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[11 On 17 May 2010, the FAAM BAe-146 aircraft made remote and in situ measurements
of the volcanic ash cloud from Eyjafjallajokull over the southern North Sea. The Falcon
20E aircraft operated by Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) also sampled
the ash cloud on the same day. While no “wingtip-to-wingtip” co-ordination was
performed, the proximity of the two aircraft allows worthwhile comparisons. Despite the
high degree of inhomogeneity (e.g., column ash loadings varied by a factor of three over
~100 km) the range of ash mass concentrations and the ratios between volcanic ash
mass and concentrations of SO,, O; and CO were consistent between the two aircraft and
within expected instrumental uncertainties. The data show strong correlations between ash
mass, SO, concentration and aerosol scattering with the FAAM BAe-146 data providing
a specific extinction coefficient of 0.6-0.8 m? g~ '. There were significant differences in
the observed ash size distribution with FAAM BAe-146 data showing a peak in the mass at
~3.5 pum (volume-equivalent diameter) and DLR data peaking at ~10 pum. Differences
could not be accounted for by refractive index and shape assumptions alone. The aircraft in
situ and lidar data suggest peak ash concentrations of 500-800 g m> with a factor of two

uncertainty. Comparing the location of ash observations with the ash dispersion model
output highlights differences that demonstrate the difficulties in forecasting such events
and the essential nature of validating models using high quality observational data from
platforms such as the FAAM BAe-146 and the DLR Falcon.
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1. Introduction

[2] During the period between 14 April 2010 and 21 May
2010, the explosive eruption of the Icelandic volcano,
Eyjafjallajokull, caused extensive disruption to the aviation
industry. The economic cost to the aviation industry has
been estimated to be in the region of $320 m per day (e.g.,
http://news.bbc.co.uk/1/hi/uk/8624663.stm) with subsequent
estimates of the impact on the global economy around U.S.
$5bn (http://www.airbus.com/fileadmin/media_gallery/files/
other/Volcanic-Update.pdf). The main concern for air traffic is
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that at sufficiently large concentrations, ash particles have
been known to damage aircraft engines, and can lead to in
flight engine failure with potentially catastrophic con-
sequences [Guffanti et al., 2010; Witham et al., 2012]. Webley
and Mastin [2009] suggest that over 120 aircraft have inad-
vertently flown through clouds of volcanic ash from explosive
volcanic eruptions with varying degrees of damage reported.

[3] Despite the huge potential financial consequences for
air-traffic, in situ airborne atmospheric research into volca-
nic ash clouds is, understandably, limited owing to safety
concerns for the suitably equipped atmospheric research
aircraft. Carn et al. [2011] and Schumann et al. [2011]
provide a review of airborne sampling activities before the
Eyjafjallajokull event. Recent airborne measurements include
the sampling of the high latitude explosive eruptions of
Hekla, Iceland, 2000 by Hunton et al. [2005] and Rose et al.
[2006], and the sampling of the eruption from Erebus,
Antarctica in 2007 by Oppenheimer et al. [2010].

[4] Subsequent to the Eyjafjallajokull eruption and the
closure of airspace, it became immediately apparent that in
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Figure 1. Synoptic analysis from UK Met Office at
12:00 UTC on 17 May 2010.

situ and remote sensing measurements by dedicated atmo-
spheric research aircraft were urgently required to validate
volcanic ash dispersion forecasts. Among the European
research aircraft that were mobilized for these measurements
were the UK’s BAe-146-301 Atmospheric Research Aircraft
managed by the Facility for Airborne Atmospheric Mea-
surements (FAAM http://www.faam.ac.uk) and Germany’s
DLR Falcon aircraft (http://www.dlr.de) [Schumann et al.,
2011]. A total of 12 flights were carried out by the FAAM
aircraft (see B. T. Johnson et al., In situ observations of
volcanic ash clouds from the FAAM aircraft during the
eruption of Eyjafjallajokull in 2010, submitted to Journal of
Geophysical Research, 2011, for further details), and a total
of 17 flights were performed by the DLR Falcon (see
Schumann et al., 2011 for further details). While Johnson
et al. (submitted manuscript, 2011), Marenco et al. [2011]
and Schumann et al. [2011] provide an overview and some
highlights of the measurements made, here we concentrate
in detail on measurements from 17 May 2010 when both
aircraft were operating over the southern North Sea targeting
volcanic ash. Section 2 describes the meteorological situation
that led to the advection of the ash cloud over UK airspace on
that day, sections 3 and 4 describe the instrumentation
onboard the BAe-146 and the DLR Falcon respectively, and
section 5 details the flight patterns that were flown by the two
aircraft. After presenting results in section 6, these are dis-
cussed and conclusions drawn in section 7.

[5] The data from radiometric instruments during this
flight as well as a comparison with Infrared Atmospheric
Sounding Interferometer (IASI) satellite data is explored in
the companion paper by Newman et al. [2012].

2. Prevailing Meteorology and Ash Dispersion

[6] The meteorological surface analysis for 12:00 UTC on
17 May 2010 (Figure 1) shows a ridge of high pressure with
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its axis over the UK and set to gradually progress eastward.
Light north to northwesterly winds extending from Iceland
over the eastern UK and North Sea were forecast to carry the
volcanic ash cloud toward the Shetland Isles then south
toward the Netherlands and northern Germany. Conditions
in the southern North Sea were predominantly cloud-free
following the clearance of the trough lying over the Benelux
countries at 12:00 UTC and ahead of upper-level cloud
associated with the warm front approaching from the west.

[7] Forecasts of regions of significant ash concentration
issued by the London Volcanic Ash Advisory Centre
(VAAC) are produced using the Met Office Numerical
Atmospheric dispersion Modeling Environment (NAME)
[Jones et al., 2007]. During the Eyjafjallajokull eruption, the
driving meteorology was taken from forecasts obtained from
the global version of the Met Office’s NWP model (the
Unified Model) [Webster et al., 2012]. The modeled loss
processes for volcanic ash within NAME are wet and dry
deposition and gravitational settling of heavy particles. A
particle size distribution based on measurements of volcanic
ash by Hobbs et al. [1991] is used. Particles larger than
100 pum are assumed to fall out near to the source and are
therefore not included.

[8] Forecasts of expected peak volcanic ash concentra-
tions were provided to the aviation industry over three
layers during the Eyjafjallajokull event; the surface to
FL200 (roughly surface-6 km), FL200-FL350 (approxi-
mately 6-10 km) and FL350-FL550 (above 10 km), where
each unit FL (flight level) is equivalent to 100 feet assuming
the International Civil Aviation Organization (ICAO) stan-
dard atmosphere. In this case study, the majority of volcanic
ash was forecast in the lowest of these layers. Figure 2 shows
the forecast peak volcanic ash concentrations from FLO0O-
FL200 for 12:00-18:00 UTC on 17 May 2010.

[s] Figure 2 shows the ash cloud extending from Iceland
southeastward over the UK and European airspace. Black
colors indicate forecast peak ash concentrations in excess of
4000 pg m > while gray is 20004000 pg m > and red
shows concentrations between 200 g m ™ and 2000 g m .
These thresholds were selected by the UK Civil Aviation
Authority (CAA) based on safety recommendations from air-
craft engine manufacturers. The model output shown in
Figure 2 is based on a post-event model re-run where ana-
lyzed, rather than forecast, meteorological fields have been
used [Webster et al., 2012]. A version of this product based
on forecast meteorology and using a different color scale has
been shown by Schumann et al. [2011].

[10] Satellite products are also extremely useful in both
qualitatively assessing the location of the volcanic ash cloud
and in quantitatively assessing the column loading, altitude,
and atmospheric concentration of the volcanic ash [Newman
et al., 2012]. The Spinning Enhanced Visible and Infra-Red
Imager (SEVIRI) instrument on the Meteosat Second Gen-
eration (MSG) geostationary satellite dust RGB product
(http://oiswww.eumetsat.org/IPPS/html/MSG/RGB) proved
particularly useful in this respect because qualitative data
was available at 15 min intervals, which far exceeds the
temporal frequency of polar orbiting satellite retrievals.
However, the interpretation of ash in the SEVIRI imagery
can become ambiguous in certain atmospheric conditions,
for example when aerosol optical depths are low or when the
atmosphere is moist and/or cloudy. More specific volcanic
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Figure 2. NAME modeled peak ash concentrations for
FL000-FL200 for 12:00-18:00 UTC, on 17 May 2010.
Black colors indicate forecast peak concentrations in excess
of 4000 pig m >, gray is 2000-4000 pg m > and red is 200—
2000 pug m—3.

ash retrieval methods for the SEVIRI instrument are explored
by Francis et al. [2012] and A. J. Prata and A. T. Prata
(Eyjafjallajokull volcanic ash concentrations derived from
SEVIRI measurements, submitted to Journal of Geophysical
Research, 2012), while those for the Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Ozone Mon-
itoring Instrument (OMI) are investigated by S. Christopher
et al. (Eyjafjallajokull volcanic ash cloud over the North
Sea during May 4-May 18, 2010, submitted to Journal of
Geophysical Research, 2012). Figure 3 shows images from
14:00 UTC and 17:00 UTC; the volcanic ash is indicated in
bright orange colors, while low clouds are dark orange,
mid-level clouds are green and the high-level cloud asso-
ciated with the approaching warm front are red-brown. It
should be noted that the color that ash appears in this type of
satellite imagery will vary from case to case depending on
plume height and ash properties [Millington et al., 2012].
[11] Figure 3 indicates the presence of volcanic ash over
the North Sea and that, between 14:00 UTC and 17:00 UTC,
the forward edge of the ash cloud advected south-southeast
by approximately 100 km. Comparing Figures 2 and 3 shows
that the position of the eastern section of the ash cloud over
the North Sea is reasonably captured by the model, although
the model may not have brought it quite far enough south
and west. In contrast, the western section of the modeled ash
cloud over the UK appears to be absent in the satellite
imagery. By using improved source term estimations of the
ash emissions derived with an inversion technique that
constrains modeled ash emission with SEVIRI satellite
observations in the NAME model, Kristiansen et al. [2012]
achieved model output that is in better agreement with
observations. In particular, the western section of the modeled
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ash cloud over the UK was no longer evident in the modeled
total ash column loading, suggesting that deficiencies in the
original model source term may have contributed to the dif-
ferences between Figures 2 and 3. This clearly demonstrates
the value of the satellite imagery in assessing the model
forecasts.

3. FAAM BAe-146 Operations
and Instrumentation

[12] As a turbine driven aircraft, the FAAM BAe-146
aircraft was subject to the same safety concerns as the rest of
civil aviation and was prohibited from flying in areas where
forecast concentrations exceeded 2000 pig m>. Additional
safety criteria relating to the exposure to sulphur dioxide
(SO,) were also applied by the aircraft operators. During the
Eyjafjallajokull eruption event, the BAe-146 specifically

Figure 3. RGB dust product from SEVIRI instrument on
the MSG satellite for (a) 14:00 UTC and (b) 17:00 UTC
on 17 May 2010. For this eruption, the volcanic ash is indi-
cated in bright orange colors, while low clouds are dark
orange and high-level cloud is red-brown.
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Table 1. Instruments on the FAAM BAe-146 and the DLR Falcon on 17 May 2010 Used in This Case Study®

FAAM BAe-146

DLR Falcon

Coarse particles
Fine particles

CAS (0.6-50 pm, wing-mounted)

SO, TECO 43C Trace Level

05 TECO 49C

CcO Aerolaser AL 5002

Lidar Leosphere ‘EZ’ lidar 355 nm, nadir-viewing.
Scattering Nephelometer TSI-3563, 3 wavelength.

PCASP-100X (0.1-3 pm, dry, wing, lowest bin rejected).

FSSP-300 (0.3-20 pm, wing-mounted, lowest and highest bins rejected)
PCASP-100X (0.1-3 pm, dry, wing, lowest bins rejected)

TECO 43C Trace Level

TECO 49C

Aerolaser AL 5001

2-um Doppler wind lidar (conical scans, not used)

“Note that given size ranges are in terms of the standard calibration, i.e., spherical water drops for CAS and FSSP and polystyrene latex spheres (PSLs)
for the PCASPs. Italics indicate an instrument that was fitted and operated but has not been used in this work.

targeted forecast ‘red zones’ (200-2000 ;g m ) in order to
gather in situ measurements of the volcanic ash cloud and
validate the NAME model products. While dispersion fore-
casts provided information on the progression and spatial
distribution of the ash cloud at 6-hourly intervals, satellite
imagery was also utilized in both the flight planning process
and during the flight. SEVIRI RGB images such as those
shown in Figure 3 were available in flight and provided
additional guidance on optimal flight routing.

[13] In situ and remote sensing measurements available on
the FAAM BAe-146 aircraft and the DLR Falcon that are
used in this work are compared in Table 1. Instrumentation
on the FAAM BAe-146 is described below.

3.1.

3.1.1. Particle Size Distribution Measurements

[14] From the FAAM aircraft data, the size distribution
of the volcanic aerosol is derived from measurements made
by two wing-mounted Optical Particle Counters (OPC).
Aerosol size distributions for particles with diameter between
0.1 and 3.0 ym were determined with a Passive Cavity
Aerosol Spectrometer Probe 100X (PCASP) upgraded to
30 bins with SPP200 electronics (Particle Measurement
Systems originally, upgrade by Droplet Measurement Tech-
nologies (DMT) Inc., Boulder, CO). The instrument was
calibrated both before and after the volcano flights.

[15] For particles with nominal diameter between 0.6 and
50 pum, a Cloud and Aerosol Spectrometer (CAS) instrument
(DMT Inc., Boulder, CO) was used [Baumgardner et al.,
2001]. CAS is an OPC which forms part of the wing-
mounted Cloud, Aerosol and Precipitation Spectrometer
(CAPS) instrument. The size calibration of the instrument
was checked pre-flight using glass beads and found to be
within specification. All OPC measurements reported in this
work are for ambient pressure and temperature.

[16] The responses of both the PCASP and CAS instru-
ments to a particle are dependent not only on the size of that
particle but also its shape and complex refractive index. The
particle property assumptions used to correct the OPC data
and associated optical properties are detailed by Johnson
et al. (submitted manuscript, 2011), and are not discussed
in depth here. For the coarse mode (0.6-35 pum) a
refractive index of 1.52 + 0.00151 (based on the mineral
dust data set of Balkanski et al. [2007], assuming a
hematite level of 1.5%) is specified across all UV-visible
wavelengths (355-700 nm). This is required for interpre-
tation of lidar (355 nm), nephelometer (450, 550 and 700
nm), PCASP (630 nm) and CAS (680 nm) data. Although
mineral dust is expected to have a different composition to
volcanic ash, estimates for the refractive index are similar

In Situ Sampling Instrumentation

owing to the dominant silicate content. For volcanic glasses
and minerals, current estimates of the real and imaginary
parts are between 1.50 and 1.60 and 0.001i and 0.004i
respectively for wavelengths around 600—700 nm [Patterson,
1981; Patterson et al., 1983; Horwell, 2007; Schumann et al.,
2011]. The refractive index does not necessarily have to be
the same over the entire ash size range or even for each
individual ash particle. Schumann et al. [2011] collected
volcanic ash on impactor sampling devices downstream of
the DLR Falcon aerosol inlet during the flight discussed in
this paper. They found that silicates constituted >95% of
super-micron particles and estimated a refractive index at 632
nm (PCASP and Forward Scattering Spectrometer Probe
(FSSP) wavelength) for super-micron particles to be 1.57 +
0.0011 with uncertainties of 0.02 for the real part and ~factor
of 3 for the imaginary part. By independently varying the real
part of the refractive index between 1.50 and 1.60 and the
imaginary part from 0.001i to 0.004i while contrasting
spheres and the irregular shaped model for ash, Johnson et al.
(submitted manuscript, 2011) estimated the uncertainty in
ash mass due to the uncertainty in particle sizing arising from
refractive index and shape assumptions to be a factor of 1.5.
The mineral dust refractive index of Balkanski et al. [2007]
has been used successfully to model high spectral resolu-
tion radiative measurements across the short-wave and
infrared. The more strongly absorbing refractive index used
by DLR in the best estimate case M (further details in
section 4 and as described by Schumann et al. [2011])
yielded poor radiative closure [Newman et al., 2012]. This
gives some confidence that, though the Balkanski et al. data
set is for mineral dust, it provides a reasonable assumption
for the volcanic ash sampled in this case.

[17] The coarse-mode particles sampled by CAS are
assumed to be irregular in shape with roughened surfaces, a
choice supported by filter samples collected on the FAAM
BAe-146 aircraft during in situ sampling within the volcanic
ash Johnson et al. (submitted manuscript, 2011). A density of
2.3 g em° is assumed for the coarse mode. In this work,
particles in the fine mode measured by PCASP are repre-
sented by spheres with density 1.8 g cm ™ [Kaye and Laby,
1995] and a refractive index of 1.43 + 0.0000i at 550 nm,
appropriate for sulphuric acid. Sulphuric acid is assumed to
dominate the fine-mode species in the volcanic ash cloud.
Analysis of particles collected using an impactor on the DLR
Falcon found that particles inside the volcanic ash cloud
consisted of a mixture of ash particles, sulphuric acid dro-
plets or sulphate particles [Schumann et al., 2011]. Other
components may contribute to the fine mode but, given the
presence of elevated SO, precursor, the refractive index and
density are estimated to be near those of sulphuric acid
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assumed here. Since the PCASP inlet is heated, it is expected
that the aerosol will be sampled at sufficiently low humidity
that it may be considered dry.

[18] To yield a single size distribution, below 0.6 um
PCASP bins 2-16 are used, while bins 2-26 from CAS
provide the spectrum between 0.6 ym and 35 pm, although no
ash particles with diameter larger than 25 pm (bin 24) were
observed during this flight. As is shown later (section 6.1,
Figure 7), agreement between the PCASP and CAS data in
the size range overlap is generally reasonable.

[19] Once the corrections to the instrument bins have been
made, the total mass concentration was obtained by simple
summation over all measured sizes (0.1-25 pm) and ash mass
concentration was calculated by summation over the coarse
mode (0.6-25 pm), assuming volume-equivalent spherical
diameters for each bin. For time series, 10 s averaged data is
used. A full analysis of the sensitivity of the aerosol size dis-
tribution to uncertainties in refractive index, particle shape,
roughness, sample volume and the resultant uncertainty in
mass concentration has been carried out by Johnson et al.
(submitted manuscript, 2011). Mass concentrations from the
FAAM BAe-146 are estimated to have an overall uncertainty
of a factor of approximately 2. A brief examination of the
effect of assuming spheres on the coarse-mode mass size dis-
tribution and resultant optical properties is conducted in
sections 6.1 and 6.2. Wherever ash mass is presented in
Figures 6, 8, 10, 12, and 13, the default refractive index of
1.52 + 0.0015i and irregular shape have been assumed.

3.1.2. Aerosol Scattering Measurements

[20] Aerosol scattering coefficients were determined at
three wavelengths (450 nm, 550 nm, 700 nm) using a TSI
3563 nephelometer via a Rosemount inlet. The ‘no-cut’
corrections provided by Anderson and Ogren [1998] were
applied to correct instrument truncation and light source
deficiencies. A comparison of aerosol optical depths derived
from the nephelometer against AERONET Sun photometers
during the Dust and Biomass burning Experiment (DABEX)
[Johnson et al., 2008] and the Geostationary Earth Radiation
Budget Intercomparisons of Long-wave and Short-wave
radiation (GERBILS) project [Johnson and Osborne, 2011]
suggested that the majority of super-micron dust particles
were sampled. An alternative suggestion might have been
that the agreement indicated that over-counting of particles
with diameters between e.g., 1-4 um balances losses for
particles larger than 4 pm. In this study, no a-priori correc-
tion for particle losses has been made; the validity of this
assumption is investigated in section 6.5. Johnson and
Osborne [2011] fully assessed the error in the corrected
scattering coefficient derived for dust measurements using
the nephelometer system on the FAAM BAe-146. They
attached an overall error of £20% to the measurement, due
to a combination of uncertainties in the correction factor
when the Angstrém exponent approaches zero, the sampling
efficiency of the Rosemount inlet as a function of particle
size and the effect of humidity. Data have been averaged
over 10 s and are reported for ambient pressure and tem-
perature. Drying in the inlet and instrument mean that
nephelometer measurements are at sufficiently low humidity
that they may be considered dry.

[21] Using optical properties calculated from OPC particle
size distributions, the aerosol mass was also estimated from
the scattering coefficient determined by the nephelometer.
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Under ideal measurement conditions, the particulate scatter-
ing coefficient, ogp (m*1 , is related to the total acrosol mass
concentration, M (g m™ 2, via the total mass specific scat-
tering coefficient, k., (m* g '), according to equation (1)

ogsp
M = 1
ksca ( )

The contribution of ash to total mass (M agp) is then given by
equation (2), where wyy(c) is the fraction of mass attributable
to the coarse mode.

MASH =M. WM(C) (2)

It should be noted that k., is dependent on the particle size
distribution and, for the size distributions of interest here,
decreases with increasing effective diameter (as also dis-
cussed by Schumann et al. [2011]).
3.1.3. Trace Gas Instruments

[22] Gas phase chemistry measurements of Ozone (O3)
and Carbon Monoxide (CO) were performed using a stan-
dard Thermo Electron (TECO) 49C UV photometric
instrument and an UV fluorescence Aero-Laser AL5002
[Gerbig et al., 1999] instrument respectively. Calibration
procedures for the two gas analyzers are described by
Hopkins et al. [2006]. Sulphur Dioxide (SO,) was sampled
using a Thermo Electron 43C Trace Level analyzer which
relies on pulsed fluorescence [Luke, 1997].

3.2. Remote Sensing Instruments

[23] A recent addition to the capability of the FAAM
BAe-146 is a nadir-viewing elastic backscatter lidar from
which vertical profiles of aerosol extinction coefficient at
355 nm have been retrieved [Marenco et al., 2011]. The lidar
profiles presented here have a vertical resolution of 45 m and
an integration time of 1 min, equivalent to an along track
horizontal resolution of 8-10 km. The depolarizing lidar
signal provides an additional indication of volcanic ash i.e.,
evidence of non-spherical particles [e.g., Ansmann et al.,
2010; Marenco et al., 2011].

[24] From the lidar extinction profiles, the AOD from
2 km (or from cloud top, if higher) to aircraft altitude was
computed. The fraction of extinction attributable to the
coarse mode, fc = 0.82 and the coarse-mode specific
extinction Key = 0.72 m? gfl at 355 nm for this flight, both
derived from the CAS size-distribution, were used to convert
aerosol extinction data to ash mass concentration as
explained by Marenco et al. [2011].

[25] A comprehensive suite of radiation instruments was
available on the FAAM BAe-146 aircraft and provide a
unique insight into the radiative properties of the volcanic
aerosol. The instruments include upward and downward
facing broadband and red-domed Eppley pyranometers, the
Spectral Hemispheric Integrating Measurement System
(SHIMS), and the ARIES infrared interferometer. These
instruments are described and the resultant measurements
are presented in detail in the companion paper to this work
[Newman et al., 2012].

4. DLR Instrumentation

[26] The chemistry and aerosol size distribution measure-
ments made on the DLR aircraft, as shown in Table 1, use
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Figure 4. Flight track for FAAM BAe-146 and DLR Fal-
con, colored according to SO, concentrations (10 s averages,
data below 1.0 nmol mol~" not shown). (top) Geographic
location. (bottom) Longitudinal cross section with height.
Note that apparent steps in DLR latitude and longitude in
Figure 4, top, arises from the relatively coarse (0.1°) resolu-
tion of the data.

either the same or similar instruments as the FAAM BAe-
146 aircraft in most cases. However, particle size distribution
measurements employed significantly different assumptions
in the post-processing; details are given by Schumann et al.
[2011]. Schumann et al. [2011] investigate three refractive
indices with varying degrees of absorption that are expected
to span the range of uncertainty in the coarse-mode size
distribution. ‘Case M’ uses a refractive index of 1.59 +0.0041
at the FSSP laser wavelength of 633 nm and is presented as
their best estimate. Case L is non-absorbing (1.59 + 0.0001)
while case H is very absorbing (1.59 + 0.008i). Schumann
et al. [2011] demonstrate that the size calibration of the
instrument is more critically dependent on refractive index
than particle shape for the instruments used. In their analysis,
volcanic ash is assumed to be spherical. In this work, com-
parisons are drawn against case M since that is considered to
be the DLR Falcon best estimate. The resultant size dis-
tributions from each of the three cases (L, M and H) are
presented by Schumann et al. [2011, Figure 7].

[27] Although Schumann et al. [2011] assume a density of
2.6 g cm° for the entire range covered by PCASP and
FSSP, for comparison with the FAAM BAe-146 size distri-
bution, the results in this study have been adjusted to a
density of 2.3 g cm ™ for the coarse mode and 1.8 g cm™>
for the fine mode. This reduces differences between post-
processing applied to assumptions regarding shape and
refractive index. Schumann et al. [2011] estimate the
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uncertainty in their reported mass concentration to be a
factor of 2.

5. Flight Patterns

[28] The FAAM BAe-146 aircraft targeted the region in
the southern North Sea where volcanic aerosol was evident
on satellite imagery between 14:00 UTC and 16:30 UTC
(Figure 3). In situ measurements were made in the area
between 52.5 to 54.5°N and 0 to 3.0°E. Since forecast peak
concentrations were below the 2000 ug m > safety thresh-
old, in situ measurements were permitted. The lidar provided
real-time qualitative information on the horizontal and ver-
tical spatial distribution of the ash cloud. With this infor-
mation, locations for vertical profiles through the ash cloud
were selected. Extensive straight and level runs (SLRs) in
the ash cloud were not permitted owing to stringent exposure
limits on the FAAM BAe-146 aircraft.

[20] Figure 4 shows the flight track covered by the FAAM
BAe-146 aircraft during the in situ work and a cross section
of longitude versus altitude. The DLR Falcon flight track is
also shown. This demonstrates that the two aircraft both
experienced areas of elevated SO,, indicative of air of vol-
canic origin.

[30] Between 14:00 UTC and 16:30 UTC, the FAAM
BAe-146 flight comprised the following components used in
the analysis presented in this paper:

[31] 1. Straight and level run (SLR) at 7.9 km heading east
along 54.0°N. This served to map the ash cloud using the
lidar (R2).

[32] 2. Profile descent through the aerosol layer from
7.9 km to 3.0 km, returning west along 54.0°N (P1).

[33] 3. Profile ascent from 3.0 km to 7.6 km near the ash
cloud edge heading north. (P2).

[34] 4. SLR at 7.6 km over-flying the ash cloud heading
east along 54.5°N (RS).

[35] 5. Profile descent from 7.6 km to 3.0 km through the
ash cloud, returning west along 54.5°N (P3).

[36] 6. Profile ascent through the aerosol layer to 6.0 km,
(P4), heading southwest.

[37] The goal of the DLR Falcon flight was to intercept
and characterize the volcanic ash cloud before it reached
northern Germany. The DLR Falcon was not subject to the
same operating restrictions as the FAAM BAe-146 and
more prolonged exposure to the volcanic ash was permitted.
The DLR Falcon work occurred between 15:45 UTC and
17:10 UTC in the area between 52.5 to 53.0°N and 2.0 to
4.5°E (see flight track in Figure 4) and the flight consisted
of the following components of interest in this study:

[38] 1. Stacked profile descent from 8.5 km to 2.8 km
through the ash cloud, including SLRs at 6.4 km, 6.1 km,
5.8 km, 5.4 km, 4.8 km, 4.2 km and 3.6 km.

[39] 2. Profile ascent from 2.8 km to 8.5 km through the
ash cloud heading southeast, interrupted at 4.8 km and
6.0 km for SLRs.

[40] Figure 5 shows the location of in situ measurements
made by both aircraft overlaid on satellite imagery from
16:00 UTC. This suggests that both aircraft were effective in
targeting the volcanic ash cloud.

[41] Analysis using NAME suggests that the ash cloud the
two aircraft encountered was approximately 3 days old. This
is in agreement with results presented by Schumann et al.
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Figure 5. Locations of profiles overlaid on MSG SEVIRI
RGB dust product at 16:00 UTC. DLR profiles in blue,
FAAM BAe-146 profiles in white, SLRs in red, drop-sonde
launch location marked with a red X.

[2011] using FLEXPART and HYSPLIT which yielded 66—
82 and 76-88 h respectively. Further confirmation is pro-
vided by tracking the ash cloud in SEVIRI imagery.

[42] In order to determine the spatial and temporal coher-
ence of the two data sets, the NAME model was run forward
from the time and location of the FAAM BAe-146 profiles,
P1 and P3. The results indicate that, although both aircraft
were operating in the volcanic ash cloud there is a clear
offset in time and space between the two aircraft. Addi-
tionally, as has been shown by Marenco et al. [2011], the
volcanic ash layers were very inhomogeneous exhibiting
horizontal and vertical variability even over small distances,
further complicating the comparison of the FAAM and DLR
data sets. Thus, although any comparison cannot be con-
sidered as robust as a wing-tip to wing-tip comparison, given
the scarcity of airborne measurements in volcanic aerosol, a
comparison of the data from the two aircraft is nonetheless
considered worthwhile.

6. Results

6.1.

[43] Aerosol number and mass size distributions (Figures 6
(top) and 6 (bottom), respectively) for both aircraft based
on assumptions described in sections 3.1 and 4 are given in
Figure 6.

[44] The distributions are normalized to the total area
under the curve to emphasize the similarity of the shape of
the size distributions rather than the absolute magnitude of
the number or mass concentrations. Average size distribu-
tions from each FAAM BAe-146 profile, P1-P5 are plotted
individually alongside that from the DLR Falcon case M
average for 16:11:45-16:19:55 UTC, a representative part of
the stepped descent. The average for each profile only
includes sections where ash was sampled. A bi-modal log-
normal fit to the average of all FAAM BAe-146 profiles is
also plotted with the geometric mean diameter (D,), standard
deviation (o) and relative weights in terms of mass (wy;) of
the two modes as detailed in Table 2 (FAAM (A)). The
lognormal parameters were obtained by fitting manually to
capture the peak and width of the observed dM dlogD ™" and
dN dlogD " size distributions.

[45] There is relatively little variability in the mass distri-
bution of the coarse mode measured by FAAM BAe-146 on

Aerosol Size Distributions
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this flight; the peak diameter from different profiles varied
between 3.1 um (P4) and 3.9 pm (P3). The contribution to
the mass from the fine mode varies between 2.8% (P3) and
3.8% (P5). Since measurements made by the FAAM BAe-
146 are made over a relatively small area and short time
period within the same ash cloud, variations due to e.g.,
aerosol age are expected to be limited. The effect of applying
different shape and refractive index assumptions is discussed
later in this section.

[46] The mass size distribution derived from DLR Falcon
data for case M (Figure 6) is also bi-modal but exhibits a
coarse mode with a peak around 10 ym diameter. There are
clear differences between the DLR Falcon and FAAM BAe-
146 size distributions, in particular at the largest diameters.
The coarse mode of the mass size distributions were well
approximated by single lognormal fits (see Table 2). The
lognormal fit to DLR case M data has a geometric mean
diameter of 9.6 pm and standard deviation of 2.5, in contrast
with the lognormal fit to FAAM BAe-146 data that has a
geometric mean diameter of 3.6 ym and standard deviation
of 1.8 (FAAM (A)).

107 T FAAM Iog-normal fit
A DLR case M
S 10°
=]
=
=]
B 107
%
£
s 10*
=
10
0.
10.00 ' '
(]
S
S 1.00 E
=
=]
=]
E 040 .
<
£
o
= 0.01 E

0.1 1.0 10.0

Diameter (um)

Figure 6. Size distributions of (top) particle number and
(bottom) mass concentrations, normalized by the total
number and mass concentration respectively for FAAM
BAe-146 P1-P5 and for DLR Falcon aircraft case M
(16:11:45-16:19:55 UTC). Circles indicate data retrieved
from FAAM BAe146 PCASP data, triangles show data from
retrieved from CAS. DLR data is shown with diamonds.
The black line indicates a lognormal fit to the average
dM dlogD ™! for P1-P5, transformed to calculate dN dlogD ™.
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amplitude of the coarse mode with the default CAS distri-
bution (irregular shapes). This simply aids the comparison of
the coarse-mode peak, width and shape which would be
more difficult otherwise. This does not imply a factor of
two underestimation between the AERONET and CAS
measurements but rather reflects the difficulty of comparing
measurements from different locations, given the high degree
of spatial variability in column loadings and vertical dis-
tributions. The AERONET sites were further south and/or
east than the in situ measurements and sampled the ash cloud
when it was older and, in the case of Helgoland particularly,
nearer the edge of the ash cloud. Therefore a factor of two
lower mass concentration seems plausible. The fine mode
reported by AERONET is likely to be dominated by bound-
ary layer aerosol. Additionally, although the introduction of
spheroids to represent irregular particles in version 2 of
AERONET data reduced unrealistically high fine modes
exhibited in dust seen in version 1 data, some artificial
amplification of the fine mode may still occur since, as
shown by Osborne et al. [2011], the phase functions of
irregular particles are difficult to reproduce with spheroids.
For the coarse mode, an encouraging level of consistency is
found between the FAAM aircraft in situ measurements
derived assuming irregular shapes and the AERONET
retrievals. The difference between the size distribution from
the AERONET retrieval and that from the DLR Falcon
instrumentation is much greater than the difference between
the AERONET retrieval and the FAAM BAe-146 (irregular
case, FAAM (A)).

[49] The sensitivity of the FAAM aircraft mass size dis-
tribution to particle shape and refractive index is demon-
strated in Figure 7 together with Table 2. Three versions of
the FAAM PCASP and CAS size distribution are presented.
FAAM (A) may be considered the default assumptions used
throughout this work, as described in section 3.1. FAAM (B)
uses the same refractive indices as FAAM (A), but the
coarse mode is assumed to consist of spheres rather than
irregular shapes. FAAM (C) is derived using the same (more
absorbing spheres) refractive indices and spherical shape
assumptions as have been used for DLR case M. In all three
cases, the standard FAAM densities (1.8 g cm > and 2.6 g
cm for the fine and coarse modes respectively) have been
assumed.

[50] The effect of assuming spheres rather than irregulars
is most pronounced for particles with diameters larger than
3 pum. As demonstrated by Johnson et al. (submitted manu-
script, 2011), assuming spheres in the processing of CAS
data results in a 20-30% increase of the derived ash mass.
The mean diameter for the lognormal fit increases to 4.0 ym
and the distribution broadens slightly. Adopting the more
absorbing refractive index of 1.59 + 0.004i as well as the
spherical assumption, as used in the processing of the DLR
Falcon data, led to further amplification of large particles and
a 60% increase in mean mass concentrations compared to the
default (FAAM A) case. Again, the size distribution broad-
ens slightly and the geometric mean diameter of the log-
normal fit increases to 4.5 yum. However, even when FAAM
OPC data is processed using the same refractive index and
shape assumptions as DLR case M, the mean diameter for the
coarse mode is still significantly smaller and the distribution
narrower than the DLR case M distribution. For the fine
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mode, agreement between the DLR and FAAM PCASP
instruments is good for diameters larger than 0.18 ym once
analysis assumptions are aligned.

[s1] Considering the irregular shapes of ash particles
shown in SEM images [e.g., Schumann et al., 2011; Johnson
et al., submitted manuscript, 2011; T. Navratil et al., Evi-
dence of volcanic ash particulate matter from the 2010
Eyjafjallajokull eruption in dust deposition at Prague-Such-
dol, central Europe, submitted to Journal of Geophysical
Research, 2012], some treatment for the irregularity of par-
ticle shapes seems necessary. At present there is not enough
information to ascertain whether the roughened polyhedral
crystal used here is the most appropriate way of representing
the irregularity of the Eyjafjallajokull ash. However, the use
of this shape model has improved agreement between
modeled and measured radiances for mineral dust [Osborne
et al., 2011]. The radiative closure study of Newman et al.
[2012] shows that the optical properties determined from
the CAS size distribution yield broadband and spectrally
resolved irradiances in both the solar and terrestrial regions
of the spectrum that are consistent with FAAM aircraft
radiometric measurements. Additionally, interpreting the
coarse mode as irregular shapes yields an improvement over
assuming spheres when comparing mass loadings derived
from CAS with IASI retrievals [Newman et al., 2012].
These findings further support the assumptions applied in
deriving the size distribution from the FAAM aircraft data.
The agreement between PCASP and CAS for particle dia-
meters where the two instruments overlap is generally rea-
sonable. This is shown in Figure 7, where PCASP data has
been included for the coarse mode assuming spheres with a
refractive index of 1.52 + 0.0015i (as for FAAM (B)). This
gives some confidence in the performance and interpretation
of the CAS and PCASP instruments.

[52] Johnson and Osborne [2011] compared coarse-mode
size distributions from various dust measurement campaigns.
They highlighted the larger coarse-mode volume diameter
(10 pm) reported by Weinzier! et al. [2009] using two FSSPs
on the DLR Falcon when compared to measurements made
using the Small Ice Detector (SID-2) or a PCASP-X (mea-
suring up to 5 ym) on the FAAM BAe-146 (3—6 pm). Real
differences between the measurements are expected as a
result of the different geographic regions sampled and the
spatial/temporal variability of dust. More recently, the
second Saharan Mineral Dust Experiment (SAMUM-2) used
the DLR Falcon to sample transported mineral dust in the
Cape Verde region [Weinzierl et al., 2011]. Comparing the
SAMUM-2 mass size distribution to that from GERBILS
reported by Johnson and Osborne [2011] yields a significant
improvement in agreement between the coarse-mode mea-
surements from the two aircraft, indicating that differences
between SAMUM-1 and GERBILS mass size distributions
are probably due in large part to the age of the dust. Radiative
closure studies such as those of Haywood et al. [2011] and
Osborne et al. [2011] for dust sampled during the GERBILS
project, Newman et al. [2012] for volcanic ash and Otto et al.
[2009] for SAMUM dust measurements, demonstrate that
the measured size distributions can be used in radiative
transfer calculations to successfully model simultaneous
radiative measurements. A lab intercomparison study and/or
wingtip-to-wingtip comparison flight would be invaluable to
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determine the extent that instrumental issues may contribute
rather than atmospheric variability.

6.2. Volcanic Aerosol Optical Properties

[53] The extinction and scattering of radiation due to each
mode in the size distribution may be calculated using the
lognormal fits to the size distributions shown in Figure 7,
detailed in Table 2. The mass specific scattering coefficient
(ksca) at an appropriate wavelength in particular is important
in estimating total aerosol mass from the scattering coeffi-
cient and vice versa via equation (1), thereby allowing a
comparison of OPC and nephelometer data. Since the neph-
elometer is an integrating measurement, it is not possible to
consider purely the coarse mode, attributed to volcanic ash,
so an average kg, for both modes is used in applying
equation (1). However, extinction, and therefore scattering,
at 550 nm is heavily dominated by coarse-mode particles
(diameters between 0.8 um and 7 um, f. in Table 2). The
mass specific extinction coefficient (key) is required in the
derivation of mass concentration estimates from lidar and
passive remote sensing data such as from Sun photometers
and satellites.

[s4] The specific scattering and extinction coefficients
(kgca and ko), single scattering albedo (w), asymmetry factor
(g) (all at 550 nm) and Angstrém exponent between 700 nm
and 450 nm («) derived from lognormal fits to the distribu-
tions in Figure 7 are detailed in Table 2. Optical parameters
based on the three different derivations of the FAAM OPC
size distribution are presented; the default case as presented
in section 3.1 (FAAM (A)), assuming the default refractive
indices but applying spheres rather than irregulars to the
coarse mode (FAAM (B)) and applying the more absorbing
spheres used as the basis for DLR Falcon case M (FAAM (C)).

[55] At a wavelength of 550 nm, k., derived for the fine-
mode particles is estimated to be 1.22 m* g™, while for the
coarse-mode particles it is estimated to be 0.65 m* g~ '. The
much reduced kg, for coarse-mode particles is typical of
particles such as Saharan dust [e.g., Osborne et al., 2008]. A
value of kg, of 0.68 m? g71 (weighted average of k., for the
individual modes) will be used in this paper to estimate the
volcanic ash mass concentration from the nephelometer
scattering coefficient. The dependence of optical parameters
on mass concentration, respectively effective diameter, has
been discussed by Schumann et al. [2011].

[s6] As was evident in Figure 7, assuming spheres rather
than irregulars (comparing FAAM A and FAAM B) increases
the mean diameter and broadens the distribution. The effect
on the optical properties is to reduce the coarse-mode mass
specific extinction and scattering by approximately 30%
while slightly increasing the coarse-mode extinction fraction
(fex)) and making the asymmetry factor, g, larger. Applying
the DLR case M assumptions to the FAAM OPC data
(comparing FAAM C and FAAM B) decreases the mass
specific extinction and scattering by a further 20% and
decreases w by 10%, as is expected given the increased
absorption and mass. However, the mass specific extinction
is still larger than that derived from the lognormal fit to the
DLR Falcon case M size distribution, a consequence of the
smaller mean diameter.

[57] Since the DLR case M coarse mode is shifted to larger
sizes relative to the FAAM BAe-146 average, the mass
specific extinction (0.25 m? g~ ') is correspondingly lower,
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and the asymmetry factor, g, is significantly larger. The
degree of absorption arising from the imaginary part of the
complex refractive index leads to differences between Ky,
Keca and w derived from FAAM BAe-146 and DLR data.
Assuming spheres rather than irregular shapes for the
coarse mode also affects the derived ke, and kg, as well
as the asymmetry parameter, g. However, as was shown in
section 6.1 and Figure 7, differences between the DLR and
FAAM size distributions and therefore the optical para-
meters derived from them cannot be attributed entirely to
assumptions made in data processing. It is likely that varia-
tions in instrument performance also contribute to variation
in the derived optical parameters.

6.3. Time Series of Ash Cloud Penetrations

[s8] Figure 8 shows time series of the in situ measure-
ments made by the FAAM aircraft during the 17 May 2010
flight.

[59] The ash mass derived from CAS and from the neph-
elometer are shown in Figure 8a, along with the aircraft
altitude. Areas shaded in gray indicate where volcanic ash
was sampled. A discussion of how aerosol mass derived
from CAS and the nephelometer compares can be found in
section 6.5. Five profiles (P1-P5) through the volcanic ash
aerosol layer stand out as displaying significant ash mass
concentrations (>100 pg m ). The locations of these pro-
files relative to the ash cloud are indicated in Figure 5,
although it should be noted that the underlying satellite
picture is valid at 16:00 UTC while profiles occurred
between 14:40 and 16:50 UTC. The highest mass con-
centrations were encountered during P1 where peak ash
concentrations reached around 500 pg m ™. If spheres with
the same refractive index rather than irregulars are assumed
(FAAM B), this peak ash concentration increases by 25% to
~630 g m . The result of applying the more absorbing
case, FAAM C, is to increase the peak ash concentration by
a further 25% to ~780 ug m . However, FAAM A con-
stitutes the best estimate of peak ash concentration on the
FAAM BAe-146 flight and carries an uncertainty of a factor
of 2, which encompasses the other two FAAM cases.

[60] The aerosol scattering measured by the nephelometer
at three wavelengths is shown in Figure 8b. During all the
ash cloud encounters on this flight, the signal at 700 nm
is larger than that at 450 nm. The Angstrém exponent,
«a, calculated from the nephelometer measurements between
450 and 700 nm is also shown in Figure 8b and is indicative
of the spread between the wavelengths which is related to
the size of the particles. In the aerosol layer, « is approxi-
mately —0.3, indicating a small sensitivity of scattering to
wavelength due to the dominance of large particles in the
sample. The observed value of « is low compared to the
calculated values of 0.2 and 0.0 given in Table 2 that were
based on the measured size distribution assuming irregulars
and spheres respectively for the coarse mode. The observed
value of « is also a little lower than values of 0.0 £+ 0.2
measured in Saharan dust by Johnson and Osborne [2011]
during the GERBILS project and values between —0.20
and +0.04 reported by Osborne et al. [2008] on the Dust and
Biomass-burning Experiment. However, there is no apparent
evidence for instrumental bias in either of the nephelometer
channels used. The combination of elevated aerosol mass
coupled with low « gives confidence that the aerosol
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Figure 8. Time series of a selection of FAAM BAe-146 in situ measurements. (a) Ash mass from CAS
(black) using the default FAAM A assumptions and derived from the nephelometer (orange), aircraft altitude
(purple). (b) Nephelometer scattering at 450 nm (blue), 550 nm (green) and 700 nm (red) and Angstrom
exponent (gray, right hand axis). (c) SO, (purple), O; (black) and CO (pinkish-red). Periods when volcanic

aerosol was sampled are highlighted by gray shading.

sampled on each of the five profiles was dominated by
coarse volcanic ash particles, as has already been demon-
strated by the size distribution (section 6.1).

[61] Figure 8c shows SO,, O3 and CO measurements.
Volcanoes are a significant source of atmospheric SO,
[Hobbs et al., 1991; Hunton et al., 2005; Carn et al., 2011].
During periods where elevated aerosol mass and low « are
encountered, concurrent increases in SO, are also observed
[see also Schumann et al., 2011]. The relative peak sizes
between the five profiles are similar to those observed in
both the ash mass concentration and scattering signals. In
this study where only a small geographic area is sampled in
detail, SO, is co-located with the volcanic aerosol. However,
the satellite study of Thomas and Prata [2011] suggested
that over larger spatial scales, ash and SO, are not neces-
sarily co-located.

[62] Owing to the variable vertical structure of O; and the
presence of high levels of O5; above the ash cloud induced by
a tropopause fold, it is difficult to establish a background O3
level on this day. It is expected that O3 will be destroyed by
reactive halogens emitted by the volcano and CO is enhanced
in the ash cloud [e.g., Rose et al., 2006]. Although the detail
is blurred by the relative response times of the O3, SO, and
CO instruments, O; appears to be depleted by approximately
30 nmol mol™! in the ash cloud while CO is elevated by
approximately 20 nmol mol~'. This is in agreement with
modeling work by both von Glasow [2010] and Roberts

et al. [2009] and has been discussed recently by Vance et al.
[2010].

[63] The combination of OPC derived aerosol mass,
nephelometer scattering and « coupled to SO, measure-
ments, lidar depolarization (not shown here), satellite detec-
tion algorithms and plume dispersion modeling, provides
clear and coherent evidence that volcanic ash was sampled on
each of the five profiles.

[64] The time series of data collected by the DLR Falcon
are shown in Figure 9. Figure 9 (top) shows the total acrosol
mass [Schumann et al., 2011], case M density adjusted) and
the aircraft altitude. The peak total aerosol mass sampled
was 540 ;g m>; wyy of 0.98 (Table 2) for the coarse mode
suggests that ~530 pug m—> of this was ash. In Figure 9
(bottom) measurements from the SO,, O; and CO instru-
ments are shown, exhibiting similar characteristics to those
seen in Figure 8c. SO, appears to be correlated with the
aerosol mass while O3 is depleted within the ash cloud and
CO is elevated. These measurements confirm that the DLR
Falcon was sampling volcanic ash cloud of very similar
characteristics to the FAAM aircraft.

[65] Since the DLR Falcon measurements were made
further south than those from the FAAM BAe-146
(Figure 5), the ash sampled by the DLR Falcon must be
older. NAME trajectories (not shown), suggest that FAAM
BAe-146 profiles are approximately 1.25 h (P1) to 3.5 h (P3)
upwind of the DLR aircraft and that P3 was directly upwind
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Figure 9. Time series of DLR in situ measurements over southern North Sea. (top) Aerosol mass concen-
tration and aircraft altitude. (bottom) SO,, O3, CO (colors as used in Figure 8).

of the area where DLR performed its stepped descent. Thus
while the comparison cannot be categorized as a robust
wing-tip to wing-tip calibration validation, the general
agreement in terms of the absolute magnitude of the aerosol
mass and gas phase concentrations gives confidence that the
instrumentation on both aircraft was fully functioning.

6.4. Vertical Distribution and Variability of Ash Layers

[66] As shown in Figure 5, P2 and P5 sampled areas with
lower quantities of ash. P1, P3, P4 and the descent and
ascent stepped profiles from DLR all sampled areas that
appear qualitatively similar on the satellite image (brighter
orange). PS5 exhibited a noticeably different vertical structure
with two distinct narrow layers, in contrast to the single deep
layers sampled on P1-P4. Since sampling very thin layers is
problematic owing to differences in the response of indi-
vidual instruments, P5 is overlooked in discussions of

SO 6nmo|/mo|
30 40 50 60 70

profiles. Figure 10 comprises in situ data from a selection of
vertical profiles through the volcanic ash cloud.

[67] In Figure 10a, FAAM BAe-146 P1 data is shown. Ash
mass from the OPCs is plotted alongside the concentration of
SO, (top axis). Figure 10b shows the two DLR stepped
profiles as 300 m median values, as used by Schumann et al.
[2011]. Aerosol mass for case M, their best estimate, is
plotted alongside concentrations of SO,. Solid lines are used
for descent data and dashed lines for ascent data.

[68] The top of the ash cloud was encountered at 6.1—
6.5 km in all cases (including the profiles not shown),
while the base varied between 3.3 km and 4.2 km. The base
of the layer was lower in the west and south of the mea-
surement area (P1, P2, PS5 and DLR) while the higher base
(P3, P4) corresponded to measurements made in the north-
east. Marenco et al. [2011] define a typical layer depth as
V2 x column load/peak concentration as a useful constraint
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Figure 10. Profiles from (a) FAAM BAe-146 Pl using default (FAAM A) processing and (b) DLR
descent (solid lines) and ascent (dashed). Aerosol coarse-mode mass from OPCs is in black, SO, is purple

(top axis). DLR data are 300 m median values.
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Figure 11. FAAM BAe-146 lidar ash mass (ug m ) lon-
gitudinal cross sections. (top) Run R2. (middle) Profile P1
(both 54.0 N). (bottom) Run R5 (54.5 N). At these latitudes,
1.5° longitude equates to ~100 km.

when approximating observed profiles with idealized vertical
distributions. Using the same definition for in situ profile data
yields typical layer depths ranging from 1.0 to 2.0 km.
Within the 2.0-2.5 km overall altitude range of the ash cloud,
there is significant variability in the vertical. The structure
within the ash cloud varies markedly between P1 and P3
(Figure 8), while there are clear similarities between P1 and
the DLR descent profile. Aerosol mass concentration cross
sections derived from the lidar on the FAAM BAE-146 air-
craft are shown in Figure 11 and confirm these observations.

[69] Figure 11 depicts the ash concentration derived from
the lidar in the form of a longitude/height cross section for
runs R2 and RS and for profile P1. The lidar observed the
ash layer between 3.5 km and 7.0 km altitude, with a west-
east positive slope and developing into a double layer
toward the eastern side. The along-track dimension of the
region of maximum concentration (>500 ug m ) was
approximately 85 km in the horizontal. This again
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emphasizes the spatial inhomogeneity of the ash cloud in
both the horizontal and vertical. For example, Figure 11
shows that the lidar mass concentrations vary between
around 800 pg m > at 4.5 km altitude, 54°N 1.7°E, but fall
to below 50 pg m > at 2.1°E, a distance of only 25 km.

[70] An aircraft profile through the ash cloud would only
have to be displaced by as little as 0.5° (35 km at these
latitudes) in either direction to yield markedly different ash
exposure. This extreme inhomogeneity highlights just how
difficult it is to target (or conversely avoid) the most dense
ash patches with aircraft and to definitively model atmo-
spheric concentrations in space and time with numerical
models such as NAME.

6.5. Correlations

[71] Figure 10 confirms that there is a high degree of
correlation between the plotted parameters, as was previ-
ously suggested for a wider range of measurements in
Figures 8 and 9. Scatterplots comparing aerosol scattering
coefficient, ash mass and SO, concentration are presented in
Figure 12, with data from each profile highlighted in dif-
ferent colors.

[72] Given perfect instrumentation, the regression slope of
aerosol scattering coefficient and ash mass (Figure 12a)
would be equal to ke, wWam(c)™' (equations (1) and (2),
dashed line in Figure 12a) making the ash mass estimated
from the nephelometer equivalent to ash mass derived from
the OPC. The correlation can only be ideal when the shape
of the particle size distribution and hence the effective
diameter, k., and wy(c) are constant. Using an average k.,
and wy(c) results in an additional source of systematic
deviations. Table 3 lists the Pearson correlation coefficients
and linear fit parameters derived using a least squares
absolute deviation method (plotted as solid lines in
Figure 12).

[73] Although the correlations in each case are strong, the
slope is up to 12% lower than the CAS derived ki, during
descents (P1 and P3) and up to 22% higher for ascents (P2
and P4). Similar problems have been highlighted before;
Haywood et al. [2003] showed that the same PCASP
installed on the C-130 aircraft was sensitive to the angle of
attack of the aircraft during a stacked profile descent through
a thick layer of biomass burning smoke. Haywood et al.
[2003] found that higher concentrations were measured by
the PCASP while performing profile descents (aircraft pitch
~3.4°) than during SLRs (aircraft pitch 4.8°). The evidence
here suggests that the CAS tends to measure less mass when
the aircraft is in profile ascent than in profile descent,
although the size distribution is almost identical between
ascents and descents (Figure 6). However, taking the average
of the slopes over two ascents and two descents results
in kea wm©) ' = 073 m? g'. Applying wm(c) =
0.965 (Table 2), yields k., estimated via this method of
0.70 m* g~ !, indicating that the average mass derived from
the nephelometer is on average within 5% of the CAS esti-
mates. Given that the nephelometer is served by a Rosemount
inlet whose sampling efficiency as a function of aerosol size
is not well understood, the agreement between the two
instruments is surprising but well within uncertainties asso-
ciated with each measurement. One explanation for the
agreement could be that the loss of the largest particles is
compensated for by enhancing the number concentration of
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Figure 12. Scatterplots of (a) aerosol scattering coefficients and ash mass concentration and (b) SO, con-
centration and ash mass. Ten second averages are used. Solid lines are linear fits to data, black for FAAM,
gray for DLR data. Dashed line indicates expected relationship between aerosol scattering and ash mass.

smaller coarse-mode particles. So, for instance, if particles
with diameter >4 um were not sampled, the loss of signal
could be compensated by enhancements of coarse-mode
particles with diameters <4 pum. However, this is merely
speculation and characterization work is essential to fully
understand the inlet before firm conclusions may be drawn.

[74] Figure 12b highlights a strong correlation between
SO, concentration and aerosol mass for each profile on
this flight but with significant variations in the relation-
ship. Schumann et al. [2011] report that for this specific
volcano and the eruption in April/May 2010, an ash concen-
tration of 1 mg m ™ corresponds to about 170 nmol mol ™'
SO, enhancement in mixing ratio. On the day of this case
study, DLR measurements (black diamonds) yield approxi-
mately 120 nmol mol ™' SO, enhancement for 1 mg m > ash,
while measurements from the FAAM BAe-146 vary
between 60 nmol mol ™' (P2) and 210 nmol mol~! (P4) for
1 mg m ™ ash, with an average of around 110 nmol mol ™" per
mg m . In this particular case, SO, concentration proves to be
a reliable tracer for the Eyjafjallajokull ash cloud. However,
SO, and ash do not necessarily follow the same trajectory and
will be subject to very different wet deposition removal pro-
cesses, as found in the study by Thomas and Prata [2011].

6.6. Comparing FAAM BAe-146 and DLR Falcon Data

[75] Similarities between FAAM BAe-146 P1 and the
DLR ascent are demonstrated most clearly in Figure 13.
Profiles of aerosol mass concentration (Figure 13, top left),
SO, (Figure 13, top right), O; (Figure 13, bottom left) and
CO (Figure 13, bottom right) for FAAM BAe-146 P1, P3,
P4, DLR descent and ascent (300 m medians) are directly
compared. Only P1, P3 and P4 are shown in this section as
they are in the area of the ash cloud expected to be upwind of
the DLR Falcon sampling area (Figure 5), whereas P2 and
PS5 are further west.

[76] The gas phase chemical composition within the ash
cloud as measured by DLR is most like that observed during
FAAM BAe-146 P1, with comparable concentrations of
SO,, O5 and CO. It might be expected that the mass from P1
should therefore also compare most favorably with DLR

Falcon profiles. While the depth of the layer and the structure
is similar, the mass retrieved from the DLR Falcon data is
approximately 40% lower than FAAM data when the default
assumptions are applied. Once particle property assumptions
are unified (FAAM (C)), the FAAM aircraft CAS mass
concentrations become a factor of 2.5 larger than those from
the Falcon FSSP. Given that the optical scattering collection
angles (4—12°) and working principals of the CAS and FSSP
instruments are essentially identical, this factor of 2.5 dif-
ference must arise either from spatial and/or temporal vari-
ability of the ash clouds or other instrumental uncertainties.

Table 3. Correlations Between Aerosol Mass Concentration,
Scattering and SO,

Nephelometer Scattering Number of
Versus CAS Mass Slope Points
(Figure 12a) m? g™ Pearson r* Included
P1 0.61 0.98 51
P2 0.86 0.88 49
P3 0.62 0.94 39
P4 0.83 0.94 21
P1-P4 ave 0.73 - -
Nephelometer-Derived Number of
Mass Versus Points
CAS Mass Slope Pearson I’ Included
P1 0.88 0.98 51
P2 1.22 0.84 49
P3 0.93 0.93 39
P4 1.09 0.92 21
P1-P4 ave 1.03 - -
Number of
SO, Versus CAS Mass Slope Points

(Figure 12b) (nmol mol™" (mg m—>)"") Pearson r* Included

Pl 98 0.97 51

P2 58 0.64 49
P3 75 0.91 39
P4 214 0.74 21

P1-P4 ave 111 -

DLR 117 0.75 316
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Figure 13. Profiles of (top left) ash mass, (top right) SO,, (bottom left) O5 and (bottom right) CO from
FAAM BAe-146 aircraft P1, P3 and P4, and DLR ascent and descent stepped profiles.

The latter could include uncertainties in sample and volume
particle size calibration, or variations in the performance of
the optics and electronics between the instruments. Refrac-
tive index and shape assumptions alone cannot reconcile the
difference.

6.7. AOD and Column Mass Loadings

[77] Using ke, and wy(c) to convert between aerosol
mass and scattering coefficient (equations (1) and (2) and
Table 2), allows aerosol optical depth (AOD) and column

mass loading for the aerosol layer to be derived using both
the nephelometer and OPCs for each FAAM BAe-146 pro-
file. The results are summarized in Table 4.

[78] The atmospheric optical depth at 550 nm (AOD) and
column mass loading of the ash layer calculated from the
two instruments compare favorably, which is expected given
the reasonable optical closure obtained in the previous
section. The largest AOD and column mass loading was
sampled on P1, where the AOD and mass loading were 0.5
and 0.7 g m 2 respectively and the peak mass concentration

Table 4. Comparison of AOD and Column Mass Loading of Volcanic Ash Layer and Peak Ash Mass Concentration Derived From CAS

and Nephelometer for Each FAAM BAe-146 Profile*

Column Ash Peak Ash
Loadinzg Concentragion
AOD (gm ) (gm ) Peak SO, SO, Column
OPCs Neph OPCs Neph OPCs Neph (nmol mol ") (Dobson Units)
Pl 0.48 0.49 0.71 0.72 500 470 46 4.5
P2 0.15 0.23 0.22 0.33 220 330 29 1.7
P3 0.23 0.20 0.34 0.30 500 470 37 1.5
P4 0.15 0.20 0.22 0.29 190 260 40 1.8
Mean 0.25 0.28 0.37 0.41 350 380 38 2.3
Standard deviation 0.16 0.14 0.23 0.20 170 100 7 1.5

"The keq = 0.68 m? g~ value is used to convert between mass and scattering. Mean values exclude P5.
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Figure 14. Probability distribution functions of (top)
AOD and (bottom) mass loading derived from the 1-min
(~8-10 km) integrated lidar data.

was 500 ug m . The average AOD was 0.25 with a standard
deviation of 0.16, equivalent to an average column mass
load of 0.37 g m~? with a standard deviation of 0.23 g m~.

[79] Lidar profiles will always be offset from in situ pro-
files in either space and/or time when using a single aircraft
for both in situ and lidar measurements. Marenco et al. [2011]
investigate in detail the column loadings and volcanic ash
mass concentrations inferred from the lidar during all of the
FAAM BAe-146 flights performed during the Eyjafjallajo-
kull eruption. On the flight discussed here, two aircraft pro-
files doubled back under high level SLRs, sampling air that
had recently been characterized by the lidar. Comparing the
AOQOD calculated from in situ measurements with any single
lidar profile is not meaningful owing to the extreme spatial
inhomogeneity evident in the ash cloud (section 6.4) and the
considerable horizontal distance traveled by the aircraft
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during a profile. Instead, it is useful to calculate a probability
distribution function from the lidar profiles over the longitude
range covered by the in situ profile through the ash cloud.
This gives information on the spatial variation in the ash
cloud and the range of AODs or column mass load that would
be expected. One-minute integrated lidar profiles were used
to yield the probability distribution functions for both AOD
and column loading shown in Figure 14. There are 14 1-min
integrated lidar profiles suitable for the comparison from R2
while for RS, there are 11.

[so] In order to calculate the column mass loading from
the lidar, k., and coarse extinction fraction calculated from
the PCASP and CAS size distribution at the lidar wavelength
(355 nm) were applied. Comparing Figure 14 with the
values detailed in Table 4 (R2 with P1, RS with P3) reveals
that the in situ measurements fall within the expected range
of values for both AOD and column mass load as derived
from the lidar. The data shown in Figure 14 is comprised of
data with a 1 min integration time which corresponds to a
footprint of approximately 9 km. For R2, the lidar-derived
aerosol column loading varied from around 0.2-0.8 g m ™2
highlighting the large variability of the ash layer. In this
instance, over a distance of around 100 km the column
loading varied by a factor of three.

[s1] AERONET sites are too far from the aircraft mea-
surements for rigorous validation and, additionally, capture
boundary layer aerosol that is excluded from both the air-
craft in situ and lidar AOD estimates. AODs at 440—-675 nm
at the three AERONET sites rose to between 0.4 and 0.5 as
the ash cloud passed over their locations late on 17 May 2010
and early on 18 May 2010 and the coarse-mode AOD/
fine-mode AOD increased significantly.

[s2] Table 5 compares AOD, column mass loadings, peak
mass and SO, concentrations from the in situ and lidar
retrievals from FAAM BAe-146, and the DLR Falcon in situ
measurements.

[83] The highest derived mass of approximately 800 ;g m >
was that obtained by the lidar. This is reasonable since
the lidar is capable of mapping out the AODs, column bur-
dens, and atmospheric concentrations throughout the atmo-
sphere, while aircraft making in situ observations are unlikely
to fly through the areas with the highest concentrations (see
Figure 11 (middle), in particular the position of the region
of highest concentrations relative to the aircraft track during
P1). Most of the work presented here occurred in a small area
where NAME indicated peak ash concentrations below
200 pg m—>. Comparing the locations of the observations
(Figure 5) with model output (Figure 2) suggests that the
westward extent of the ash cloud over the North Sea was
not captured fully by the NAME model. The forecast ash

Table 5. Comparison of AOD and Column Loading for the Aerosol Layer, Maximum Ash and SO, Concentrations Observed by DLR,
FAAM BAe-146 in Situ Measurements (Excluding P5, out of Main Plume) and the FAAM BAe-146 Lidar

Ash Column Loading Peak Ash Mass SO, Peak SO,

Aerosol Optical Depth (gm™?) (ug m™) (nmol mol™") (DU)
DLR 0.15 0.6 540 70 4.2
FAAM in situ (P1-P4) 0.15-0.5 0.2-0.7 500 50 1.5-4.5
FAAM lidar R2 (P1) 0.2-0.7 0.2-0.8 800 - -
FAAM lidar R5 (P3) 0.1-0.4 0.2-0.5 340 - -
FAAM lidar all ash cloud area 0.1-0.7 0.1-0.8 800 - -
All 0.1-0.7 0.1-0.8 800 70 4.5
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over land areas of the UK was not detected in the FAAM
aircraft lidar measurements. This highlights the difficulties
in forecasting such events and demonstrating the importance
of high quality in situ and remote sensing validation data
from observational platforms such as the FAAM BAe-146
and DLR Falcon. Webster et al. [2012] compare a range
of in situ and remote observations, including those from the
aircraft on this flight, with NAME modeled concentrations
for the Eyjafjallajokull event as a whole.

7. Conclusions

[s4] This study documents in situ measurements from a
flight made by the FAAM BAe-146 aircraft that encountered
volcanic ash from the eruption of Eyjafjallajokull. It also
presents a comparison of these measurements with those
made nearby on the same day by the DLR Falcon [Schumann
et al., 2011]. The observations show an ash cloud over the
southern North Sea between altitudes of 3.5 and 6.5 km. Both
data sets show similar vertical distributions, similar eleva-
tions of SO, concentration, and similar magnitudes of ash
mass when processed with their own independent particle
property assumptions. This agreement, despite the absence
of wing-tip to wing-tip flight co-ordination, indicates that
both aircraft sampled similar ash clouds.

[s5] Within the ash cloud, the concentrations of aerosol
mass and trace gases were highly variable in both the vertical
and horizontal. In situ measurements showed variations in
mass concentration from ~50 pug m > to peak values of
500 pg m > across altitude ranges as little as 300 m. The lidar
showed mass concentrations varying in the horizontal from
~50 g m to peak values of 800 ;g m ™~ on length scales
as small as 25 km. These extreme variations in the aerosol
mass loading demonstrate the difficulties in devising practi-
cal ash avoidance procedures for civil aircraft; small changes
in altitude (a few hundred meters) or geographic position
(a few tens of km, equivalent to a few minutes of flight time)
may result in an aircraft being exposed to ash concentrations
that change by a factor of more than 10.

[86] When the Falcon and FAAM aircraft data were pro-
cessed with their own independent particle property assump-
tions the aerosol mass derived from DLR Falcon profiles was
approximately 40% lower than that from the FAAM aircraft
on profiles with similar vertical structure and comparable
SO,, O3 and CO concentrations. This difference would be well
within the factor of two uncertainty that is deemed appropriate
for both FAAM BAe-146 and DLR Falcon estimates of mass
concentration data arising from uncertainties in the assump-
tions regarding particle composition, shape and density, and
inherent uncertainties in optical particle counting techniques
[Schumann et al., 2011; Johnson et al., submitted manuscript,
2011]. However, when particle property assumptions were
unified by adopting the spherical shape assumption and
refractive index used in the DLR Falcon case M data proces-
sing, the FAAM-derived ash mass was a factor of 2.5 higher
than the DLR-derived mass. The spatial variability of the
ash cloud may be a large contributor to this difference as
the two sets of measurements were displaced in time and
space by approximately 170-240 km and 1.25-3.5 h. The
large difference in mass, despite similar concentrations and
vertical profiles of SO,, CO and Os, indicates a need for more
stringent intercomparisons of optical particle counters and
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characterization of their response to ash aerosol. Wingtip-to-
wingtip measurements in future campaigns investigating
coarse aerosol would be very beneficial, in particular during a
future volcanic ash episode.

[87] The aerosol mass size distribution calculated from
PCASP and CAS on the FAAM BAe-146 peaked at dia-
meters of 0.2 pm and 3.6 pm for the fine and coarse modes
respectively. The maximum diameter of ash (defined here as
the upper bound of the CAS bin the largest particle occurred
in) encountered on this flight was 23 pm. The result of
assuming spheres (FAAM B) is to increase the maximum
diameter to 28 um and for the more absorbing spheres of
FAAM C, the maximum diameter becomes 36 pm. Since
FAAM C is considered to be the extreme case, it forms the
upper limit of the estimated maximum diameter of the ash.
Although this may seem a large increase in diameter (60%),
it should be remembered that particles in the largest bin do
not contribute very much to the overall mass owing to their
low number concentrations. The AERONET mass size dis-
tribution derived from surface based measurements appears
to agree with measurements from the BAe-146 aircraft. The
DLR Falcon showed a fine mode that was shifted to smaller
sizes compared to that of the FAAM BAe-146 data, with a
peak at a diameter of 0.12 pm. The coarse mode from the
DLR Falcon data differed from that reported from the
FAAM BAe-146 aircraft data, with the mass distribution
peaking at a diameter of ~10 pm, more than twice the peak
diameter of the FAAM BAe-146 data. The coarse mode was
also broader; the lognormal fit had a geometric standard
deviation 2.5 compared to 1.8 for the FAAM BAe-146
lognormal fit. Even when particle shape and refractive index
assumptions are aligned, the FAAM coarse-mode peak
diameter was 4.5 pym which is still significantly smaller. It
therefore appears the CAS and FSSP instruments may have
differing sensitivities as a function of particle size.

[s8] Although it has been reported elsewhere that the
SO, gas may have been separate from the aerosol from
Eyjafjallajokull [Thomas and Prata, 2011], in this specific
case study SO, and ash mass were well correlated. As such
SO, provided a useful tracer for the ash cloud and confir-
mation of'its volcanic origin. From the FAAM BAe-146 data,
an ash concentration of 1 mg m ™ corresponded to an average
enhancement of 110 nmol mol~' SO, on this occasion. The
DLR Falcon observed an enhancement of 120 nmol mol "
SO, per mg m " of ash.

[s9] Strong correlations were also noted between the
aerosol scattering coefficient measured by the nephelometer
and the total aerosol mass measured by PCASP and CAS.
The ratio between these quantities led to an implied specific
scattering coefficient (k) of 0.60—-0.85 m* g~ ' at 550 nm.
Despite known deficiencies with the aerosol inlet serving the
nephelometer, average kg, of 0.70 m* g~ derived in this
way was in excellent agreement with the kg, of 0.68 m? g~
derived from the optical particle counter size distribution.
The closure between these two techniques allows the neph-
elometer aerosol scattering coefficient to be used as an
additional guide for deriving mass, provided an a-priori
assumption of kg, or knowledge of the size distribution. The
Angstrdm exponent in the volcanic ash cloud covering
450 nm to 700 nm was estimated to be —0.3 from neph-
elometer data providing confirmation that large particles
dominated the sample. This is lower than expected from
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calculations based on particle size distribution measure-
ments, which may suggest that some coarse-mode particles
are in fact enhanced in the inlet and balance any losses of
the largest coarse-mode particles. Further work is neces-
sary to fully assess the particle size dependency of the
characteristics of the Rosemount inlet.

[90] Reasonable internal closure has been demonstrated
between the FAAM BAe-146 lidar and FAAM BAe-146
optical particles counter estimates of aerosol extinction and
mass concentration using common assumptions for the
refractive index, shape and density. Applying a mass spe-
cific extinction coefficient derived from the CAS and
PCASP size distribution to the lidar extinction data provides
mass concentration estimates and total column mass load-
ings that are in agreement with those calculated from the in
situ CAS and PCASP profile measurements.

[o1] This study highlights the value of combining mea-
surements from optical particle counters, a three wavelength
nephelometer and SO, analyzer, in particular when enhanced
with a lidar to provide a larger-scale view. The high spatial
variability of volcanic ash is clearly demonstrated; the lidar
data suggests that the column loading varies by around a
factor of three over length scales of around 100 km. This
demonstrates some of the problems faced by numerical
models such as NAME which are unable to capture such
variability explicitly over small spatial scales. Although the
NAME model predicted peak atmospheric concentrations of
volcanic ash between 200 and 2000 xg m > across much
of the southern North Sea, most of the work described in
this paper occurred in a narrow strip where NAME indicated
peak ash concentrations <200 pg m . This suggests that
there were small positional errors (approximately 50 km) in
the westward extent of the ash cloud over the North Sea. The
forecast ash over land areas of the UK was not detected in
the lidar measurements highlighting the difficulties in fore-
casting such events and demonstrating the essential nature
of high quality in situ and remote sensing validation data
from observational platforms such as the FAAM BAe-146
and DLR Falcon.
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