircraft. Notably, both incidents occurred during the 

night, the volcanic plumes were invisible and no warnings were available to the pilots during 

these days. A more recent incident happened during July and August of 2008; the Kasatochi 

(Guffanti et al., 2010b) volcano in Alaska's Aleutian Islands chain erupted, causing widespread 

impacts on aviation operations. The volcanic ash and gas were ejected up to the stratosphere 

and dispersed into major North American jet airways.

The first events especially, with an impact on aviation, were the starting point of the 

development of guidelines, legislation and specific products for aviation. In 1991, the 

International Civil Aviation Organization (ICAO) and the World Meteorological Organization 

(WMO) decided to set up volcanic ash advisory centers (VAACs) to monitor and forecast the 

dispersion of fine ash in the atmosphere. In Europe, the London VAAC (UK Met Office) and the 

Toulouse VAAC (Meteo-France) take on this responsibility to operate a 24/7 service. There are 

many contributors to the overall volcanic risk mitigation system such as air navigation service 

providers (ANSPs), including the Aeronautical Information Service and air traffic flow 

management (AFTM) units, and meteorological service providers including meteorological 

watch offices (MWOs) and volcano observatories. Original equipment manufacturers (OEMs) 

are required to establish acceptable susceptibility standards of engine features to the effects of 

volcanic clouds. These should include a combination of experience, studies and analysis and/or 

testing of parts, sub-assemblies or engines. Specific aircraft and engine type certificates, 

supplemental type certificates (STCs) and parts manufacturer approvals (PMAs) have been 

developed to consider the possibility of volcanic-particle exposure. Their cooperation in 

supplying governments, operators and civil aviation authorities (CAAs) with the information 

necessary to support the preflight, in-flight and postflight decision-making process is essential 

for continuous safe operations.

85



The eruption of the Eyjafjallajökull volcano in Iceland in April and May 2010 caused a 

major crisis situation especially for aviation. The crisis happened despite some decades of 

experience and new technologies available to detect volcanic ash clouds in real time. Satellite 

remote sensing networks were available (although with, for example, lower quality and 

resolution than nowadays), and advanced communication channels existed in 2010. 

Nevertheless, major interruptions and a significant collapse of the air traffic system over Europe 

could not be prevented for days (Bolic and Sivčev, 2011). The Eyjafjallajokull 2010 crisis (e.g. 

Stohl et al., 2011; Bolic and Sivcev, 2012; Gudmundsson et al., 2012) highlighted the societal 

demand for unaffected mobility, as well as aviation vulnerability to natural hazards. An 

estimated 7 million passengers were left stranded, with the effects of the closing of airports 

extending to trade, business and general production. Although there were no casualties, the 

economic impact was enormous (IATA, 2010), especially during the first days after the eruption, 

from 15 until 22 April 2010, when 104000 flights were cancelled (Alexander, 2013), which 

comprised 48 % of the expected traffic during those days.

Since the Eyjafjallajokull outbreak in 2010 in Iceland and the resulting closing of wide 

areas of the European airspace for days, changes have been made to the standards and 

recommended practices of aviation in the case of volcanic eruptions. Until this event, the 

maxim was “avoid visible ash” as an answer to the flights of two Boeing 747s into ash clouds in 

the 1980s (Johnson and Casadevall, 1994), which triggered the establishment of the 

International Airways Volcano Watch (IAVW) and respective ICAO procedures and guidelines. 

This rule is still valid for the conduct of flights today. Within this context, the Volcanic Ash 

Contingency Plan (VACP, Edition 2.0.0 - July, 2016) grants airspace users the power to make the 

decision of whether to fly or not based on their safety risk assessment accepted by the Civil 

Aviation Authority of the state of registration. This includes the decision about operation in 

airspace where volcanic ash is present or forecast. Consequently, most countries in Europe do 

not close their airspace as a default procedure in the event of a volcanic eruption.
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As a consequence of the Eyjafjallajökull eruption, London and Toulouse VAACs provide 

volcanic ash concentration charts to support the VACP. These charts predict the location of a 

quantitative mass of ash per unit volume and are provided for three contamination levels:

- low-contamination volcanic ash mass concentration less than or equal to 2 mg m-3

- medium-contamination volcanic ash mass concentration greater than 2 mg m-3 and less than

4 mg m-3 

- high-contamination volcanic ash mass concentration greater than or equal to 4 mg m 3

The Eyjafjallajokull eruption showed that there is still a significant gap in the Europe

wide availability of real-time hazard mitigation data and tools. The 2010 event revealed a 

significant lack of volcanic monitoring information for airborne hazards, and informative and 

crucial data describing “what, where and how much” were missing. Within the framework of 

the Horizon 2020 research project EUNADICS-AV (European Natural Disaster Coordination and 

Information System for Aviation, 2016-2019) funded by the European Commission, a network 

of experts was established, with the aim of providing the relevant data (observations and 

models) during situations when aviation is affected by airborne hazards (e.g. volcanic ash and 

SO2, desert dust, wildfires, and nuclear accidents). To enable all stakeholders in aviation to 

obtain fast, coherent and consistent information, all data are collected and visualized on a 

dedicated platform (see Sect. 4.3.1.2). In order to implement efficient data and information 

exchange, interfaces between various data sources from observational networks, dispersion

modelling applications and flight-planning software were developed. This included the linking 

of dispersion models with flight trajectory models that consider cost-based rerouting of flights 

(with respect to fuel and maintenance costs; see Sect. 4.5.3).

All developments were tested and evaluated at an international demonstration exercise 

conducted at the barracks of the Austrian Armed Forces (AAF) in Salzburg in March 2019. The 

goal of the demonstration exercise was to simulate the different phases of the event, expert 
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contributions and decision procedures during a volcanic eruption and a nuclear crisis. This 

paper focuses on the volcanic scenario.

The following sections describe the motivation and organization of the exercise, the 

assumed scenario of the eruptive event, available data and tools, results, and conclusions 

derived by the participating collaborators. The case scenario starts with the early detection of 

the fictitious eruption of the Etna volcano, Italy, and subsequent early warnings were 

developed. There were observations from different sources available (e.g. satellite, lidar, in 

situ), which were used to analyze the hazard situation. The observational data were combined 

with state-of-the art simulation models to determine the source terms of the harmful 

substances and to further refine the analysis. These results were then fed into flight trajectory 

and air traffic simulation models.

4.2 International exercises

In the field of dispersion modelling and the related impacts (e.g. on aviation), different 

exercises have been conducted in the past, and some of them, e.g. the VOLCEX (VOLcanic ash 

Contingency EXercise; Sivcev, 2011; Dopagne, 2011) are repeated on a regular basis to test how 

procedures perform in real-time situations. The exercises are a means to test communication 

networks and data exchange capabilities between the involved centres and groups. Important 

goals of such exercises are also to check the distribution of responsibilities and to review how 

seamless and coordinated the completion of the necessary tasks is.

For volcanic ash, the annual European VOLCEX is the most important exercise with 

respect to volcanic ash and the impacts on aviation. VOLCEX involves the participation of 

VAACs, different airlines and ANSPs, as well as different regulators and other crisis coordination 

cells. The objective of the exercise is to provide an opportunity for each individual state to test 

the effectiveness of their national crisis procedures and, for all the participants, to test the 

effectiveness of their local volcanic ash contingency plans and procedures. It is designed to test 
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the operational capabilities and speed of all players involved in the industry (e.g. airlines) that 

could be affected by a volcanic eruption in European airspace. During the exercise, the crisis 

coordination between the various stakeholders via the European Aviation Crisis Coordination 

Cell (EACCC) and the Aircraft Operator Crisis Coordination Cell (AOCCC) is evaluated.

The EUNADICS-AV demonstration exercise was unique with respect to the 

abovementioned activities. The exercise not only comprised all the items and timescales for a 

potential event relevant to aviation but also looked at it from a research-oriented perspective. 

Innovative procedures, data and products were tested in a simulated environment. Such a 

complete and comprehensive exercise demonstrated the applicability and feasibility of these 

innovative solutions into the aviation sector, produced by the research and operational 

capabilities of the EUNADICS-AV partnership. The exercise also demonstrated vast 

opportunities to support and complement the VAAC activities in the future e.g. by providing 

relevant observations, early warnings, source terms and analysis fields via a dedicated platform. 

This paper continues with describing the several activities during the exercise with a focus on 

the volcanic test case and the lessons learnt from this multidisciplinary exercise.

4.3 Overview of the EUNADICS-AV demonstration exercise set-up

4.3.1 General approach

The exercise took place at the military facilities at the Schwarzenberg barracks from 3 to 

8 March 2019. The floor plan and location of the different exercise cells (Fig. 4.1) show the 

organizational aspects of the exercise and how the interaction among cells was facilitated. Each 

cell was in charge of one of the predefined actions within a crisis situation (see Table 4.1 for 

details).
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Figure 4.1. (a) Floor plan of different cells at Schwarzenberg barracks (Salzburg, Austria). (b)

Picture of the main hall of the demonstration exercise premises.

Starting from (1) the detection (based on artificial observations) of the hazardous event 

and (2) the declaration of early warnings, (3) observations from different sources (e.g. satellite, 

lidar, in situ) were used to analyze the situation and were furthermore combined with the 

model to determine the source terms and to refine the analysis (4). These results were then 

used to (5) cost-efficiently reroute airplanes. Every step of the whole procedure was executed 

with a demonstration of which data would be used in a real event and how the procedures and 

dependencies would take place (Fig. 4.2).
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Figure 4.2. EUNADICS-AV exercise 2019 workflow.

During the demonstration exercise, the cells presented the relevant data and impact on 

aviation during four phases of the event defined as follows:

Pre-alert: A notification of an event is received, which may lead to a possible major 

disruption of ATM (air traffic management), requiring activation of an operational 

reaction chain.

Disruption: Major disruption impacts ATM operations and may escalate to a crisis. 

Crisis: State of inability to provide an air navigation service at the required level is 

reached, resulting in a major loss of capacity, a major imbalance between capacity and 

demand, or a major failure in the information flow following an unusual and unforeseen 

situation.

Recovery: The operation goes back to normal, and an evaluation of the impact is 

finalized.

Each cell was equipped with technical support, e.g. computers and monitors, to 

demonstrate its role in the operational sequence of procedures and actions. The main results 

could be projected from each cell to various big screens in the hall (see Fig. 4.3).
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Figure 4.3. Selected photos from the demonstration exercise at the Schwarzenberg barracks

in Salzburg. The flight simulator was operated by both military and civil pilots.

Based on the observations and modelling data provided (see Sect. 4.4) by the “scientific 

cells” (cell 2 to 6), the impact on aviation was simulated and depicted by the “aviation and 

stakeholder cells” (cell 7 to 15). These data allowed the ANSPs to release special aviation 

advisories (e.g. Significant Meteorological Information - SIGMET). Further impacts were due to 

rerouting and cancellation of flights by flight trajectory modelers (see Sect. 4.5.3) as well as 

respective procedures invoked on the military side and by participating airports and ministries.

For the evaluation of the impacts on the air traffic, the air traffic was simulated by using the 

NAVSIM/USBGSim (Rokitansky, 2009) simulator. A newly developed cost model was used in the 

framework of an airline network balance tool (FLIGHTKEYS 5D) to cost-efficiently reroute flights 

affected by the disaster event (see Sect. 4.5.3). Cell-specific EUNADICS-AV developments and 

impacts on ATM were shown for both the civil and the military roles within each ATM phase.

The most important tasks in the preparation phase of the demonstration exercise were 

to establish working practices and interfaces between the broader natural-hazard science 

communities on one side and the more application-oriented aviation community on the other 

side. The latter was mostly represented by flight trajectory modelers and military aviation 

experts. The emphasis at the EUNADICS-AV exercise was more on the scientific part and not on 

regular procedures, which are tested, for example, during VOLCEX, where the crisis 
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coordination between the various stakeholders is tested and evaluated. The intense 

preparatory work ahead of the demonstration exercise managed to bridge existing gaps. 

Experts such as natural-hazard scientists, flight managers and pilots collaborated in an 

unprecedented fashion. This effectively was the spirit of the EUNADICS-AV project put into 

practice.

4.3.1.1 The volcanic-eruption scenario

The exercise scenario was designed assuming a fictitious eruption of the Etna volcano in 

Sicily, Italy. The aim was to simulate the onset of the eruption during an episode with large- 

scale weather patterns that led to a transport of ash from Sicily towards central Europe over a 

couple of days, with a widespread ash cloud with concentration levels above the relevant 

thresholds (e.g. above 2 mg m-3 at any vertical sub-column; see also Sect. 4.1). A period lasting 

1 week during April 2018 was chosen.

The fictitious Etna eruption started on 18 April 2018, at 12:00 UTC with a plume height 

of 12 km above the vent and a constant ash emission of 198 t s-1. The eruption was assumed to 

last until 20 April 00:00 UTC. The plume height and emission rate were further assumed to be 

10 km and 116 t s-1 until 22 April 00:00 UTC. The following days until 25 April were considered 

the recovery phase, when no relevant ash source was present over Europe anymore (see also 

Sect. 4.4.3).

A fictitious event was chosen because there was no real eruption in the past that 

fulfilled the requirements which were defined for the exercise, i.e. that the volcanic ash cloud 

spread over Europe with certain threshold exceedances of volcanic ash concentrations over 

selected regions (e.g. over Austria where ANSPs have to deliver specific products).
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Table 4.1. EUNADICS-AV demonstration exercise cells and related tasks.

No. Cell name Tasks
C 1 EUNADICS-AV 

exercise lead
Management team of EUNADICS-AV demonstration 
exercise (was located in an extra room, not depicted 
here).

C 2 Observational 
infrastructure

Collection, tailoring, documentation, and distribution of 
observational data such as satellite and lidar data.

C 3 Early-warning system Sending of early-warning messages and triggering of the 
EUNADICS-AV modelling chain based on the observational 
data provided by C 2.

C 4 Data integration and 
assimilation

Based on observations, estimates of the source term 
(location and strength) will be provided. Furthermore, 
analysis charts are computed by assimilating relevant 
observations into numerical models.

C 5 Aviation product 
development and 
integration

Collects the model data from the individual modelling 
groups, which are produced in C 4, and computes a model 
ensemble which is further passed to the EUNADICS-AV 
portal where further output concentration charts and 
processing for the air traffic management (ATM) is 
conducted.

C 6 Data and product 
delivery

Distribution of relevant products and visualization of 
different data sets in a harmonized way. Interface 
between EUNADICS- AV products and end users.

C 7 Aviation-specific data 
usage and analysis

Aviation-specific use of EUNADICS-AV products, 
simulation of air traffic (civil and military perspective), 
flight management, etc.

C 8 User risk assessment Visitor coordination, user survey during the event, and 
collection of feedback and additional requirements.

C 9 Pilots Demonstration of a pilot's view.
C 10 Military air forces Demonstration of military application of the EUNADICS- 

AV data and products.
C 11 Airports Demonstration of an airport's view in the case of a 

disaster event.
C 12 Airlines Demonstration of cost-based decision-making in the case 

of a disaster event.
C 13 Air navigation service 

providers
(ANSPs) Role and application of ANSPs in the case of a 
disaster event.

C 14 EUNADICS-AV crisis 
coordination

Coordination of the exercise crisis cell and exercise
specific events.

C 15 National catastrophic 
event crisis

Role and applications of national authorities in the case of 
a disaster event.
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4.3.1.2 Data sharing and visualization

All data sets (artificial observations and model data; see Sect. 4.3.4) used for the 

demonstration exercise were accessible and visualized. The information flow is depicted in Fig. 

4.4.

The various data products (satellite and ground-based observations, modelling data) 

that were requested by the wide range of users had many different data sources, data types 

and formats, projections, sampling time intervals, and coverage.

The EUNADICS-AV project made use of existing data channels and protocols to provide a 

harmonized and easily accessible portal (see Fig. 4.5 for example) for all the different types of 

information, including observations or modelling results.

Figure 4.4. Information flow between data providers and users.
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Figure 4.5. Exemplified visualization of the EUNADICS-AV portal showing the model ensemble

(a) and the vertical ash distribution (b) at an ACTRIS EARLINET station (Barcelona) on 21 April 

2018.

The portal allowed the participants of the exercise to explore the event and the 

products available anytime during each of the four phases with a graphical user interface.

4.4 Data sets used for the demonstration exercise

4.4.1 Artificial observations

As the considered Etna scenario was artificial, the observational data sets were 

generated based on model simulations. The task of creating the artificial observations is split 

into two steps: (i) simulate the evolution of the artificial volcanic plume and (ii) simulate the 

fingerprint of this plume for different types of observation devices. An artificial eruption 

scenario was chosen, because in the recent past there was no real eruption of Etna that would 

have resulted in long-range transports of ash over central Europe with concentration values 

over certain thresholds.
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4.4.1.1 Simulations of the artificial plume evolution

Having the parameters of the artificial eruption decided, the SILAM (System for 

Integrated modeLling of Atmospheric coMposition) modelling system of the FMI 

(http://silam.fmi. fi, last access: 10 June 2020; Sofiev et al., 2015) was run over the European 

domain, simulating the dispersion of the emitted masses in the atmosphere (see example in Fig. 

4.6a).

The main challenge at this stage was to not only simulate the main dispersion but also 

account for incompleteness of our knowledge of the atmosphere, e.g. its dynamics during these 

days and actual wind direction and speed. To account for this uncertainty, the SILAM model 

was not run with meteorological data from the operational weather models but rather from the 

reanalysis data set ERA5 (Hersbach and Dee, 2016) of the European Centre for Medium-Range 

Weather Forecasts (ECMWF).

Figure 4.6. (a) Simulated observations based on actual IASI pixels; no retrievals if cloud cover 

fraction > 0.25 in the 0.1 × 0.1 model pixel. (b) Simulated aerosol optical depth (AOD) > 8.

The values are perturbed with a spatially correlated error (the spatial correlation is based on 

a similar error covariance to that of the simulated MODIS AOD) - the error of each data point 

is set to 0.25 times the simulated value plus 0.05 g m-2.
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ERA5 was produced by assimilating a vast number of historical observations into a 

numerical model and provides therefore high-quality meteorological data on a global scale; the 

final data set will extend back to 1950. Compared to the operational weather predictions, the 

reanalysis has noticeably more extensive assimilation capabilities (see summary for the 

previous version of the ECMWF reanalysis ERA-Interim in Dee et al., 2011) and thus can be 

considered as a more accurate representation of the actual meteorological conditions than the 

operational forecasts are. All other simulations with SILAM and other models used only 

operational forecasts for the corresponding period.

4.4.1.2 Generation of artificial observations from SILAM simulations

The output of the plume dispersion simulations consisted of the 4D distribution of the 

ash concentrations. To obtain the artificial observations, we applied the corresponding 

observation operators, which observed the concentration distribution as if the corresponding 

device were observing it. For instance, for the in situ sampling observations, the concentrations 

near the surface were extracted at the locations of the stations. For EARLINET (European 

Aerosol Research Lidar Network; Pappalardo et al., 2014; http://www.earlinet.org, last access: 

10 June 2020) lidar, the vertical profiles of concentrations over the lidar locations were 

convoluted with their sensitivity. For satellites, the averaging kernels of the instruments were 

convoluted with the vertical profiles of concentrations along the satellite trajectory. We also 

took into account the actual weather impact and instrument specifics; as shown in the example 

in Fig. 4.6b, IASI (Infrared Atmospheric Sounding Interferometer; see e.g. Karagulian et al., 

2010) instrument cannot observe in cloudy conditions and cannot retrieve very thick ash layers. 

At the final stage, the artificial plume retrievals were summed up with the actual satellite data 

for the corresponding orbits.

98

http://www.earlinet.org


4.4.2 The early-warning system (EWS)

The purpose of the EWS is to provide near-real-time (NRT) observational data in the 

case of the detection of an airborne hazard. Subsequently, it provides centralized information 

for NRT monitoring to contribute to the improvement of the analysis and forecasts of volcanic 

ash plumes.

Observational data (satellite, ground-based and airborne remote sensing, and in situ) 

play a significant role in determining the 4D distribution of the ash cloud. For the 

demonstration exercise, several ground- and space-based observations (synthetic) were chosen 

to facilitate the detection of the event (see Sect. 4.4.2.1 to 4.4.2.3) and to assess the current 

extent and location of the dispersed ash cloud.

During the event, alerts created from these synthetic observations were delivered to the 

different cells to trigger their respective actions. As in a quasi-operative mode, with NRT 

products derived from the available monitoring networks, appropriate information from 

notifications of the hazardous event was provided.

4.4.2.1 Volcano observatory, Sicily

The Etna Volcano Observatory of the Italian National Institute of Geophysics and 

Volcanology (INGV) produced five VONA (Volcano Observatory Notice for Aviation) messages 

for the artificial Etna case. The first VONA message was YELLOW, indicating that the volcano 

showed signs of elevated unrest above its background level (06:00 UTC on 18 April 2018). Then, 

10 min after the start of the Etna eruption (at 12:00 UTC on 18 April 2018), a RED message 

informed participants that lava fountaining had started from the central crater summit vent, 

with large ash emissions occurring up to 12 000 m above the vent height and the ash plume 

moving towards the north. At 00:10 UTC on 20 April 2018, a second RED message was provided. 

This message confirmed the ongoing eruption, with lower plume heights of up to 10 000 m 
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above the vent height. Just after 00:00 UTC on 23 April 2018, an ORANGE message indicated 

the end of lava fountaining and ash emissions. Next, a GREEN message followed, with the 

announcement that the volcanic activity had ceased (volcano reverts to its normal or non- 

eruptive state) and that no ash cloud was being produced anymore.

4.4.2.2 Synthetic ACTRIS EARLINET data

The European Aerosol Research Lidar Network (EARLINET; Pappalardo et al., 2014; 

http://www.earlinet.org), established in 2000, provides aerosol profiling data on a continental 

scale. EARLINET is part of the Aerosols, Clouds and Trace Gases Research Infrastructure 

(ACTRIS; http://www. actris.eu, last access: 10 June 2020).

Within the EUNADICS-AV project, an EWS was designed that relies explicitly on 

EARLINET aerosol observations. This product is based on the possibilities offered by the 

EARLINET Single Calculus Chain (SCC; D'Amico et al., 2015) for the NRT data processing and the 

generation of tailored products network-wide. The calibrated high-resolution lidar data serve as 

the basis for the alert delivery (Baars et al., 2017). This EWS provides only qualitative and not 

quantitative information; thus the EARLINET EWS represents a warning system rather than a 

tool for decision makers. The demonstration exercise was the first occasion for which the 

EARLINET EWS was tested.

The EARLINET products for the demonstration exercise consisted of snapshots of the 

lidar signals and of the EWS plot. Figure 4.7 shows an example of the particle backscatter 

coefficient (with the cloud fraction removed and not removed) for the EARLINET station in 

Barcelona. Special attention should be given to the particle backscatter coefficient values 

reported in the figures as the values are unrealistically high and most likely would attenuate the 

lidar laser beam.
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Figure 4.7. Particle backscatter coefficient time-height evolution when the cloud fraction is

removed (a) and not removed (b) for the Barcelona EARLINET station and for the whole exercise 

period.

The simulated data refer only to volcanic ash, and the depolarization information was 

not incorporated into the alert delivery method. Figure 4.8 presents an example of the 

attenuated backscatter coefficient and the corresponding alert for aviation for the EARLINET 

Leipzig station. The ash layer first appears at around 13 km on 22 April 05:00 UTC, with high 

values reaching the ground the next day. The ash cloud is not visible anymore over the Leipzig 

EARLINET site on 24 April.

Figure 4.8. The attenuated backscatter coefficient (a) and the alert for aviation (b) for the

Leipzig EARLINET station.
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4.4.2.3 Synthetic satellite data simulated for IASI and MODIS

Satellite observations from two types of sensors (IASI and the Moderate Resolution 

Imaging Spectroradiometer, MODIS) were considered for generating alert products for the 

exercise. Clerbaux et al. (2009) and Levy and Hsu (2015) gave descriptions of the IASI and 

MODIS instruments respectively. Synthetic ash products from two IASI sensors (on board 

MetOp-A and MetOp-B; Clarisse et al., 2010) and aerosol optical depth (AOD) from two MODIS 

sensors (on board Aqua and Terra) were used.

After the detection of the aerosol or ash cloud at the Nicolosi and Catania EARLINET 

stations, the first selective detection of ash from satellite was created for IASI-A (Fig. 4.9, left; 

few ash pixels at 20:10 UTC on 18 April 2018. A first partial detection was created at 08:28 UTC 

on 19 April 2018, followed by a global detection of the ash plume by IASI-B (Fig. 4.9, right) at 

09:27 UTC on 19 April 2018. Following each of these synthetic detections a warning was issued 

with a time delay of about 1.5 h.

Figure 4.9. Warnings of ash plume by IASI-A (at 08:28 UTC) and IASI-B (at 09:27 UTC) on 19

April 2018.

Synthetic observations of the ash plume (AOD anomalies) were created for the MODIS 

instruments aboard the Terra and Aqua satellites a in similar fashion to IASI-A and IASI-B. The 

MODIS detections were selected with respective daily timestamps of 10:19 and 11:58 UTC.
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Warnings were delivered to the aviation and military cells to support their decisions, actions 

and tasks. The warnings were also used to provide simulation start times for the dispersion 

models, improving the capability for achieving advanced analysis and forecasts of Etna's ash 

cloud.

4.4.3 Model ensemble

The following models provided the concentration distribution for the whole period using 

the predefined source term: MATCH (Multi-scale Atmospheric Transport and Chemistry;

Robertson et al., 1999), MOCAGE (Modele de Chimie Atmospherique de Grande Echelle; Guth 

et al., 2016), SILAM (Sofiev et al., 2015), FLEXPART (FLEXible PARTicle dispersion model; Stohl et 

al., 2005) and WRF-Chem (Weather Research and Forecasting (WRF) model coupled with 

Chemistry; Grell et al., 2005; Stuefer et al., 2013). Although the EUNADICS-AV partnership used 

a reduced number of models, this approach accounts for an ensemble of multiple models. The 

4D-model values were interpolated to a common grid, which allowed for the calculation of a 

mini ensemble and percentiles indicating the model uncertainty for the considered time step 

and location. For the demonstration exercise, the 75th percentile ash concentration level was 

used, which corresponds to ash concentrations below 75 % of the modelled outputs. Using this 

approach was a slightly conservative compromise as the median (50th percentile) is the most 

probable scenario. Using the 75th percentile means that the regions that lie above a certain 

threshold are larger than for the median.

Figure 4.10 shows the dispersion of the volcanic ash cloud over several days at a 

selected layer (FL275). Note that the model data were produced in advance of the 

demonstration exercise. The modelled results were used as a baseline for the aviation-related 

tasks. The modelled data were interpolated to 13 flight levels, visualized on the EUNADICS-AV 

portal and also imported into other applications like flight-planning software and Visual 

Weather (https://www.iblsoft. com/products/visualweather/, last access: 10 June 2020).
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Figure 4.10. Model ensemble (75th percentile) for the 6 consecutive days after the artificial 

Etna eruption in April 2018. The data are depicted at FL275.
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4.5 The impact of the ash cloud on aviation for the Etna eruption scenario

4.5.1 Air navigation service provider

At this demonstration exercise, the tasks designated to ANSPs during such a crisis 

situation were executed by Austro Control (ACG). ACG provided specially tailored warnings 

and/or products for different aviation stakeholders in order to warn of the presence of the 

volcanic ash cloud. During the course of the demonstration exercise, the data sets described in 

the previous sections were fed into the visualization software that is also used for daily 

operations. Subsequently, products were generated for the local situation in Austria in order to 

give the exercise participants an impression of available aviation products for the case of a 

volcanic ash eruption. The presented products included internationally prescribed and 

harmonized weather warnings or prediction products, as well as country-specific products for 

Austria. In addition, a pilot briefing was conducted including specific information on the 

volcanic ash event for a potentially affected flight.

The following internationally harmonized products (selected examples) were prepared 

(according to an ACG internal guideline):

- Volcanic ash SIGMET (Significant Meteorological Information). A SIGMET advisory is a warning 

message of the occurrence or expected occurrence of specified weather phenomena occurring 

en route, which may affect the safety of aircraft operations (ICAO, 2018a). MWO Vienna issued 

a volcanic ash SIGMET for 22 April 2018 at 16:00 UTC. It states that a volcanic ash cloud 

originated from Mount Etna; the cloud is predicted to be between FL250 and FL350 at 17:00 

UTC in the Austrian airspace within the polygon of which the longitude and latitude coordinates 

are given (grey line in Fig. 4.11). Around 18:00 UTC, the ash cloud spreads to the south-east and 

a second polygon is provided (in red in Fig. 4.11). These polygons were generated from the 75th 

percentile of the ensemble model output (see Sect. 4.4.3).
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Figure 4.11. Location of the two polygons for which the SIGMETs (ACG) were issued.

- Volcanic ash NOTAM (Notice to Airmen). A NOTAM is a notice containing information 

concerning the establishment, condition or change in any aeronautical facility, service, 

procedure or hazard, the timely knowledge of which is essential to personnel concerned with 

flight operations (ICAO, 2018b). The NOTAM, issued for 22 April at 17:58 UTC by MWO or the 

NOTAM office Vienna, is valid from 18:00 to 21:00 UTC. The predicted volcanic ash of Mount 

Etna has a high concentration (above 4 mg m-3) in the Austrian airspace within the defined 

polygon.

- Special Air Reports (special AIREPs). An AIREP is a report of the actual weather conditions as 

encountered by an aircraft in flight. If pilots observe certain weather phenomena, such as 

moderate or strong turbulence, icing, or the sighting of volcanic ash, a so-called special AIREP is 

issued by the corresponding MWO (International Civil Aviation Organization, 2001).

MWO Rome (represented by ACG) issued this special AIREP for 18 April at 13:34 UTC.

The message contains a pilot report of a volcanic ash sighting at 38.5833 N, 15.3167 E 

(approximately 60 NM (111 km) north of Mount Etna) at FL340.
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In addition, non-harmonized meteorological products specific to Austria were prepared.

In the event of volcanic ash occurring in the Austrian airspace or the directly adjacent airspace, 

these products were 

- a low-level significant weather chart (Fig. 4.12), displaying significant weather phenomena 

below FL250, for the entire Alpine region as well as the adjacent regions;

Figure 4.12. Low-level significant weather chart for 23 April 14:00 UTC. The predicted volcanic 

ash is represented by the brown dash-dot-dotted line over the Adriatic Sea, parts of Italy and

Slovenia, south-eastern Switzerland, and the southern half of Austria and Hungary and 

extends from the surface to over FL250.

- a Significant Weather Bulletin, an ACG internal weather forecast product for air traffic 

controllers, which is a 6 h forecast for weather phenomena that can be significant for traffic en 

route and can lead to disruption of the air traffic.
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4.5.2 Austrian Armed Forces (AAF)

As volcanic ash clouds are very rare events, the respective procedures on the military 

side are not trained frequently. The EUNADICS-AV demonstration exercise was a good 

opportunity for the Austrian Air Force to test the following tasks:

- prove the AAF concept for volcanic incidents in a European civil-military context

- represent possible information needs of European air forces

- demonstrate that each air force will have its own national specific tasks (e.g. Austria has to 

ensure neutrality and sovereignty 24/7)

- explain military activities that might occur during real volcanic ash events

- present the AAF air sampling capability in the European civil-military context and highlight its 

value for European forecast and dispersion modelers.

To fulfil above-mentioned tasks, the AAF participated with the following key personnel 

of the Austrian Air Operations Centre (AOC): the Chief of Current Operations; the Airspace 

Manager; a chemical, biological, radiological and nuclear (CBRN) specialist; two military 

meteorologists; and a military programmer.

The AAF performed an internal reprocessing of the real air operation scenario, from the 

informal meeting of justice and home affairs ministers, 2018, in Salzburg, under the influence of 

volcanic ash clouds with relevant ash concentrations in Europe and over Austria. The AAF 

demonstrated how airspace blocking in the southern part of Europe might influence military 

overflights through Austrian airspace.

4.5.3 Rerouting of flights

One of the exercise objectives was to demonstrate how efficiently automated future 

airline operations in a disaster scenario could function. Impacts on ATM were shown for both 
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the civil and the military sectors within each phase of the exercise. For evaluating the impacts 

on the air traffic, the air traffic was simulated by using the NAVSIM/USBGSim simulator.

NAVSIM/USBGSim is an ATM ATC (Air traffic control) CNS (Communication, navigation 

and surveillance) MET (meteorology) simulation framework developed and continuously 

enhanced by the Aerospace Research Group of the University of Salzburg, in close cooperation 

with mobile communications R&D (Rokitansky et al., 2007a, b, 2018a, b). NAVSIM/USBGSim has 

been used to simulate European and worldwide air traffic based on specific reference days in 

the past (around 36000 flights within 24 h for Europe and 110000 flights worldwide). It can be 

used as a real-time and fast-time simulator.

A total of around 243000 flights between 18 and 25 April 2018 were analyzed and 

simulated for the demonstration exercise using postflight input data from the EUROCONTROL 

Network Manager (NM), which means around 30400 flights per 24 h. In principle, all scheduled 

airline, charter and cargo flights, as well as short-term business, general aviation and military 

flights, which entered a controlled airspace within the ECAC4 area were taken into account. The 

detailed flight route of each of these “real” flights was used as basis for further comparison 

with the volcanic ash scenario assumed and modelled for the EUNADICS-AV exercise. A total 

number of around 98000 flights were identified for potential conflicts with ash clouds. For each 

of these intersecting flights suitable deviation routes - if required - were calculated by the 

EUNADICS-AV participant FLIGHTKEYS and further simulated and visualized using the 

NAVSIM/USBGSim tool of the University of Salzburg. Selected flights were simulated in real 

time using the Laminar Research flight simulator (X-Plane 11, 2019) and were visualized online 

with the NAVSIM/USBGSim. Furthermore, voice communications concerning visually observed 

volcanic ash were exchanged in real time between involved “humans in the loop”, i.e. a pilot 

and an air traffic controller for selected flights.

4 The European Civil Aviation Conference (ECAC) currently includes 44 member states (refer to https://www.ecac- 
ceac.org/ member-states, last access: 10 June 2020).
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A newly developed cost model was used in the framework of an airline network balance 

tool (FLIGHTKEYS 5D, https://www.airlinesoftware.net/product/1422/flightkeys-5d, last access: 

10 June 2020) to cost-efficiently reroute flights affected by the disaster event. A realistic 

damage cost model has been developed with the advice of the aircraft engine manufacturer 

Rolls-Royce, and the FLIGHTKEYS trajectory optimizer was modified to integrate the cost model 

and 5D5 ash data. ATM flow restrictions and mandatory routes were disabled to reduce 

complexity and to allow more efficient reroutings. Since the vast majority of flights was 

unaffected and could be assumed to proceed according to their originally filed routings, 

network disturbance was assumed to be manageable at a level that would be similar to a large 

convective weather situation. Furthermore, the assumption was made that a future Europe

wide ATM system would be capable of accommodating the rerouting requests in an efficient 

way for the case where practically all airspace users would utilize the advanced trajectory 

planning capability and all have safety risk assessments that allow flight through or over ash 

clouds.

5 In addition to the 4D space covered by traditional flight-planning solutions, 5D extends the calculation space into 
a fifth dimension. Uncertainties in surface weather, traffic and cost prediction are modelled into statistical 
functions based on a continuous analysis of actual flight data. For upper-air weather, multicasting weather 
products are introduced to compare multiple scenarios and automatically apply suitable strategies, e.g. adaptive 
fuel reserves, and delay cost reduction

The domino effect of delayed or cancelled flights on connecting flights was not 

simulated in the exercise. A guess about the impact of that effect would be that it would lead to 

a doubling of the predicted flight cancellation rate.

The FLIGHTKEYS system during the EUNADICS-AV exercise is shown in Fig. 4.13. High- 

resolution volcanic ash data for the entire scenario period (18 to 25 April 2019) were imported 

as 75th percentile polygons (83000 polygons) with a temporal resolution of 1 h. Polygons were 

imported for the following intervals: < 1, 1 ≤ 2, 2 ≤ 3, 3 ≤ 4 and ≥ 4 mg m-3. A large-scale, flight- 

by-flight optimization was performed on the entire set of 98 000 flights, re-optimizing them 

vertically and laterally, considering the following factors:
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1. upper-air wind and temperature (GRIB data at a 6 h time resolution, 1.25 ◦ laterally and 2000 

ft (600 m) vertically)

2. high-resolution ash model data (see above)

3. detailed aircraft performance (not the BADA model but OEM-provided flight-planning data)

4. cost of reduced engine lifetime due to ash damage

5. cost of increase in future fuel consumption due to ash damage and accumulation

6. effect of air density on ash mass ratio

7. effect of fuel flow on ash accumulation in engines (high fuel flow = high airflow = more ash 

accumulation).

Figure 4.13. FLIGHTKEYS system during the EUNADICS-AV exercise. Left: overview of all

monitored flights. Right: status (location, height, planned route) of an individual flight.

It was demonstrated that the flight trajectories successfully avoided the ash cloud (see 

examples in Figs. 4.14 and 4.15) in the most economical way by applying a newly developed 

algorithm that predicts future maintenance cost and fuel efficiency losses, even in complex ash 

cloud and airway situations (airways only provide a very limited set of possible flight paths).
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Figure 4.14. Volcanic ash (red ≥ 4 mg m 3, yellow 2-4 mg m 3, green 0.2-2 mg m 3) reroute

calculated by FLIGHTKEYS and simulated with NAVSIM/USBGSim (University of Salzburg), 

laterally and vertically avoiding ash concentration.

Figure 4.15. Example of a rerouting of one flight calculated by FLIGHTKEYS and simulated with

NAVSIM/USBGSim (University of Salzburg), laterally and vertical ly avoiding volcanic ash (red 

≥ 4 mg m-3, yellow 2-4 mg m-3, green 0.2-2 mg m-3 at different flight levels), © Google Earth.
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The algorithm is based on the assumption that airflow through the engine core is 

proportional to fuel flow and thus allows a direct correlation of ash accumulation to fuel flow. 

Rolls-Royce contributed first estimated ratios of ash mass accumulation to engine deterioration 

(e.g. exhaust gas temperature margin loss per kilogram of ash), thus allowing for the prediction 

of both engine efficiency and engine lifetime decreases and their cost equivalents. The direct 

relationship to fuel flow is extremely well suited to the already well-established cost 

optimization algorithm of the FLIGHTKEYS flight-planning system.

With full availability of free-route airspaces across the entire ECAC airspace, even better 

avoidance trajectories can be expected. Since maintenance cost rises sharply even at low ash 

concentrations, the ash cloud was often avoided entirely. Analysis of the large-scale 

optimization run showed that 2 % of the considered flights had to be considered as “hard” 

cancellation candidates as a direct consequence of excessive ash concentrations along their 

routes, while 7 % of the analyzed flights required 4D-tailored trajectories. As mentioned above, 

an estimate of cancellations due to aircraft or crew rotation aspects would probably lead to a 

doubling of that cancellation rate to 4 %, which is still very low. One important conclusion was 

that the majority of flights was practically unaffected.

4.6 Conclusion

During the EUNADICS-AV exercise, it was demonstrated that tailored and selected 

observations as well as dedicated model applications can successfully support aviation 

stakeholders in their decisions during an aviation crisis situation such as a dispersing volcanic 

ash cloud. A key objective of the exercise was to include a cost-benefit approach within the 

decision-making process.

One major result has been a presentation of the benefit of using a single harmonized 

portal for the comprehensive visualization of data and products. Such a platform enables crucial 

timesaving during a crisis, when decisions must be made fast and efficiently. Once the data are 
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visualized and processed, the possibility of using them integrated into flight-modelling software 

enables a more effective decision-making process with the rerouting carried out in an 

automatic or quasi-automatic approach. For our particular case, despite the relevant event 

simulated and its proximity to the highly busy airspace, the exercise resulted in the surprising 

and useful result that by integrating ash contamination effects into cost-based trajectory 

optimization algorithms, most of the flights were almost unaffected. The estimated impact was 

therefore much lower than initially expected. For volcanic events, a cost-benefit approach was 

adopted, whereby only flights above a certain threshold would be cancelled. The cost-benefit 

calculations revealed only for a small number of cases that cancellation was an economically 

better option than the execution of the flight. The cancellation threshold was set at the 

additional cost exceeding 200 % of all other considered operating costs (fuel, time, overflight 

charges).

In the end, every airspace closure or even rerouting of planes can immediately increase 

the costs for airlines, which will lead to a certain risk acceptance, at least through regions which 

lie in an area with the ash concentration above the threshold. During the exercise we have 

shown for a volcanic ash scenario that cost and disruption can be eliminated to a great extent 

by combining dispersion models with flight-planning software to apply cost-based trajectory 

optimizations developed within the EUNADICS-AV project.

It can be disputed how big such positive effects would be in the current, fragmented and 

over-regulated European airspace, but this only underlines how important future progress in 

the automation and unification of ATM systems and processes will be to allow more flexibility in 

airspace disruption scenarios like the ones simulated in the exercise.

Such conclusions would not have been possible to make if the working practices and 

interfaces between the broader natural-hazard science communities on one side and the more 

application-oriented aviation community on the other side, mostly represented in the project 

by flight trajectory modelers and military aviation practitioners, had not been established. The 
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intense preparatory work ahead of the exercise managed to bridge existing gaps and bring 

together experts that had not cooperated that closely before. This exercise, and the EUNADICS- 

AV project as a whole, has provided the very first steps towards integrating an impact-oriented 

perspective.
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Glossary

AAF Austrian Armed Forces

ACG Austro Control

ACTRIS Aerosols, Clouds and Trace Gases Research Infrastructure

AFTM Air traffic flow management

ANSP Air navigation service provider

AOC Air Operations Centre

AOCCC Aircraft Operator Crisis Coordination Cell

AOD Aerosol optical depth

ATC Air traffic control

ATM Air traffic management

BADA Base of Aircraft Data

CAAs Civil aviation authorities

CBRN Chemical, biological, radiological and nuclear

CNS Communication, navigation and surveillance
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EACCC European Aviation Crisis Coordination Cell

EARLINET European Aerosol Research Lidar Network

ECAC European Civil Aviation Conference

ECMWF European Centre for Medium-Range Weather Forecasts

ERA5 ECMWF reanalysis

EUNADICS-AV European Natural Disaster Coordination and Information System for

Aviation

EUROCONTROL European Organisation for the Safety of Air Navigation

EWS Early-warning system

FL Flight Level

FLEXPART FLEXible PARTicle dispersion model

FMI Finnish Meteorological Institute

GRIB GRIdded Binary

IASI Infrared Atmospheric Sounding Interferometer

IAVW International Airways Volcano Watch

ICAO International Civil Aviation Organization

INGV Italian National Institute of Geophysics and Volcanology

Lidar Light detection and ranging

MATCH Multi-scale Atmospheric Transport and Chemistry

MetOp Meteorological operational satellite

MOCAGE Modele de Chimie Atmospherique de Grande Echelle

MODIS Moderate Resolution Imaging Spectroradiometer

MWO Meteorological watch office

NAVSIM/USBGSim Navigation simulator (University of Salzburg)

NM Network Manager

NOTAM Notice to Airmen

NRT Near real time

OEM Original equipment manufacturer

PMA Parts manufacturer approval
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SCC Single Calculus Chain

SIGMET Significant Meteorological Information

SILAM System for Integrated modeLling of Atmospheric coMposition

Special AIREP Special Air Report

STC Supplemental type certificate

VAACs Volcanic ash advisory centres

VACP Volcanic Ash Contingency Plan

VOLCEX VOLcanic ash Contingency EXercise

VONA Volcano Observatory Notice for Aviation

WMO World Meteorological Organization

WRF-Chem Weather Research and Forecasting (WRF) model coupled with Chemistry
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Chapter 5 - Dissertation Summary and Conclusions

5.1 Extension and evaluation of the WRF-Chem model

During the last few decades, numerical models have been developed and used to 

support mitigation strategies during volcanic eruption hazard events. In the frame of this 

dissertation the Weather Research Forecasting model with in-line Chemistry (WRF-Chem) is 

used to simulate the emission and dispersion of volcanic ash and SO2 clouds. WRF-Chem is a 

state-of-the-art chemical transport model with the ability to simulate volcanic eruptions.

As a first step WRF-Chem was applied to simulate the effects of the extreme volcanic 

ash aerosol concentrations across Europe during the 2010 Eyjafjallajökull volcanic eruption 

event. The emphasis was on evaluating the simulations with different data sets 

(meteorology/air-quality for ground, profiles and total columns observations). Furthermore, the 

goal was to demonstrate the motivation to develop and use coupled air 

quality/chemistry/weather models. Modeling results using the coupled WRF-Chem model 

including feedback processes between meteorology and ash are highlighted. Two model runs, 

one meteorology-only simulation (without chemistry) and one that considers gas- and aerosol 

chemistry as well as direct- and semi-direct aerosol feedbacks were performed and compared. 

Results for daily values show that aerosol radiative feedback effects can cool the atmosphere 

close to the surface on average by 1 °C with maximum cooling exceeding even 2 °C for the 

considered episode. Near-surface atmospheric wind speed changed on average by 0.5 m/s with 

maximum values above 2 m/s. Furthermore, the presence of ash aerosols affected the vertical 

shape of the profiles of wind speed and temperature and resulted in a better agreement with 

radiosonde measurements when radiative feedback effects were considered.

Although the modeling of the dispersion of volcanic ash clouds is subject to large 

uncertainties, it was demonstrated that the WRF-Chem model can reproduce observations at 

surface levels and vertical profiles more realistically when radiative feedback effects are 
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considered in the simulations. Nevertheless, while simulating the Eyjafjallajökull eruption and 

comparing the results with different observations, the limitations of the volcanic emission 

module of WRF-Chem have been demonstrated. Therefore, new routines have been developed 

to allow integrating detailed temporally and vertically resolved input data from volcanic 

eruptions, in the second chapter in this dissertation. A modified new emission preprocessor has 

been developed, tested and evaluated for the eruption of the 2011 Grimsvotn volcano in 

Iceland. The Grimsvotn event was selected due to the observed complex and diverse volcanic 

plume characteristics. The event was a special case with the initial ash plumes of the Grimsvotn 

eruption being significantly distinct from the SO2 plumes. Observations of the Grimsvotn 

plumes revealed strong vertical wind shear that led to different transport directions for the 

respective ash and SO2 clouds. Three source terms, each of them based on different 

assumptions and observational data were applied in the model simulations. The emission 

scenarios range from (i) a simple approach, which assumes constant emission fluxes and a pre

defined vertical emission profile, to (ii) a more complex approach, which integrates temporarily 

varying observed plume top heights and estimated emissions based on them, to (iii) the most 

complex method that calculates temporal and vertical variability of the emission fluxes based 

on satellite observations and inversion techniques. Comparisons between model results and 

independent observations from satellites, lidar and surface air quality measurements reveal 

best performance of the most complex source term which demonstrated the importance of the 

possibility to integrate temporarily and vertically resolved emissions of ash and SO2 separately 

in a very flexible way. With this new implementation it is now possible to constrain the model 

with updated complex source terms whenever new observations are available.

The impact of volcanic eruptions on aviation is a relatively “new field”. The first reported 

cases where aviation was affected by a volcanic eruption happened just a few decades ago. 

According to Guffanti et al. (2010) from 1953 to 2009, 79 damaging aircraft encounters took 

place. Twenty-six of those involved significant to very severe aircraft damage. During nine 

encounters engine failure occurred, but in each of the engine-failure cases, at least one engine 

was able to be restarted or did not fail, and hence there have been no known crashes as a 
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result of volcanic ash ingestion. The new WRF-Chem volcano implementation was tested and 

integrated into an artificial hazard scenario during an international demonstration exercise.

Experts in the field (scientists, military, flight planers, and decision makers) assembled at 

the Schwarzenberg barracks in Salzburg, Austria, in order to simulate the sequence of 

procedures for the volcanic case scenario of an artificial eruption of the Etna volcano in Italy. 

The provided IT-infrastructure, e.g. communication system and data exchange and display 

services, allowed all participants to interact in an efficient way and discuss relevant issues in 

person on site. The artificial eruption of Etna was chosen for an episode during which the 

emitted ash was transported all over Europe and exceeded certain thresholds for ash. During 

the exercise the products provided an important basis for decision-making for aviation traffic 

management during a volcanic-eruption crisis. Different dispersion models were applied and 

provided concentration charts for different phases of the eruption. For the demonstration 

exercise, the 75th percentile ash concentration level was used, which corresponds to ash 

concentrations below 75 % of the modelled outputs. Using this approach was a slightly 

conservative compromise as the median (50th percentile) is the most probable scenario.

Information exchange improvement regarding the volcanic ash alerts, messages and 

other related communication is a very important task in the near future. Use of the latest 

technology is requested to provide user-friendly information to its final users; for example 

digitalized alert products need to be disseminated in similar fashion like NOTAMs (notice(s) to 

airmen) and SIGMETs (Significant meteorological phenomena) as pilots increasingly use new 

technologies directly in the cockpit and not only for pre-flight planning. Some air carriers 

already provide in-flight access to a variety of digitalized products using tablets. Such near-real 

time information advancements offer opportunities to pilots and obligations to legislators and 

scientists to provide more comprehensive information. These products can be of very added 

value and replace e.g. black/white printers in the cockpit from “old times”.
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5.2 Future perspectives

Volcanic eruptions with impact on aviation will occur in the future. According to Mastin 

et al. (2009) there are currently about 1500 active volcanoes around the world. In Europe, 

Iceland's volcanic activity indicates the frequency of eruptions at 20-25 per century (Langmann 

et al. 2011). Katla is one of the most dangerous volcanos located in Iceland and historically, an 

eruption in Katla has followed within a few years of Eyjafjallajökull. Her eruption would be 

capable of grounding European air traffic to a much larger extent than Eyjafjallajökull 

(Alexander, 2013). Other volcanically active regions across Europe are located in Italy, the 

Canary Islands, and the Azores (Sammonds et al. 2010). Outside of Europe the most active 

volcanic regions are located along the Pacific Rim which covers regions from South America e.g. 

the Peru-Chile trench, over Central and North America (e.g. Aleutian trench), to the regions on 

the west side of the Pacific (e.g. Indonesia, Japan).

As a concluding remark, it can be stated that low aerosol concentrations have a 

significant impact on engine lifetime, maintenance costs and future fuel consumption. The 

relevant factor is the cumulative aerosol intake over time - flying a long time in low 

contaminated areas can have a higher impact than flying through high concertation for only a 

short period. Therefore, continuous monitoring, forecasting and optimizing for aerosols like 

ash, sand, dust, high altitude ice and sulphates, also during non-hazardous situations, can 

significantly reduce hazards to human health and life, and engine maintenance costs for airline 

operators and engine manufacturers. This is definitely an interesting area of application of 

dispersion models in the future.

What is needed to improve model predictions of volcanic ash and SO2 clouds is 

continuous integration of observations into the model simulations. The source parameters as 

well as the analysis fields can be constrained to observations applying data assimilation 

techniques (Vira et al., 2017; Vira and Sofiev, 2012) such as 4-DVAR or ensemble Kaman filters. 

The applications (e.g. Stohl et al., 2011; Kristiansen et al., 2010) make use of observed plume 
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heights but also satellite observations of total columns of ash and SO2. Access in real time to 

different observation sources are important and especially tailored observations (e.g. plume 

heights from satellite, distinction between different aerosol types etc.) can support analysis 

capabilities. In this dissertation it is demonstrated how the simulations of the WRF-Chem model 

can be improved by considering measured plume heights and even more when vertically 

resolved emission profiles obtained from different independent observations are used. 

Furthermore, efficient data access and sharing between scientists and e.g. the VAAC's and 

other decision makers in the aviation domain are important to save time during crisis situations. 

This and the added value of a harmonized data visualization with state of the art data 

management platforms has been shown during the exercise in Salzburg.

Information exchange improvement regarding the volcanic ash alerts, messages and 

other related communication is a very important task in the near future. Use of the latest 

technology is requested to provide user-friendly information to its final users; for example 

digitalized alert products need to be disseminated in similar fashion like NOTAMs (notice(s) to 

airmen) and SIGMETs (Significant meteorological phenomena) as pilots increasingly use new 

technologies directly in the cockpit and not only for pre-flight planning. Some air carriers 

already provide in-flight access to a variety of digitalized products using tablets. Such near-real 

time information advancements offer opportunities to pilots and obligations to legislators and 

scientists to provide more comprehensive information. These products can be of very added 

value and replace e.g. black/white printers in the cockpit from “old times”.
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