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Summary

This study analyzes the structure of the wintertime
boundary layer in an Alpine valley (Inn Valley, Austria)
for a case of high air pollution. We present airborne aerosol
observations collected with particle counters and a back-
scatter lidar. The effect of upslope winds on the spatial
distribution of pollutants is investigated. An asymmetry in
the aerosol distribution is observed in the cross-valley
direction which presumably is related to differences in
orientation and albedo of the two valley slopes. A one-sided
thermal circulation, which develops above the sun-exposed
slope, is most likely responsible for the observed re-
distribution of aerosols during daytime. Elevated aerosol
layers form at the height of shallow inversion layers.
Despite this vertical transport of pollutants by slope winds,
no effective vertical venting of the polluted air mass into the
free atmosphere can be achieved.

1. Introduction

With the increase of heavy goods vehicle (HGV)
traffic over the last years, air pollution has be-
come a hotly debated subject. HGV traffic along

major Alpine transport routes, such as the auto-
bahn through the Inn Valley and over the Brenner
Pass, has strongly contributed to the air pollu-
tion problem in these densely populated areas
(Beauchamp et al. 2004). For the period between
2002 and 2012 an increase in total traffic volume
of more than 35 percent has been predicted
(Thudium 2003). Coupled with this increase of
traffic and air pollution the impact on human
health – for example the risk of lung cancer mor-
tality (Pope et al. 2002) – increases as well. The
vertical structure (stability) of the atmospheric
boundary layer has a major impact on the dis-
tribution of air pollutants (see e.g., Hanna and
Strimaitis 1990; Chazette et al. 2005). Particularly
in wintertime, Alpine valleys are favored loca-
tions for high air pollution due to the formation
of cold pools characterized by strong surface
inversions which frequently decouple the valley
atmosphere from the background synoptic flow.
As long as convective mixing is not dominant
(e.g., during nighttime), valley walls limit plume
spread and the volume of air through which the
plume can be dispersed (Whiteman 2000). These
effects reduce the dispersion of pollutants and
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the exchange of air masses. For a given emission,
the morning peaks of NOx concentration can be
up to nine times higher in the Inn Valley than

over flat terrain (Wotawa et al. 2000). Also local
circulations and wind systems affect the aerosol
distribution. One of the few dispersion processes

Fig. 1. (a) ECMWF Analysis of
geopotential height (m) and wind speed
(m s�1) at 700 hPa at 12 UTC 01 February
2006. (b) Close-up of the Inn Valley. The
town of Schwaz is marked by a circle in
(a) and (b). The dashed line (A1A2) in
(b) represents the flight track of the DLR

Cessna Grand Caravan. A box in (b)
surrounds the area covered by the MetAir
aircraft
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for polluted air masses during daytime are ther-
mally induced upslope flows, which transport
pollutants away from the sources, mostly located
at the valley bottom, up to higher levels (Bader
and Whiteman 1989). Emeis et al. (2007) showed
that multiple thermal layering is a frequently ob-
served feature of the wintertime atmosphere in
the Inn Valley. Despite the destruction of the
surface inversion during the day, one or more
pronounced inversion layers may still exist below
crest level. These elevated inversions reduce mass
flux in the slope wind layer and consequently
hinder an effective air mass exchange (Vergeiner
and Dreiseitl 1987).
Three-dimensional measurements, e.g., by air-

borne observations, have proved useful to identi-
fy the mechanisms of aerosol transport and of the
formation of aerosol layers that form under cer-
tain conditions over complex terrain. Wakimoto
and McElroy (1986) found that elevated aerosol
layers are formed over Los Angeles in summer
by the combined effect of orography (forced and
free convection) and convective mixing. Chazette
et al. (2005) showed that in the snow-covered
Chamonix valley pollutants were mainly trapped
close to the ground, whereas convective mixing
and the formation of elevated layers were ob-
served in the Maurienne valley with a bottom
surface mostly free of snow. A strong coupling

between different wind systems and the transport
of aerosols and trace gases, in particular ozone,
has been proved in the Mesolcina valley during
the VOTALP campaign (e.g., Carnuth and Trickl
2000; Furger et al. 2000; Pr�eevôot et al. 2000). The
above described studies all show that the aerosol
distribution is governed by several factors, such as
terrain properties, seasons and prevailing winds.

The goal of this study is to examine the spatial
distribution of aerosols in the Inn Valley during
wintertime and the influence of local winds on
pollutant transport and dispersion. For this pur-
pose two research aircraft conducted several mis-
sions in winter 2006 during the field campaign
of the research projects INNAP1 and INNOX2,
respectively. These projects were embedded into
the major research project ALPNAP3 (Heimann
et al. 2007) which covered measurements in var-
ious Alpine valleys. The aircraft carried an aero-
sol backscatter lidar and various instruments for
in-situ observations. First results are presented in
Emeis et al. (2007), Schnitzhofer et al. (2007),
and Gohm et al. (2006). An overview of the
target area in the Inn Valley near the town of

Fig. 2. Time series of PM10 (mgm�3), NO2 (mgm�3) and temperature (�C) at the ALPNAP station Schwaz (c.f. Fig. 1)
between 28 January and 05 February 2006. The vertical dotted lines indicate the times of the morning and afternoon
flight, respectively. The horizontal dashed lines represent the daily mean value (DMV) thresholds of 50mgm�3 for PM10
and of 80 mgm�3 for NO2, respectively

1 Boundary layer structure in the Inn Valley during high air

pollution
2NOx-structure in the Inn Valley during high air pollution
3Monitoring and minimisation of traffic-induced noise and air

pollution along major Alpine transport routes
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Schwaz is depicted in Fig. 1. Aircraft measure-
ments were performed on several days between
16 January 2006 and 02 February 2006. The fol-
lowing sections present results from a specific
case study of the 01 February 2006. This day,
being part of a period of six consecutive high-
pressure days, was characterized by few clouds,
weak synoptic winds and high concentrations of
pollutants in the valley atmosphere (cf. Fig. 2).
Two different flights, one conducted in the morn-
ing and one in the afternoon, allow to study the
diurnal evolution of the boundary layer and the
impact on the distribution of pollutants. Section 2
introduces the instrumentation of the research
aircraft and the dataset analyzed herein. Section
3 describes the synoptic and mesoscale situation
in the Inn Valley and presents the measurements
and results. Conclusions are drawn in Sect. 4.

2. Description of the dataset

The MetAir Dimona is a small research aircraft
which carries instruments for in-situ observations
of meteorological and air chemistry parameters
(Neininger et al. 2001). Particle measurements
and a subset of meteorological parameters are
analyzed in the present study. The MetOne is a
laser-based particle counter which outputs the
total number of particles with a diameter greater
than 0.3 mm. The instrument has a high temporal
resolution of 1Hz, however, is not optimized for
very high concentrations. The Grimm sensor is a
spectrometer, which measures particle concentra-
tions for 15 size bins between 0.3 and 20 mm. It
has to be operated at a much lower temporal
resolution (e.g., at a 1-min sampling interval) in
order to improve distribution statistics especially
for big particles. In this study Grimm data is used
in order to remove the coincidence count error
in the MetOne dataset which occurred for con-
centrations typically greater than 100 particles
per ml. This new corrected MetOne parameter
‘‘fit03’’ is discussed in the subsequent sections
and describes the total number of particles great-
er than 0.3 mm. Further, measurements of poten-
tial temperature, wind speed and wind direction
within a 2-km wide subdomain of the flight path,
covering the flat part of the valley, are used for
creating pseudo-vertical profiles. These profiles
complement the available radiosoundings (see
below). The MetAir Dimona flight pattern con-

sists of vertically staggered quasi-horizontal legs
which are approximately aligned on a vertical
transect across the Inn Valley near the town of
Schwaz (see Fig. 1b). Due to the narrow valley,
legs close to the ground had to be flown as loops
instead of straight lines.

The TropOLEX lidar (Meister et al. 2003) de-
veloped at the German Aerospace Center (DLR)
was operated in a nadir-pointing mode on board
the DLR Cessna Grand Caravan aircraft. In this
study we present aerosol backscatter intensity
data at a wavelength of 1064 nm. The horizontal
and vertical resolution of the lidar dataset is
�40m and 15m, respectively. A major contribu-
tion to the backscatter signal stems from particu-
late matter emitted by anthropogenic sources,
such as traffic as well as industrial and domestic
burning. The measured backscatter intensity is
proportional to the number and size of aerosols
in each resolved volume and is displayed in
arbitrary units. A regular flight pattern of the
DLR Cessna consists of several repeated along
and across-valley transects. In the present study
we restrict our analysis to a selected cross-sec-
tion, which is located close to the MetAir Dimona
transect, in order to compare lidar and in-situ
measurements (cf. Fig. 1b).

During aircraft missions several radiosoundings
were launched from the airport of Innsbruck,
located in the Inn Valley approximately 30 km
west of the target area. Besides the operational
ascent at approx. 03UTC, additional ascents were
carried out during aircraft operations. Further,
meteorological and air quality measurements,
conducted at the station Schwaz within the frame-
work of the project ALPNAP, are used for this
study.

3. Results

3.1 Synoptic and mesoscale overview

January and February 2006 were characterized
by monthly mean surface temperatures below the
long-term average and a closed snow cover in
major parts of the Inn Valley. During these two
months several synoptically undisturbed periods
occurred which were associated with periods of
high air pollution. In the present study we focus
on the 01 February 2006. On this day, morning as
well as afternoon flights have been conducted
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with both aircraft. Figure 2 presents the temper-
ature, NO2 and PM10 records from the station
Schwaz (cf. Fig. 1) between 28 January and 05
February 2006. The 01 February is characterized
by high values of NO2 with a daily mean concen-
tration of 120 mgm�3. The concentration of fine
particles, in particular PM10, has a daily mean
value of 58 mgm�3 and violates the threshold of
the European air quality directive of 50 mgm�3

(see e.g., Heimann et al. 2007). The PM10
concentration follows a diurnal cycle, with high
concentrations during the morning, a minimum
shortly before noon, and again high concentra-
tions in the afternoon and evening. This diurnal
pattern could also be observed during other days
of the shown period.
The synoptic situation in the Alpine region

was characterized by a high pressure system with
its center over the south of Germany (cf. Fig. 1a).
Solar insolation was nearly undisturbed by clouds,
except from some thin cirrus. During daytime
generally weak southerly winds, with wind speeds
between 2 and 6m s�1, were observed near crest
level. The analysis of the radiosounding con-
ducted at the airport of Innsbruck at 0853 UTC
(Fig. 3a, b) indicates a stable stratification with
a strong surface inversion and an increase of

potential temperature of 20K within the lowest
kilometer above ground. A jet-like structure in
the vertical profile of wind speed, with a maxi-
mum of 8m s�1 near 1000m MSL (Mean Sea
Level), reveals the nocturnal down-valley flow.
The afternoon sounding at 1410 UTC (Fig. 3a, c)
shows that daytime heating of the boundary
layer has reduced the average vertical gradient
of potential temperature in the lowest kilo-
meter above ground to 9K km�1. Nevertheless,
some elevated inversion layers are still present.
Basically a 500-m deep layer above the surface is
affected by this heating. This layer exhibits weak
winds, which change directions from southeast
over east to west with increasing height. Above
this layer but well below crest height westerly
down-valley winds prevail. Pseudo-vertical pro-
files (Fig. 4) constructed from MetAir data depict
a similar structure. These profiles are extended to
the surface with observations from the automatic
weather station Schwaz. In the morning, the sta-
ble stratification of the lower atmosphere with a
pronounced surface inversion is clearly evident.
The wind profile, exhibiting a jet-like structure of
the down-valley flow, fits well with the radio-
sounding. In the afternoon, at least two elevated
inversion layers can be identified at �900m MSL

Fig. 3. Radiosoundings at the Innsbruck Airport on 01 February 2006: (a) Potential temperature (K) at �09 UTC
(solid) and �14 UTC (dashed). Horizontal wind speed (ms�1) and wind direction (wind arrows) at (b) �09 UTC,
and (c) �14 UTC
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and �1250m MSL (marked with gray bars in
Fig. 4c, d). Further, it also becomes evident that
a 400-m thick layer near the surface exhibits
up-valley winds with wind speeds smaller than
4m s�1. Above this layer winds are very weak
from westerly and northerly directions. Surface
wind speeds during the day are generally below
3m s�1. Automatic weather stations along the
Inn Valley (not shown) support the existence of
a thermally induced wind system and indicate a
transition from down-valley to up-valley flow at
�12 UTC. These up-valley winds were quite rare
in winter 2006, but have also been found on other
days during the field campaign.

3.2 Boundary layer structure in the morning

Figure 5 illustrates the aerosol concentration and
backscatter intensity observed during the morn-
ing flight between 09 and 10 UTC. Shown is a
vertical transect across the valley from southeast
(left side) to northwest (right side of Fig. 5).
Since the flight pattern of the MetAir Dimona
consists of vertically staggered quasi–horizontal
loops, each leg covers slightly different terrain as
indicated in Figs. 5a and 6a. The gray shaded
area in these figures represents the maximum
and the minimum height of the topography and
the solid line the mean height within a 6-km wide

Fig. 4. Pseudo-vertical profiles constructed
from MetAir data for (a) and (b) the
morning flight between 0856 and 1010
UTC and (c) and (d) the afternoon flight
between 1340 and 1412 UTC on 01
February 2006: Vertical profiles of (a) and
(c) potential temperature (K) and (b) and
(d) wind speed (m s�1) and wind direction
(degree). Gray bars in (c) and (d) represent
shallow inversions. The labels ‘UV’ and
‘DV’ denote the up-valley and down-valley
wind sector, respectively. The lowest
data points are taken from surface
measurements at the station Schwaz
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box shown in Fig. 1b. This box surrounds the
‘‘footprint’’ of the MetAir flight track. It took
around 60min to collect the data for a single
vertical transect (see A1A2 in Fig. 1b). The
DLR Cessna, however, collected data of a whole

vertical transect along a single straight flight leg
within a few minutes. Hence, some of the dis-
crepancies between in-situ observations and lidar
measurements are related to slightly different
sample volumes and times of the two instruments.

Fig. 5. Vertical transect across the Inn
Valley of (a) aerosol concentration for
particles greater than 0.3mm (particle
number per ml; MetAir Dimona) and
(b) aerosol backscatter intensity (arbitrary
units; DLR TropOLEX lidar). The color
scale is logarithmic in (a) and (b). The
mean topography in (a) is shown as solid
line, and the limits of the topography as
gray shaded area. Topography in (b) is
white. Figures are for the morning flight at
�09 UTC on 01 February 2006. See text
for further explanation
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In the morning, the horizontal distribution of
aerosols is nearly homogeneous (Fig. 5). The ver-
tical aerosol structure is essentially characterized
by three layers. In agreement with the strong
surface inversion detected by the radiosounding

(Fig. 3a), highest aerosol backscatter intensities
are found in an approximately 100-m deep layer
near the ground. Due to control and safety re-
strictions on flight operations the MetAir aircraft
could not probe the atmosphere below �150m

Fig. 6. As in Fig. 5, but for the afternoon
flight at �14 UTC on 01 February 2006
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AGL (Above Ground Level). However, tethered
balloon data (not shown) support this view of
a highly polluted layer close to the surface
(Schnitzhofer et al. 2007). In a second, 200-m
deep layer backscatter intensities are lower by
factor of 4. In this layer, aerosol concentrations
measured by the MetAir Dimona aircraft are be-
tween 20 and 70 particles per ml. In a third layer,
above �900m MSL, the valley atmosphere is
very clean. There, the measured aerosol concen-
trations drop to values below 10 particles per ml.
A first sign of an asymmetric structure of the
spatial aerosol distribution can be identified from
slightly higher backscatter intensities and aerosol
concentrations above the south-eastward facing
sun-exposed slope (right hand side of Fig. 5a,
b). This feature is presumably caused by upward
aerosol transport within the developing slope
wind layer on the sun-exposed valley side. Yet,
the shaded side of the valley remains essentially
unaffected by this developing slope wind regime.
In this context it is noteworthy that differences in
the snow coverage between the two valley sides
existed (see next section).

3.3 Diurnal evolution of the boundary layer
structure

Until the afternoon the structure of the boundary
layer has changed significantly (Fig. 6). The
dominant feature at �14 UTC is an asymmetric
aerosol distribution with strong differences in
aerosol concentrations between the two valley
sides. Other vertical transects of backscatter
intensity (not shown) conducted between the
towns of Kolsass and Jenbach (cf. Fig. 1b) are
also characterized by this asymmetric structure.
Therefore Fig. 6b may be seen as representative
for a larger part of the Inn Valley.
It is most likely that thermally induced up-

slope winds on the south-exposed slope (right
side of Fig. 6) are responsible for the transport
of aerosols up to higher elevations. In contrast,
only weak vertical transport can be found on the
opposite (north-exposed) slope, which is most
likely the result of missing upslope winds. We
hypothesize that the different slope flow be-
havior on the two valley sides is caused by the
different orientation and albedo of the two
slopes. The difference in the albedo is a result
of nearly snow-free tree tops at the south-ex-

posed slope and stronger snow coverage on the
opposite slope. Unfortunately, no wind measure-
ments are available, which could resolve the thin
(�decameter) slope wind layer and would give a
direct proof of this circulation pattern. The for-
mation of a relatively thick (�hectometer) layer
with high aerosol backscatter intensities along
the sun-exposed slope is attributed to continuous
detrainment of polluted air from the thin slope
wind layer into the ambient valley atmosphere.
A similar event characterized by an asymmetric
aerosol distribution, presumably induced by a
thermal circulation, has been discussed by Gohm
et al. (2006). Also during the VOTALP experi-
ment in the Swiss Mesolcina valley an asymmet-
ric structure of the aerosol distribution across the
valley was observed by a lidar system and partly
attributed to different orientation of the two val-
ley slopes towards the sun (Carnuth and Trickl
2000). An asymmetric flow structure with a sec-
ondary circulation was observed in the Riviera
Valley, Switzerland, during summer (Weigel
et al. 2006). In the Riviera Valley the asymmetric
circulation was induced by the curvature of the
valley, however, in our case the asymmetry in the
flow pattern is rather caused by insolation and
albedo differences.

The vertical transport of aerosols by slope
winds reduces concentrations near the bottom
of the valley, however, detrainment of aerosols
from the slope wind layer causes higher aerosol
concentrations at mid-valley levels (compare
Figs. 5b and 6b). In Fig. 6b at least two aerosol
layers can be identified which spread horizontal-
ly from the sun-exposed slope towards the valley
center. A redistribution of aerosols was observed
also in other studies. Chazette et al. (2005) found
a multi-layered structure during winter in the
Maurienne valley, where the snow coverage
was only scattered, while in the fully snow-
covered Chamonix valley no elevated layers of
aerosols could be detected. They attributed this
pattern to the more efficient mixing due to con-
vection in the nearly snow free valley. In our case
the pattern appears to be related to winds that
partially separate from the slope wind layer and
transport aerosols towards the center of the
valley. This partial separation of winds from
the slope occurs at the heights of two shallow
inversion layers which are found in the profile
of Fig. 4c at �900m MSL and �1250m MSL,
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Fig. 7. Vertical profiles of (a) and (c) aerosol concentration and (b), (d), and (e) ABI constructed from a subset of data
shown in Figs. 5 and 6, respectively. Only data within a 2-km wide subdomain near the valley center are used. In (a)
and (c) individual point measurements within this subdomain are shown as gray marks and a height average as solid line.
In (b), (d) and (e) the median is shown as solid line and the 25 and 75 percentiles as gray shaded area. (a) and (b) are
valid for �09 UTC, (c) and (d) for �14 UTC, and (e) for �15 UTC on 01 February 2006. See text for further explanation



respectively. Even though the valley wind regime
is dominating below �1 km MSL, some indica-
tion for a cross-valley flow component within
these inversion layers is given by weak northerly
winds (see Fig. 4d). A theoretical description of
this phenomenon is presented in Vergeiner and
Dreiseitl (1987). Their conceptual model indi-
cates that an elevated inversion layer inhibits
mass flux in the slope wind layer which favors
flow splitting into two currents: a remaining re-
duced upslope flow and a separating flow spread-
ing horizontally along the inversion layer. In
our specific case there are at least two elevated
inversion layers that correspond with two aerosol
layers. A third layer may be found at �1500m
MSL (cf. Figs. 3a and 6b). It becomes obvious
that a continuous reduction of vertical mass flux
within these inversion layers hinders a complete
removal of pollutants from the valley atmosphere.
The same cross section approx one hour later

(not shown) indicates transport of aerosols from
these layers back to the slope and down to the
valley floor. It appears that this is the time when
the thermal circulation weakens and starts to re-

verse. With the reverse of the upslope flow into a
downslope flow, the aerosols are transported back
towards the valley floor. This process is also ap-
parent when comparing the two vertical profiles
in Fig. 7d and e, which are separated by approx
one hour. Therefore, no effective vertical ex-
change of the polluted air mass takes place.

3.4 Comparison of lidar and in-situ measurements

In a next step a comparison of aerosol backscat-
ter intensities (ABI) with aerosol concentrations
is performed. Vertical profiles constructed from
aircraft data and taken from a 2-km wide subdom-
ain of Figs. 5 and 6, which covers the flat part
of the valley between x¼�1 km and þ1 km, are
displayed in Fig. 7a, b for the morning flight and
in Fig. 7c, d for the afternoon flight. Figure 7e is
the same as Fig. 7d, but approx one hour later.
Figure 7b, d and e shows the median of the ABI

together with the 25 and 75 percentiles. The per-
centiles describe the variability of the backscatter
signal across the valley within this 2-km wide
subdomain. The in-situ data in Fig. 7a and c
show individual point measurements taken from
this subdomain as well as an average computed
for discrete height intervals of 10m. The data
density of the in-situ measurements is very inho-
mogeneous in height. Further, the different spa-
tial and temporal coverage of the two datasets
complicates the comparison between individual
point measurements of ABI and aerosol concen-
tration. Despite these problems the qualitative
agreement of the two systems is very good. Indi-
vidual aerosol layers of high ABI and high aero-
sol concentration can be detected in both types of
profiles. A quantitative comparison is much more
difficult since no generally valid relationship can
be found. Nevertheless, at least for the 01 Febru-
ary 2006 the ratio between the ABI and the aero-
sol concentration is �1=10, with a strong scatter
between �1=5 and �1=15 for individual points.
Especially in the afternoon, when the aerosol dis-
tribution is very inhomogeneous in space and
time, differences in the sample volume between
the two instruments affect the ratio considerably.

4. Conclusions

Airborne aerosol observations have been col-
lected during the wintertime in the Inn Valley.

Fig. 7 (continued)
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Measurements from an airborne aerosol back-
scatter lidar as well as in-situ observations have
been presented. It has been shown that the spatial
aerosol distribution is very much related to the
thermal stratification of the valley atmosphere. A
stable stratification with a strong surface inver-
sion during the morning traps the pollutants with-
in a shallow layer close to the ground. During the
day when the stability of the valley atmosphere
decreases, vertical transport of aerosols may oc-
cur. However, shallow inversion layers at mid-
valley levels, which may prevail throughout the
day, hinder an effective vertical exchange of the
polluted air mass. In our specific case thermally
induced slope winds have been made responsible
for the observed vertical aerosol transport. Due to
differences in the snow coverage and orientation
of the two valley slopes this thermal circulation
was asymmetric, which resulted in an asymmet-
ric aerosol distribution across the valley. We be-
lieve that an interaction between the slope winds
and more than one elevated shallow inversion
layers led to a partial separation of the upslope
flow at the height of these inversion layers and
caused the formation of elevated aerosol layers.
Measurements of the aerosol backscatter intensi-
ty are useful for revealing a qualitative picture
of the distribution of aerosols, even though the
derivation of quantitative measures, such as mass
density and number concentration of particulate
matter is difficult.
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