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Abstract

The German Meteorological Service (DWD) operates about 52 lidar ceilometers within
its synoptic observations network, covering Germany. These affordable low-power li-
dar systems provide spatially and temporally high resolved aerosol backscatter profiles
which can operationally provide quasi 3-D distributions of particle backscatter intensity.
Intentionally designed for cloud height detection, recent significant improvements allow
following the development of the boundary layer and to detect denser particle plumes
in the free tropospere like volcanic ash, Saharan dust or fire smoke. Thus the net-
work builds a powerful aerosol plume alerting and tracking system. If auxiliary aerosol
information is available, the particle backscatter coefficient, the extinction coefficient
and even particle mass concentrations may be estimated, with however large uncer-
tainties. Therefore, large synergistic benefit is achieved if the ceilometers are linked
to existing lidar networks like EARLINET or integrated into WMO'’s envisioined Global
Aerosol Lidar Observation Network GALION. To this end, we demonstrate the poten-
tial and limitations of ceilometer networks by means of three representative aerosol
episodes over Europe, namely Sahara dust, Mediterranean fire smoke and, more de-
tailed, the Icelandic Eyjafjoll volcano eruption from mid April 2010 onwards. The DWD
(Jenoptik CHM15k) lidar ceilometer network tracked the Eyjafjoll ash layers over Ger-
many and roughly estimated peak extinction coefficients and mass concentrations on
17 April of 4-6(x2) 10*m™" and 500-750(+ 300) ug/m‘s, respectively, based on co-
located aerosol optical depth, nephelometer (scattering coefficient) and particle mass
concentration measurements. Though large, the uncertainties are small enough to let
the network suit for example as aviation advisory tool, indicating whether the legal flight
ban threshold of presently 2 mg/m3 is imminent to be exceeded.
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1 Introduction

Atmospheric particles modify the earth’s radiation field (Hansen et al., 1997; Forster
et al., 2007; Philipona et al., 2009), initiate the formation of clouds and precipita-
tion (Karcher, 2004; Andreae and Rosenfeld, 2008), mediate heterogeneous chemi-
cal reactions in the atmosphere and directly affect health through respiration or trans-
mission of disease agents (Peters et al., 2005; Dockery et al., 2007). Thus their
properties are monitored in situ at the surface (WMO — Global Atmosphere Watch
GAW, US — AirNow, Asian-Dust-Net and others), by sondes or remotely by lidars
and by optical sensors onboard satellites (CALIPSO/CLOUDSAT, MODIS/TERRA-
AQUA, SEVIRI/METEOSAT and others) on the long-term. Owing to the complex-
ity of source, transformation and sink mechanisms, spatial and temporal inhomo-
geneities of particles are large compared to other atmospheric species, such that
it is still competitious to capture all relevant parameters. Dust may disturb air-traffic
through low visibility and in case of volcanic ash damage the coatings and front win-
dows and even endanger jet-engines. Thus, building capabilities to monitor aerosols
with high spatiotemporal resolution is a topical issue. In the planetary boundary
layer (PBL), the concerns deal with the dispersion of harmful pollution from acci-
dents, fires or regular source regions or are in the context of EU-regulations with fine
particle mass and threshold exceedance. A key element in understanding aerosol-
related processes and transport are vertical profiles of aerosol parameters that have
been recorded since many years by lidar networks like EARLINET (Matthias et al.,
2004; Bockman et al., 2004; Pappalardo et al., 2004) the Asian Dust Network (Mu-
rayama et al., 2001), NASA’s Micro Pulse Lidar Network (MPLNET) or the Network
for the Detection of Atmospheric Composition Change (NDACC), currently to be inte-
grated into the overarching GALION initiative of the WMO (WMO, 2007), available at:
http://www.wmo.int/pages/prog/arep/gaw/gaw-reports.html. These networks provide
high-quality optical particle information, often wavelength- and polarisation-resolved,
but they suffer from spatially sparse and temporally intermittent operation due to limited
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funding. To this end relatively low-power but also low-cost and low-maintenance lidar
ceilometers can complement the networks’ spatiotemporal density — though not at a
grown-up lidar's accuracy. Ceilometers, intentionally designed for cloud base height
detection, have been greatly improved over the last years and have shown their capa-
bility of monitoring the PBL (Menut et al., 1999; Davis et al., 2000; Munkel et al., 2007).
Currently strong efforts are made to quantify the optical information derived from lidar
ceilometers (Heese et al., 2010a,b; Frey et al., 2010). In this article we demonstrate
the capabilities of the DWD ceilometer network for aerosol monitoring focussing on
the case of the Eyjafjoll-volcano eruption in April 2010 and we investigate the informa-
tion content of state-of-the-art lidar ceilometer data operationally taken with a CHM15K
system manufactured by the JENOPTIK LOS GmbH in Jena, Germany. We briefly dis-
cuss a comparison with data from the EARLINET lidar in Leipzig/Germany, and leave
a more detailed analysis of the accuracy and uncertainties to later publications (Heese
et al., 2010b; Wiegner, 2010). The data-set will also be used to evaluate meso-scale
model simulations in a follow-up paper by the EURAD group in Cologne. Here, we
focus on the integration of the individual instruments to a Germany-wide aerosol moni-
toring network, the benefit through relation to EARLINET lidars, discuss the optical and
micro-physical information content and conclude with an outlook to potential applica-
tions in numerical forecasting (Sect. 4). A summary is given in Sect. 5.

2 The DWD ceilometer network

As of mid-2008 the German Meteorological Service (DWD) equips a subset of its syn-
optic network stations with CHM15K lidar ceilometers, manufactured by JENOPTIK
LOS GmbH in Jena, Germany (http://www.jenoptik.com/). In mid 2010, about 52 in-
struments are operational at the sites indicated in Fig. 1 from April 2010 (about 32
sites). At present the data arrive within weeks to months due to limited network capac-
ities, but the network connections are currently upgraded for near real time availability.
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2.1 The CHM15k lidar ceilometer

The CHM15k uses a diode-pumped Nd:YAG solid state laser at the fundamental wave-
length of 1064 nm yielding about 8 pJ/pulse at 5-7 kHz repetition rate and 0.38 nm line
width. The pulsed laser beam (divergence 100 prad — about 20 arcseconds) is emitted
off-axis of a 100 mm Newton-type receiving telescope with an aperture of 100 prad.
The telescope collects the back-scattered radiation through a narrow-band interefer-
ence filter onto an avalanche photodiode run in photon counting mode. The received
signal is digitised by a 10 MHz ADC, resulting in a vertical resolution of 15m. The
backscatter rawdata are offset-corrected, each profile devided by its standard devia-
tion and then stored as netcdf files of about 12 MB/day at 30 s resolution. Complete
overlap of laser beam and telescope field of view is only reached around 1500 m above
ground but the stability of the optical system allows correcting this effect down to about
600 m. Improvements and issues related to an extension of the near-range applicability
down to about 100 ma.g. with a newly developed fourfold-field-of-view optical system
is discussed in detail by (Frey et al., 2010).

2.2 The CHM15k ceilometer data information content

The CHM15k provides profiles of particle and molecular backscattering in an atmo-
spheric column as described by the lidar equation. Solving the lidar equation for the
backscatter coefficient profile is discussed in the lidar literature (Fernald, 1984; Klett,
1981, 1985; Matthias et al., 2004; Bockman et al., 2004; Pappalardo et al., 2004). It
requires independent information on the backscatter-to-extinction ratio (lidar ratio (LR)
profile) and on the backscatter coefficient at a reference height. As mostly no height
resolved particle information is available, the LR is usually taken from corresponding
closure studies (Mattis et al., 2004; Mdller et al., 2007; Papayannis et al., 2008; Pap-
palardo et al., 2010) and regarded as height-independent. For optically thin aerosols
this causes relatively small errors of the order of their optical thickness. Since we cali-
brate with AOD, the uncertainty of the extinction profile corresponds to that of the AOD
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while the uncertainty of the LR transfers to the backscatter coefficient as the depen-
dent variable. The wavelength 1064 nm provides relatively large contrast to molecu-
lar scattering, thus highlighting aerosol structures, but the scattering efficiency drops
down sharply for particles with radii well below 1 um (v.d. Hulst, 1957). The Rayleigh
scattering signal (e.g. g, g ~ 8x1078m~'sr™" in 3km) is at the sensitivity limit of the
ceilometers which limits single profile calibration by the molecular background signal
in the free troposphere. While lidars with 1—2 orders of magnitude higher laser power
may still receive molecular return from the upper troposphere, even at 1064 nm, little
molecular signal is received from beyond 3-5km altitude by ceilometers (better dur-
ing night), depending on the PBL turbidity. However, co-located aerosol optical depth
(AOD) and surface nephelometer measurements (for the overlap portion) may allow
calibration even so. Typically, the PBL is the prominent feature of the backscatter sec-
tions, and different algorithms for PBL-height detection in ceilometer/lidar data may be
applied (Mlnkel et al., 2007; Beyrich et al., 2010). Further, elevated aerosol layers are
frequently observed above the PBL. Several limitations apply for the DWD ceilometer
network at present: Firstly, ceilometers do not resolve depolarisation to infer the particle
asphericity respective their phase. Then, with only one wavelength it's not straightfor-
ward to distinguish thin cirrus clouds from high aerosol layers — which in addition may
occasionally be associated with clouds. Sometimes webcams may help and the fact
that clouds typically scatter much stronger than aerosols. Thus, in order to distinguish
different particle types in the ceilometer profiles, auxiliary information is required, e.qg.
about particle origin from air mass analyses or complementary measurements. Oper-
ational ceilometer networks should therefore be integrated into lidar, AOD and in situ
networks in order to interpolate the inferred particle type, optical and microphysical
information to quasi 3-D distributions. Particles aloof the PBL typically originate from
remote sources like Saharan dust, fire smoke and volcanic particle plumes. A ceilome-
ter network can follow the dispersion of extended denser aerosol plumes during short
notice events as discussed in Sect. 3. In order to proof the validity of backscatter pro-
files retrieved from the ceilometers, inter-comparisons with EARLINET reference lidar
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systems (Raman Lidar of the Institut fir Tropospharenforschung (IfT) Leipzig/Germany
and the Portable Lidar System POLIS of the Ludwig Maximilians-University (LMU) Mu-
nich/Germany have been analysed in detail by (Heese et al., 2010b; Wiegner, 2010),
respectively. Both, the basic and the near overlap version of the CHM15K have been
used there, which have different day/night capabilities (background signal) due to differ-
ent fields of view. In this article, we demonstrate that optical and micro-physical particle
properties may be estimated from ceilometer profiles and co-located AOD observations
on short notice with an accuracy sufficient for online aerosol plume alerting. We also
demonstrate the limitations in observing thin aerosol layers by comparing ceilometer to
lidar profiles.

3 Observations — case studies
3.1 Volcanic ash - Eyjafjoll eruption in April 2010

Volcanic ash injected into the stratosphere can unlikely be identified by CHM15k
ceilometers because the layers are largely homogeneous (lacking internal structure)
and the backscatter signal received from these altitudes is low. Even Pinatubo strength
eruptions only produce backscatter coefficients around 10" m s (Jager and Hoff-
mann, 1991). This can be different for tropospheric ash clouds. The eruption of the
Icelandic Eyjafjoll volcano as of 14 April 2010, massively injected particles into the
troposphere up to about 10 km altitude. The ash plume crossed Germany from north
(16 April, 00:00-12:00 UT) to south (17 April, 00:00-15:00 UT), was deflected towards
west and east at the Alps and resided over Central Europe for several days there-
after. Chemistry/aerosol transport models (e.g. http://www.metoffice.gov.uk/aviation/
vaac/ or http://www.eurad.uni-koeln.de/) and Lagrangian codes (e.g. HYSPLIT, FLEX-
PART) predicted the dispersion of the ash plume but suffered from unknown emis-
sion strengths and injection heights. At a first view though, these simulations qual-
itatively reproduced the dispersion of the main ash cloud reasonably well. Initially
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real time tracking of the ash and evaluation of the model forecasts was performed
by sparse ozone-sondes, few lidars and several ceilometers distributed over Europe,
amongst them about 25 CHM15k laser-ceilometers from the DWD network (Flentje
et al.,, 2010a). At the north-easterly edge of an extended Azores High (Fig. 3) the
plume reached Northern Germany in 2—-6 km altitude (Fig. 1) and subsided by 1-2 km
(according to ECMWEF vertical wind analyses) on it's way south, thereby forming a
dense roughly 1km thick layer with largely enhanced particle concentration. As indi-
cated by a CALIOP snapshot over Belgium on 16 April (available on their web-site),
the western part of the layer was strongly tilted, which contributed annother 1—-2 km of
apparent descent at the ceilometer locations over the day. At the middle and southern
German stations the front of the ash layer arrived in about 6—7 km height, then gradu-
ally descended (in time) and concentrated after several hours around 2—4 km altitude
(Fig. 2). In the corresponding figures this appears as a down-tilting orange-coloured
layer. The seemly intermittence of the layer at several stations is due to low clouds
which temporarily shadowed the ash above. On 17 April the ash layer was then only
observed over the southern parts of Germany where it was entrained into the convec-
tive PBL from noon onwards (Fig. 4). Simultaneous increases of the SO, and H,SO,
concentrations as well as the number concentration of large particles (d~1—4 um) at
the Global Atmosphere Watch observation sites Hohenpeissenberg and Schneefern-
erhaus (Zugspitze) confirmed the volcanic origin (Flentje et al., 2010b). Part of the air-
mass moved toward France, returned on 19/20 April and diminished slowly during the
next days. Then this first Central European ash episode was interrupted by changing
transport patterns over the northern Atlantic. Thin ash layers were observed over Ger-
many till 25 April when the laborious by-hand CHM15k data collection was interrupted
for the time being. At Hohenpeissenberg thin layers on 18 April (00:30UT) and 19
(15:30 UT, AOD 7 ~0.15) only reached peak backscatter ratios around 1 x 10 m~"sr™
and 2x10~'m™"sr™', respectively (LR =50). Compared to a high power lidar, the
ceilometers’ capabilities are, however, limited as may be demonstrated by the POLIS
(354 nm) lidar at LMU Munich, available at: http://www.meteo.physik.uni-muenchen.de/
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~stlidar/quicklooks/mim_quicklooks.html, which shows the 19 April layer compact near
4 km where it needs a close look to reveal this layer in the ceilometer data. Similarly,
the remnants of the ash over Leipzig on 19 April (Fig. 5) shows up as one noisy weak
layer around 4-5.5km in the ceilometer while the corresponding plot of the MARTHA
lidar at IfT Leipzig, e.g. available at: http://polly.tropos.de/martha/quicklook.php?year=
2010\&month=4\&day=19\&plot=1 still reveals several layers with internal structure
(the densest one seen by the CHM15k) reaching up to 9 km altitude.

3.2 Saharan dust

Saharan dust is transported to Central Europe about 5-15 times per year but does
not always penetrate down to the ground. It contributes significantly to annual average
PM,, levels and may even be dominant in the countries enclosing the Sahara desert.
Since European threshold exceedance legislations apply, identification of Saharan dust
and its cross boundary transport is a political issue. Dust plumes are relatively easy
to identify with aid of trajectories and satellite images (e.g. AQUA/MODIS) or oper-
ational forecasts (e.g. ECMWF-MACC, http://www.gmes-atmosphere.eu). The trans-
port of dust plumes and their vertical re-distibution can be tracked by the ceilometer
network as illustrated with the time series at Lindenberg, Germany (53.2° N, 14.2° E)
for the period 24 May—3 June 2008. Figure 6 shows the transport pattern of Sahara
dust to Central Europe in the GEMS AOD forecast for 29 May 2008. The time-height-
section of particle backscatter (Fig. 7) reflects the layering and temporal development
of the dust layer above Lindenberg. Thereby the settling is due to large scale subsi-
dence rather than particle sedimentation which is of the order of several 10 m per day
only for sizes of a few um. Calibration of the profiles by AOD measured in Linden-
berg (7~ 0.22+0.04 on 29 May, 07:30-08:30 UTC) yields maximum extinction coeffi-
cients about o, ~ 2 - 3(+1) x 10™*m~'. On 30 May, AOD ranging from 7~ 0.25+0.03—
0.35+0.03 even yield extinction coefficients in the range of o, ~ 6(+2) x 10°m~ -

6(£2) x 10™*m™". Analogue to the discussion for volcanic ash in Sect. 4, we will in
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future compare ceilometer and PM,, measurements from Hohenpeissenberg to ver-
ify/expand literature values for the specific extinction coefficient (or mass extinction
efficiency) e.g. given by (Gerasopoulos et al., 2009; Lacis and Mishchenko, 1994).

3.3 Fire smoke — Mediterranean fires in summer 2009

Wildfires are large sources of reactive trace gases and particles in the atmosphere
(Goode et al., 2000; Andreae and Merlet, 2001) impacting not only the atmospheric
oxidation capacity via the CO and O3 background concentrations, but also air quality
over even long distances. Again, ceilometer or lidar networks are a suitable tool to
track regional and global scale transport of fire plumes, for verifying injection heights in
particle dispersion models and estimations of the particles’ optical and micro-physical
properties (Wandinger et al., 2002). As an example, thin layers of forest fire smoke
were observed by the DWD ceilometer network in August 2009, when wildfires oc-
curred over parts of the Mediterranean countries Spain, Southern France, Corse and
Greek. On 23 August, shallow smoke layers moved south-easterly over Germany,
thereby subsiding in the anticyclonic flow from altitudes up to 5 km in the west to roughly
3km in the SE (Fig. 8). Back trajectories trace the smoke plume back to the Western
Mediterranean (Fig. 9). Fire smoke typically forms such thin layers in the free tropo-
sphere because it is injected into a narrow altitude range depending on the strength
of the pyroconvection and it spreads out nearly isentropically under stable anticyconlic
conditions. The poor knowledge of the injection height along with vertical wind shear,
however, impedes large uncertainties on the calculated 3-D trajectory. An analysis of
the optical properties of the descending smoke layer at Hohenpeissenberg yields peak
backscatter coefficients of 8~ 2(+1)x 10~ sr™'m~" with an uncertainty imposed by the
AOD-extinction calibration and the LR-dependent extinction-to-backscatter conversion
of more than 50%. Note that due to calibration via AOD the extinction here can be
quantified more precise than the inferred backscatter coefficient. As smoke particles
typically are small (d~0.1-0.3 um<1.064 um) their LR varies stronger than for large
ones, typical values range from 40 to 80 sr at 532 nm (Wandinger et al., 2002), being
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smaller at 1064 nm. Therefore, an estimation of extinction and mass concentrations
comprises much larger errors than for coarse particles. The smoke layers have also
been observed by EARLINET lidars e.g. by IfT Leipzig and LMU Munich. Correspond-
ing range-corrected signal plots are available on their websites given above.

4 Discussion — integration and application
4.1 Calibration by co-located AOD and nephelometer measurements

Absolute calibration of the profiles requires either pure Rayleigh scattering at a refer-
ence point or, in case of significant particle scattering throughout the profile, knowledge
of the backscatter ratio ¥ = Bpart/(Bpart + Bmol)s 1-€- the contribution of particle scatter-
ing to the total (molecular+particulate) scattering, somewhere in the profile. Since
both are usually not available for standalone ceilometers operating at 1064 nm, co-
located radiometer (AOD) and nephelometer (scattering coefficient) data may be ap-
plied in order to calibrate the ceilometer profiles, provided that the sky is cloud free
and that the PBL is sufficiently homogeneous such that comparable air-masses are
observed. Both the LR and the reference value may then be iterated to fit the observed
AOD, which means practically that the effective LR should be approximately known
either from scattering calculations (Hess et al., 1998) or other sources. Normally the
backscatter coefficient of optically thin aerosols is little sensitive to the LR, while the
extinction profile scales directly. But if the backscatter profiles are calibrated “inversely”
via AOD, it is the other way round. The missing overlap portion of the ceilometer’s
extinction integral may be estimated by means of a multi wavelength nephelometer
(Doherty et al., 1999). This premises the negligibility of the near-surface aerosol gra-
dient and may require the extrapolation to the employed wavelength by means of the
Angstrom Exponent. While this be approximately fulfilled in a well mixed PBL, the lim-
itations of (elastic) lidar signal inversion leave the ceilometer profiles at a qualitative
level otherwise. Considering the Eyijafjoll ash layer observed at Hohenpeissenberg
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(Southern Germany) for example on 17 April, 08:30—09:30 UTC, the AOD at 1020 nm,
measured with a precision filter radiometer (PFR) and handheld MICROTOPS Il ra-
diometer, yielded 7~ 0.23+0.03. The scattering coefficient near the surface (TSI 3563
31-nephelometer — extrapolated to 1064 nm by means of the Angstrom Exponent a
(0(A) = 6(10)(A/45)"%) was about Os 1064nm =~ 6.3(£2) x 10~°m~" which integrates over
the convective PBL to 7~ 0.09(£0.03). The remaining AOD of 7~ 0.14(+0.05) splits
into the contributions of a shallow cleaner layer between the ash and the PBL, the ash
layer itself and the troposphere above the layer, estimated in sum to 7~ 0.03(+£0.02).
Thus, the inversion of the cloud free backscatter profile yields an extinction coeffi-
cient of o, ~ 4.6-5.2(+£2.3) x 10™*m™~" at 3kma.s.l. to produce the extinction integral
T~ 0.14(+£0.06) (Fig. 4). The uncertainty of the inferred extinction coefficient scales
nearly linearly with the uncertainty in the AOD. Below the clean layer, the lowest part
of the ceilometer extinction profile is affected by the incomplete laserbeam-telescope-
overlap and must be interpolated to the scattering coefficients measured at the surface.
This adds a hardly quantifyable uncertainty which depends on PBL homogeneity but
is negligible in a well mixed convective PBL. An additional error of about 3% adds due
to neglecting the contribution of absorption (o, ~ 2 x 10'6m'1) to the surface extinction
coefficient, measured with a Particle Soot Absorption Photometer. In the next step, the
prescribed LR = 50 sr (Pappalardo et al., 2010) and the inferred backscatter calibration
of the profile was applied to the whole day and the other network ceilometers, which
indicates that the peak optical density of the ash layer only gradually decreased while
crossing Germany. The LR likely remained constant for days since the ash particles
(advected more or less passively) were larger than the laser wavelength (r, ~1-4 pum)
and their sizes at the Hohenpeissenberg station agreed with in situ measurements on-
board the DLR Falcon on 19 April (Weinzierl, B., German Aerospace Centre (DLR),
personal communication, 2010).
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4.2 Validation by Raman Lidar measurement

As an exemplary validation, we show night-time ceilometer backscatter profiles from
the station Leipzig-Holzhausen/Germany and compare these to profiles from the
PoIIyXT Raman lidar (Althausen et al., 2009), taken 2km apart by the Lidar at the
Institute for Tropospheric Research (IfT) Leipzig/Germany (Fig. 10). For simplifica-
tion, a constant lidar ratio of 55 sr — valid for both urban particles and Saharan dust
(Muller et al., 2007; Papayannis et al., 2008) — was used to derive the profiles from
the ceilometer and the elastic signal of the Raman lidar. From the Raman Lidar the
extinction profile can be derived without a-priori assumptions but the backscatter pro-
file needs also a reference value at a particle free layer (Ansmann et al., 1990). The
ceilometer profile, taken on 15 April 2009 from 00:00-03:00 UTC (Fig. 10) shown in
red compares well with the elastic backscatter profile at 1064 nm of PoIIyX " shown in
blue. At lower altitudes a double aerosol layer was observed by both the lidar and
the ceilometer. This layer reaches up to 3km height. The maximum values of the
ceilometer are slightly higher than the values from the lidar profiles. Above this layer
low backscatter signals were observed up to about 5km by both instruments before
no aerosol signal is detected between 5 and 6.5km. From 6.5 to 11 km height, an-
other distinct aerosol layer was detected. This layer likely contained Saharan dust as
indicated by FLEXPART (Stohl et al., 1998) calculations (not shown) and supported by
DREAM dust forecasts which show a dust layer at these altitudes (c.f. Barcelona Su-
percomputing Centre). This dust layer was present over Leipzig during the night and
diminished during the following day. Its structure is well resolved by both the lidar and
the ceilometer profiles, although the latter is already getting noisier at those altitudes.
The signal-to-noise ratio is discussed in more detail by (Heese et al., 2010b). The AOD
derived from the ceilometer profile is 7=0.11. To integrate the AOD from the ceilome-
ter’s extinction profile, the extinction values at the height range with incomplete overlap
below 1 km were extrapolated as constant and set equal to the extinction value at 1 km
height. The AOD value from the elastic lidar profile is derived in the same manner and
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is T=0.094. The AOD derived from the Raman extinction profile is 7=0.097. The
independent measurement of the AOD by a sun photometer yields a value of 7=0.11
at 1020 nm. The good agreement between these values demonstrate the ability of the
ceilometer to measure the vertical aerosol profile. Though the AOD from the ceilome-
ter is slightly closer to the sun photometers AOD, these small differences remain within
the measurement errors.

4.3 Empirical estimation of particle concentrations

Severe aerosol episodes trigger enquiries for estimates of bulk particle properties,
first of all the particle mass concentration. The necessary conversion of optical to
micro-physical particle properties, here the specific extinction coefficient o, = o,/ Mparts
depends on the particle size, -density and -composition. It (or 3" =,B/mpan) has
been reported for the stratosphere (Jager and Hoffmann, 1991), for traffic (Rauth
et al., 2009), for Saharan dust (Gerasopoulos et al., 2009) and satellite derived AOD
(Wang and Christopher, 2003; Gupta et al., 2006). One may also calculate it from
global aerosol data sets e.g. (Hess et al.,, 1998) or estimate it from surface mea-
surements. For the latter approach, o, during the Eyjafjoll period is considered at
the GAW station Hohenpeissenberg, where the ash was entrained into the PBL on
17 April 2010 and resided there till 20 April 2010 as indicated by surface SO, mea-
surements (Flentje et al., 2010b). Before the ash’s entrainment a substantially differ-
ent air mass prevailed, possibly mixed with some Saharan dust. The specific extinc-
tion decreased from initially o, 4o64nm ® 05 1064nm ~1-6 m?/g before the ash was com-

pletely mixed into the PBL to about 0.8(:|:0.1)m2/g in its main body (Fig. 11). The
range of these values is similar as for Saharan dust (Gerasopoulos et al., 2009)
and corresponds reasonably to optical calculations (e.g. by Wiegner, M., Ludwig-
Maximilians University LMU, Munich/Germany, personal communication, 2010) and
to values meanwhile reported for the Jungfraujoch GAW Station (ACP conference, In-
terlaken, June 2010). Based on these considerations, ceilometer profiles over different
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German stations with acceptable signal/noise ratio (>2) were used to estimate the
particle mass-concentration within the Eyjafjoll ash layers over Germany on 16/17
April. Assuming that the specific extinction obtained near the surface is represen-
tative for the PBL, the peak extinction coefficients within the subsiding ash-layer of
Op estim ~ 4 — 6(£2) x 10™*m™" (Sect. 4.1) correspond to a mass concentration of the

order of 500-750(+ 300) ug/m3. Two days later on 19 April the extinction of the ash
over Germany had decreased t0 0, ggiim ~3-5(x1)x10°m™" at 4-6 km altitude, cor-

responding to mass concentrations of 30-50(+ 20) ug/ms. The magnitude of these
estimates are confirmed by EARLINET lidar (Ansmann et al., 2010; Wiegner, M., LMU
Munich, Germany) and by in situ measurements onboard the DLR research aircraft
Falcon (Weinzierl, B., German Aerospace Centre DLR Oberpfaffenhofen, personal
communication, 2010), respectively. We conclude that under favourable conditions
laser-ceilometers may provide backscatter/extinction profiles of sufficient accuracy to
infer rough estimates of the particle mass-concentrations with an uncertainty of about
-50%/+100%, provided co-located AOD and surface scattering coefficients as well as
knowledge about the particle type are available. Referencing to lidar (preferentially
Raman lidar) systems may allow transferring the calibration of backscatter/extinction
profiles to other network ceilometers as well. Though errors of this magnitude may of-
ten be sufficient to decide whether ambient particle mass concentrations are potentially
dangerous for air traffic (present legal security threshold is 2 mg/m3) or not, ceilometers
should be integrated with lidar networks into WMQO’s GALION to enable extrapolation of
their more accurate profiles to contry-wide backscatter/extinction or mass distributions
and fill temporal gaps.

5 Conclusions

Based on several significant and in part quasi-regularly occurring aerosol episodes we

demonstrated the information content and potential applications of up-to-date ceilome-

ters combined within the German Meteorological Service’s synoptic observation net-
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work. More than 50 such instruments will finally be distributed all over Germany and
allow not only for tracking the transport of desert dust, fire smoke, pollen and volcanic
ash but also to estimate bulk optical and micro-physical properties of such aerosol
plumes. The extinction coefficient and even the particle mass concentration may be
roughly estimated with however large uncertainties of 50% and —50%/+100%, respec-
tively, provided co-located AOD measurements and (for mass) additional particle infor-
mation are available. Their complementation with independent remote and in situ mea-
surements — aircraft-borne or scattering sondes (Rosen and Kjome, 1991), particularly
in case of overcast sky — is necessary for deriving further particle information. Mass
concentration estimates inferred for the Icelandic Eyjafjoll volcano ash-plume over Ger-
many (about 500-750(+ 300) ug/m3 on 17 April 2010 and about 30-50(+ 20) ug/m3 on
19 April 2010) were in reasonable agreement with independent lidar and in situ mea-
surements. Given these capabilities and keeping in mind the limitations, the backscat-
ter/extinction profiles may be used to evaluate and improve vertical aerosol disributions
in both chemistry transport and meteorological models. With this, significant benefits
for radiation and cloud condensation schemes can be expected.

Acknowledgements. We thank our colleagues from the DWD technical infrastructure depart-
ment for the exhaustive by-hand collection and storage of the raw data from the synoptic net-
work ceilometers during the Eyjafjoll eruption period.
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Fig. 1. Time-height section (0—10km) of range-corrected backscatter at Doernick (N-
Germany), measured by ceilometer on 15-17 April 2010. Daily average backscatter profiles
indicate the vertical distribubtion. The Eyjafjoll volcano ash (orange-red) moved over the site
in 1-5km altitude from the evening of 15 April till noon of 16 April. During part of the period,
beam-blocking low clouds prevented the measurement. The signals above 5 km are clouds, as
confirmed by a webcam.
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Fig. 2. Time-height sections (0—5 km) of range-corrected backscatter at the DWD ceilometer
stations on arrival of the Eyjafjoll volcano ash on 17 April 2010. The ash-layer (yellow-orange-
red) arrived over south Germany, subsiding from about 5 to 2km and was entrained into the
boundary layer in the afternoon.
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Fig. 4. Left: Backscatter Coefficient at Hohenpeissenberg (47.8° N, 11.0° E) on 17 April 2010,
showing the subsidence of the Eyjafjoll ash layer and its entrainment into the PBL. Before about
06:00 UTC detection of the ash layer was prevented by low clouds. Right: Inferred extinction
coefficient profiles, each averaged over 1 hour. An Inversion is possible after 05:00 UTC — a Back
lidar ratio of 50 (Pappalardo et al., 2010) and BSR of 1.2 was assumed in 3.8—4.5km for the
whole day, yielding extinctions in agreement with AOD observations. The complete overlap of
laser beam and telescope is only reached above 1.5 km altitude.
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Fig. 5. Time-height section (0—10km) of range-corrected backscatter at Leipzig-Holzhausen
(Germany), measured by ceilometer on 19 April 2010. A daily average backscatter profile
accentuates the Eyjafjoll ash-layer between 4 and 5.5 km altitude. From about 19:00 UTC on-
ward low clouds block the laser beam. The signals above 7 km are clouds, as confirmed by a
webcam.
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Fig. 8. Time-height sections of range-corrected backscatter at the DWD ceilometer stations
showing smoke layers (yellow-green) from Mediterranean fires above the PBL (yellow-orange)
on 23 August 2009.
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Fig. 10. Comparison of backscatter profiles from the Ceilometer at Leipzig-

Holzhausen/Germany with PoIIyXT Raman lidar at IfT Leipzig/Germany, about 2km apart, on
15 April 2009. In red the ceilometer profile, in blue and pink the elastic and inelastic (Raman)
lidar profiles, respectively.
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Fig. 11. Specific scattering (~ specific extinction) coefficient at Hohenpeissenberg before and
during the Eyjafjoll eruption in April 2010, calculated from surface nepehlometer and particulate
mass-concentration (PM,,) measurements. The main body of the ash was observed near the
surface on 18 to 20 April 2010.
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