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A B S T R A C T

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 in-
vestigate their effects on meteorology on local, regional, and even continental scale. This work presents a study
of the 2010 Eyjafjallajökull 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 2m/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.

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 meteor-
ological 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 José et al., 2015) that it is difficult to demonstrate positive
impacts of aerosol-atmosphere feedback effects on NWP due to varia-
tions 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
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episodes with high aerosol loads such as during the Russian forest fires
2010 (Kong et al., 2015). Grell et al. (2011) used the WRF-Chem model
(Grell et al., 2005) to simulate the interaction of Alaska wildfire aero-
sols 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 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, Ice-
land, 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 Eyjafjallajökull in Iceland in 2010
and demonstrated that the proper knowledge of model input para-
meters, 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
Eyjafjallajökull volcano, Iceland, in April and May 2010. The descrip-
tion of the volcanic eruption, the WRF-Chem model configuration and
the scenarios setup are described in Sections 2. In Section 3, the si-
mulated temporal- and spatial distribution of the ash plume is eval-
uated 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 4.
The effects of aerosol feedbacks on the model performance are in-
vestigated in Section 5. The impact of considering feedback effects on
the dispersion of the plume is demonstrated in chapter 6 and con-
cluding remarks are given in Section 7.

2. Simulations setup

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) ver-
tical: 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 com-
pared. 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 in-
formation on the volcanic eruption. The second ‘VOLC’ scenario con-
siders 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 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 che-
mical 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 me-
teorological 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.

2.2. Volcanic emission preprocessor

The Eruption Source Parameters (ESP) for the Eyjafjallajökull
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 emis-
sions for the different phases of the Eyjafjallajökull 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 dis-
charge diffusion was observed. Fig. 1 summarizes the emission heights
and rates used in the WRF-Chem model initialization.

The pre-processor for volcanic emissions used in this study is based
on a modified emission pre-processor from Freitas et al. (2011) that
uses the time series of volcanic source data (emitted mass and plume
height) as in Fig. 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) and 25% of the mass linearly distributed under-
neath.

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
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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.

The total ash mass is distributed between 10 bins of aerosol particles
with diameter size ranging between 2mm and less than 3.9 μm. For this
study the classification S2 (see Table 1) was used according to Stuefer

et al. (2012).
The simulated ash plume is highly sensitive to the eruption source

parameters (ESP). Initial simulations of the Eyjafjallajökull case re-
vealed that the representation of the source geometry had to be ad-
justed for this particular case. Since the mass distributed to the lower
atmospheric levels was strongly overestimated, two changes were im-
plemented within the volcanic WRF-Chem parameterization (see also
Fig. 2):

1.) A large difference between model vent height and real height of the
Eyjafjallajökull was found. Due to the smoothed model topography
(with the horizontal resolution of 12 km) the top height of the
volcano was at 600m above sea level (ASL), while the real vent
height is about 1000m higher at 1600m ASL. The code was ad-
justed to consider the vent height as an additional parameter to
avoid atmospheric dispersion of volcanic ash at altitudes below the
real vent height.

2.) The default vertical plume shape assumes a 75:25 (umbrella:linear-
part) distribution of the mass emissions, which seems to be

Fig. 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. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 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.

Table 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 1–2mm 22.0
2 0.5–1mm 5.0
3 0.25–0.5mm 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

M. Hirtl et al. Atmospheric Environment 198 (2019) 194–206

196



inaccurate during the times of explosive eruptions. In our simula-
tions 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 8000m ASL. For
all other times the proposed, and WRF-Chem model default, stan-
dard distribution 75:25 was used.

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 Eyjafjallajökull 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 feed-
back effects, only a sub-set of relevant results are shown (Fig. 3).

European-wide ground measurements from EEA (European
Environmental Agency) were used to evaluate the simulated PM10

Fig. 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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concentrations for those days when the dispersing ash cloud was close
to the surface. In central Europe, peak PM10 concentrations were ob-
served in April only a few days after the first eruption. Fig. 3A shows
the PM10 ground concentrations (daily average - coloured 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 source strength and geometry of the initial
plume produced quantitative and qualitative realistic aerosol distribu-
tions.

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. 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 lo-
cation and time. This means that WRF-Chem is able to represent the
vertical location of the ash cloud keeping in mind the uncertainties that

Fig. 4. Locations of meteorological ground stations (blue) and radiosonde (red and green) observations used to be compared with the WRF-Chem modeling si-
mulations 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.)

Table 2
Statistics for the whole period (April 14 until May 23, 2010) and all measure-
ment stations for 10m wind speed, WS10, (left) and 2m 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 3
Statistics at Brest from 16 to 18 April 2018 for 10m wind speed, WS10, (left)
and 2m 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
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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 accumu-
lated aerosols in the boundary layer, which in this case are not resolved
by the model.

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. 3C). We compared WRF-Chem-derived atmo-
spheric 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.

4. Evaluation of meteorological parameters close to the surface

4.1. Meteorological observations

Evaluation of the WRF-Chem runs was performed with 2m tem-
perature and 10m wind speed data from more than 1500 meteor-
ological ground stations. In addition, daily observations at 00 UTC and
12 UTC from radiosonde data from the European network (Fig. 4) were
used for the comparison with model-based vertical profiles of tem-
perature and wind speed.

Fig. 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.

Fig. 6. Difference of daily average 10m wind speed distribution between the two model runs (onlyMET-VOLC) for selected days in April 2010. Black: 0.8 AOT
contour line.
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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 ob-
servational 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 re-
solution cannot represent sub-grid scale processes (e.g., Zhang et al.,
2015).

Table 2 reveals that both wind and temperature have a fractional
bias compared to the observations. Simulated mean wind is over-esti-
mated by about 1.2m/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).

Similar results were found by Zhang et al. (2009) and Brunner et al.
(2015), using WRF-Chem simulations with comparable horizontal re-
solutions. 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).

5. Aerosol radiative feedback effects in the model simulations

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

Fig. 7. Daily absolute maximum differences of the 10m wind speed distribution for selected days in April 2010.

Fig. 8. Difference of the daily average 2m temperature distribution between the two model runs (onlyMET-VOLC) for selected days in April 2010. Black: 0.8 AOT
contour line.

Table 4
Statistics at all stations from 16 to 18 April 2018 for 10m wind speed, WS10,
(left) and 2m temperature, T2, (right). Only daytime measurements are con-
sidered.

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
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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. 4) for the period from 16 to 18 April
(Table 3). This station was selected because the volcanic ash cloud was
passing by the station during these days (see Figs. 6 and 8). Statistical
measures given in Table 3 were obtained only from daytime measure-
ments (9/12/15/18 UTC).

Table 3 reveals reduced biases and a better agreement to observa-
tions when considering radiative feedback effects from atmospheric
aerosols. While improvements in terms of 10m wind speed are small
(the mean value reduces only by 0.1m/s), the 2m 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 4) ap-
plying the same filtering as for the results obtained in Table 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 re-
duced incoming radiation caused by the presence of the volcanic ash
cloud. The effect is shown in Fig. 5 which depicts the location of the ash
cloud (Fig. 5A) and the resulting difference between the two model runs
(onlyMET-VOLC) in the short-wave downward radiation flux (Fig. 5B).
Negative values shown in Fig. 5B indicate regions that receive less in-
coming short-wave radiation due to aerosol layers aloft. The highest
differences in radiation have values greater than 50W/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 con-
secutive days during the first phase of the eruption in Figs. 6–9. 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 lo-
cation of the volcanic ash cloud is indicated by the daily average 0.8-
AOT contour-line from the VOLC run.

The differences between the daily average 10m wind speed of the
two model runs (Fig. 6) can be both negative and positive and range
within±0.5m/s. The maximum magnitudes of the wind speed differ-
ences 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. 7) exceeds 2m/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. 8). Never-
theless, 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 dif-
ferences of near-surface temperature are shown in Fig. 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.

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. 10A) of the two model runs agree
to within± 0.3m/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 2m/s (Fig. 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).

In analogy, Fig. 10B shows the average temperature profiles at all
levels/altitudes. At high altitudes (above 300 hPa), the average tem-
perature simulated with the VOLC run is larger than that of the on-
lyMET 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

Fig. 9. Daily absolute maximum differences of the 2m temperature distribution for selected days in April 2010.
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onlyMET run. At these lower levels, simulations and observations agree
to within 1 °C on average (Fig. 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 ef-
fect can also be found in the temperature distribution of the two model
runs Fig. 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.

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. 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. 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

Fig. 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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layer at Brest is illustrated in Fig. 12 that shows temperature profiles for
different time steps on April 16, 2010. 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. 11A). At the next time step, at 15:00 UTC, neither the VOLC run nor
the onlyMET profile reveal a temperature inversion, which is estab-
lished again in both simulations in the evening at 18:00 UTC.

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. 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. 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.

Fig. 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.

Fig. 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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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 im-
plemented 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 José 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 Eyjafjallajökull 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 Eyjafjallajökull 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 simu-
lated extinction coefficients were also in good agreement with data

Fig. 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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from the EARLINET lidar network. The comparison of simulated PM10
and ground-based PM10 measurements also confirmed that the para-
meterization of the volcanic emissions produced quantitative and
qualitative realistic aerosol distributions.

Evaluation of the WRF-Chem model results with ground-based ob-
servations 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± 0.5m/s near the surface. The maximum daily wind speed differ-
ence can even exceed 2m/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±0.3m/s for all levels
when the whole period and all radiosonde observations were con-
sidered. While the model runs generally overestimated wind speeds by
up to 2m/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 pro-
duced 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 observa-
tions.

Analysis of individual stations and time steps showed that for sur-
face and lower atmospheric levels the VOLC run was in better agree-
ment 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
degreased incoming radiation caused by high aerosol concentrations
aloft. In comparison the onlyMET run did not reproduce the tempera-
ture 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 (vol-
canic 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 pro-
cesses 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 parameteriza-
tion within WRF-Chem was both useful and provided an added value to
“only meteorological” runs results compared to observational data.
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