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Abstract. This paper presents results of the extensive fieldaltitude-level of the JFJ under plausible assumptions on the
campaign CLACE 2010 (Cloud and Aerosol Characteriza-LIDAR ratio. However, we can show that the quality of this
tion Experiment) performed in summer 2010 at the Jungfrau-comparison is affected by orographic effects due to the ex-
joch (JRJ) and the Kleine Scheidegg (KLS) in the Swiss Alps.posed location of the JFJ on a saddle between two mountains
The main goal of this campaign was to investigate the verti-and next to a large glacier. The local RH around the JFJ was
cal variability of aerosol optical properties around the JFJoften higher than in the optical path of the LIDAR measure-
and to show the consistency of the different employed meament, especially when the wind originated from the south
surement techniques considering explicitly the effects of rel-via the glacier, leading to orographic clouds which remained
ative humidity (RH) on the aerosol light scattering. Various lower than the LIDAR beam. Furthermore, the dominance of
aerosol optical and microphysical parameters were recordetbng-range transported Saharan dust was observed in all mea-
using in-situ and remote sensing techniques. In-situ measurements for several days, however only for a shorter time
surements of aerosol size distribution, light scattering, lightperiod in the in-situ measurements due to the vertical struc-
absorption and scattering enhancement due to water uptakere of the dust plume. The optical properties of the aerosol
were performed at the JFJ at 3580 m a.s.l.. A unique set-ugolumn retrieved from SEVIRI and MODIS showed the same
allowed remote sensing measurements of aerosol columnanagnitude and a similar temporal evolution as the measure-
and vertical properties from the KLS located about 1500 mments at the KLS and the JFJ. Remaining differences are
below and within the line of sight to the JFJ (horizontal dis- attributed to the complex terrain and simplifications in the
tance of approx. 4.5km). In addition, two satellite retrievals aerosol retrieval scheme in general.

from the Spinning Enhanced Visible and Infrared Imager
(SEVIRI) and the Moderate Resolution Imaging Spectrora-
diometer (MODIS) as well as back trajectory analyses were

added to the comparison to account for a wider geographl Introduction

ical context. All in-situ and remote sensing measurements

were in clear correspondence. The ambient extinction coeffiAtmospheric aerosols impact the Earth’s climate by scat-
cient measured in situ at the JFJ agreed well with the KLS-tering and absorbing incoming solar radiation and thus in-

based LIDAR (Light Detection and Ranging) retrieval at the fluence the Earth’s global energy budgeétenberth et al.
2009. Precise measurements of aerosol properties are
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Fig. 1. Set-up and measurement geometry during the CLACE 2010 campaign performed at the Jungfraujoch and the Kleine Scheidegg,
Switzerland (red bullet on left map).

essential to develop and evaluate aerosol optical, microphysype of closure study, one often differentiates between a col-
ical and transport models, which are required to improve ourumn and local closureRussell and Heintzenberg000. In
understanding on the impact of aerosols on clim&@ban  a local closure, measurements at a distinct place (e.g. from
and Schwartz2007). However, a thorough quantification of a common sampling line) are being compared and tested
the direct and indirect aerosol effects on the Earth’s radia-against model calculations. In a column closure, vertical pro-
tive budget is difficult to achieve, due to the high spatial andfiles of aerosol properties are compared to integrated values
temporal variability along with large differences in aerosol retrieved e.g. from satellite retrievals or ground-based colum-
composition and size. Currently, a large variety of different nar measurements.
in-situ and remote sensing techniques exist which observe This study presents the results of a combined optical
aerosols from the ground, from moving platforms like air- closure study — local and columnar — performed in sum-
planes or from satellites (see e@hin et al, 2009 Schmid  mer 2010 in the Swiss Alps. In an exceptional set-up vari-
et al, 2006 Kaufman et al.2002 and references therein).  ous remote sensing instruments were installed at the Kleine
Closure studies have been proposed (seedgen 1995 Scheidegg (2060 m a.s.l., 66" N, 7°5740" E) and dif-
Penner et a].19949 and initiated to assess the consistencyferent in-situ instruments were recording at the Jungfrau-
of aerosol properties measured with various techniques fronjoch (3580 m a.s.l., 48251" N, 7°5845" E) approximately
different platforms. For example, closure studies betweernl.5km above and in the line of sight of the remote sensing
LIDAR (Light Detection And Ranging) and in situ measured site (approx. 4.5km horizontal distance, see Hip. This
aerosol size distribution, scattering and absorption coeffi-set-up allows to investigate the vertical distribution of the
cients (often together with Mie theory) have been performedaerosols in combination with a detailed microphysical and
in several studies (see e.fgoffmann et al. 2012 Zieger  optical analysis at one point in the column at a high tem-
et al, 2012, Fierz-Schmidhauser et @22010h Schmid et al. poral resolution. In addition, data from two satellites, which
2003 Gobbi et al, 2003 Fiebig et al, 2002 Wex et al, 2002 account for a wider geographical context than the solely
Russell and Heintzenberg00Q Hoff et al, 1996 and refer-  ground-based instrumentation, are added to the comparison.
ences therein). An overview on closure studies with a focus An extensive local closure experiment concerning aerosol
on mineral dust is given in a recent publicationdysmann  optical properties was already conducted at the Jungfrau-
et al.(201J). Since aerosol particles experience hygroscopicjoch (Fierz-Schmidhauser et aR0108. In that study, hy-
growth at elevated relative humidity (RH), the comparison of groscopic measurements of a humidified nephelometer and a
the usually dry in-situ measurements (RH0—40 % as rec- Hygroscopicity Tandem Differential Mobility Analyzer (H-
ommended byWVMO/GAW, 2003 with the ambient remote TDMA) together with size distribution, light scattering, light
sensing measurements is complicated. However, a few studabsorption and chemical measurements were discussed and
ies have used direct measurements of the hygroscopicity tcompared using Mie theory. Local closure was achieved in
compare their in-situ measurements with ambient ones (seEierz-Schmidhauser et 20108, but the comparison to am-
e.g.Zieger et al. 2011, Pahlow et al.200§. Concerning the  bient data was still missing and is now done in this study. The
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presented work is also motivated by the results of a recenstalled for the CLACE 2010 campaign, where only remote
field study at Cabauw, the Netherlands, where in-situ measensing instruments were located.
surements of the ambient aerosol extinction coefficient were The CLACE campaigns have been carried out on a regu-
compared to MAX-DOAS (Multi-Axis Differential Optical lar basis since 2000 at the Jungfraujoch (see://www.psi.
Absorption Spectroscopy) and LIDARigger et al. 2017). ch/lac/clace-gaw-pluor an overview). Their main goal is
Significant differences between MAX-DOAS, LIDAR and to study the microphysical properties of aerosols and clouds
(ambient) in-situ measurements were found for the lowestusing a wide range of in-situ and remote sensing techniques.
level in Cabauw. Irzieger et al(20117), the LIDAR profiles  During CLACE 2010, the focus was set on investigating the
had to be extrapolated to retrieve the ground layer value duambient peak supersaturation and size distribution of liquid
to the incomplete overlap of transmitter and receiver, whichclouds Spiegel et al.2012 Hammer et al.2012), the in-
is now being avoided by the elevated position of the in-situfluence of the planetary boundary layer at the Jekterer
measurements. In this study, a local closure between in-sitet al, 2012, and the closure study of aerosol optical proper-
and LIDAR profiles and a column closure between the inte-ties using in-situ and remote sensing techniques (this study).
grated LIDAR profiles, the Sun photometers and two differ-  An intensive operation period (IOP) was defined for a
ent satellite retrievals is presented. two-week interval (3—18 July 2010), where all instruments
were successfully operated in parallel. During this time also
columnar aerosol optical properties were measured from
the KLS with the FUBISS instrumentation (Free University

2 Experimental setup Berlin Integrated Spectrographic System, see S2&t2.
This period was also characterized by many cloud-free days,
2.1 Site and campaign description which are needed for the remote sensing of aerosols. This

study therefore focuses on the two-week long IOP.
The Cloud and Aerosol Characterization Experiment
(CLACE) 2010 campaign took place from June to Au- 2.2 In-situ instrumentation at the Jungfraujoch
gust 2010 at the high alpine research station Jungfrau-
joch (3580 m a.s.l., #48251" N, 7°5845” E) and the Kleine  All aerosol instruments were connected to a heated inlet
Scheidegg (2060 m a.s.l., B56” N, 7°5740" E), Switzer- (= 25°C, without size cut), which besides aerosol particles
land. The Kleine Scheidegg (KLS) is located approx. 1.5 kmalso allows hydrometeors with diametBr< 40 um to enter
below the Jungfraujoch (JFJ) and both sites are in di-and to evaporate, at wind speeds up to 20h{8Veingartner
rect range of sight (horizontal distance approx. 4.5km, seeet al, 1999. This allows that cloud residuals are included
Fig. 1). The JFJ research station is part of the Global Atmo-in the aerosol measurements. The temperature difference be-
sphere Watch (GAW) program coordinated by the World Me-tween ambient and inside the laboratory additionally guar-
teorological Organization (WMOQO) and continuous aerosol in-antees that all aerosol measurements are performed at dry
situ measurements have been performed within this frameeonditions (relative humidity, R 20 %).
work since 1995. The continuous Precision Filter Radiome-
ters (PFR) measurements by MeteoSwiss date back to 1992.2.1 Aerosol scattering coefficient measurements at
However, there were measurements with other types of Sun dry and humidified conditions
photometers since 1995 (less continuous).

Due to its high altitude the JFJ site is situated in the freeThe measurement of scattering and backscattering coeffi-
troposphere for most of the time. Thermal convection, how-cients has continuously been performed at the JFJ since 1995.
ever, transports air from the planetary boundary layer (PBL)AnN integrating nephelometer (TSI Inc., Model 3563, subse-
to the site, especially during the warmer summer months andjuently termed DryNeph) measures the aerosol light scat-
predominantly in the afternoon hours. Therefore, the extentering osp and backscatteringysp coefficient at three wave-
sive aerosol parameters, e.g. aerosol scattering coefficient dengths { =450, 550, and 700 nm). The scattering coef-
number concentration, undergo an annual cycle with a maxficients were measured at dry conditions (RHE=145=+
imum in the summer months and a minimum during winter 4.3 % (meant standard deviation) inside the nephelometer
months. This goes along with a typical diurnal cycle show- during the I10P).
ing a maximum in aerosol concentration in the afternoon In addition, the aerosol scattering coefficienty were
hours (see e.dCollaud Coen et al2011, 2007 Nyeki et al, measured with a novel humidified nephelometer (WetNeph)
1998 Baltensperger et al1997. The site is also exposed to at defined relative humidity between20-95 % RH. A de-
long-range transport phenomena, such as Saharan dust frotailed technical description of the WetNeph is giverHigrz-
Northern Africa Collaud Coen et gl.2004 Schwikowski  Schmidhauser et a20103. Briefly, the instrument consists
et al, 1995 or volcanic ash from Icelandikowiecki et al, of a modified TSI nephelometer (TSI Inc., Model 3563 with
2011). In contrast to the permanent facilities at the JFJ, thean improved temperature and RH control) coupled to a hu-
KLS site was a temporary measurement site especially inmidification and drying system. The main feature of this
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instrument is the measurement of humidograms, where theep. The ratio of the scattering coefficiesgy to the extinc-
RH inside the nephelometer is periodically changed from ap+ion coefficientoey is called the single scattering albede:
proximately 20 to 95 %. In thlydration modeof the humi-

dogram, the RH is increased from low to high RH while the Osp Osp
dryeris tgrned off: In this mode, the lower pgrt of the aerosol“° = Osp+ Tap - Oep
hysteresis curve is measured. In thehydration modethe ) ] )
humidifier is set to maximum RHY 95 %) and the following 1 n€ Single scattering albedo can vary frem= 1 (extinc-
dryer is now turned on, drying the aerosol back to dry condi-tion entirely caused by scattering) é@ = 0 (extinction en-
tions to approx. 2035 % RH. This mode allows the samplingli"¢ly caused by absorption).

of the upper branch of the hysteresis curve. Typical humido-, . S
grams measured at the JFJ are showhRibyz-Schmidhauser 2:2.3 Aerosol size distribution measurements

@)

etal.(20108. Dry aerosol number size distributions were measured for mo-

The measurement of the dry and wet scattering coefficigntsbi“ty diameters Pmo) between 10 and 350 nm with a Scan-
by the DryNeph and the WetNeph allows the determination,ing Mmobility Particle Sizer (SMPS). It consists of a Dif-

of the scattering enhancement facto(RH), which is de-  ferential Mobility Analyzer (DMA, TSI Inc., Model 3071)

fined as: and a Condensation Particle Counter (CPC, TSI Inc., Model
osp(RH, 1) 3775). Size distributions were measured every 6 min, with an
f(RH,2) = J 1) up-scan time of 300s. The DMA was operated at 0.3 IThin
Usp(RHdrya A)

sample air flow rate and a closed-loop excess and sheath air
whereogp is the aerosol scattering coefficient at a certain setup with a flow rate of 3Imint. The used SMPS type was
RH and wavelength. All optical properties discussed here previously intercompared within the EUSAAR projebttf:
are dependent on the wavelengthwhich is omitted for  //www.eusaar.ngtand fulfills the recommendations given by
simplicity reasons from now on and only explicity men- Wiedensohler et a(2012).
tioned when misinterpretation could occur. The numerator Additional size distribution measurements were per-
of Eq. (1) is measured by the WetNeph while the denomi- formed by a 15-channel Optical Particle Counter (OPC; Dust
nator is measured by the DryNeph (R{is the relative hu-  Monitor 1.108, Grimm GmbH). The instrument was factory
midity inside the DryNeph). The scattering coefficient were calibrated using polystyrene latex spheres (PSLs, refractive
corrected for angular and illumination non-idealities (trunca-index=1.588) at a laser wavelength of 780 nm, yielding op-
tion error correction, seAnderson and Ogreri998. Dur- tical diameter Dopy) size ranges of- 0.3 um to> 20 um in
ing the CLACE 2010 campaign, the WetNeph was operatedl5 different channels. The nominal volumetric flow rate of
in the humidogram mode and a full scan from low to high 1.2Imin~! was increased to 1.4 It due to the pressure
RH and back took three hours. The shape and magnitudeonditions at the JFJ (640—670 mbar). The flow was checked
of the recorded humidograms are similar to the findings ofat regular intervals (every 3—7 days during the campaign),
Fierz-Schmidhauser et a20100 who measured the scat- and the measured number concentrations were corrected for
tering enhancement in May 2008 at the JFJ using the samthe increased flow rate. Based on the length and geometric

instrument as in this study. design of the OPC inlet line, it was estimated that there is a
. considerable loss of particles with > 15 um. Aerosol mea-
2.2.2  Aerosol absorption measurements surements with an OPC depend on the shape and the complex

o refractive index of the sampled aerosol, which determine the
An aethalometer (Magee Scientific, USA, type AE31) was gcattering response function and thus cause a large uncer-
used to measure the aerosol light absorption coefficiefS  (ainty in the correct sizing of the particles. The recorded OPC

at the wavelengths of =370, 470, 520, 590, 660, 880, g;;¢ distributions were corrected assuming a constant refrac-
and 950 nm. The principle of the aethalometer is to measurg¢ indexmopc as described iBukowiecki et al(2011).
the attenuation of light transmitted through a filter (Pallflex

Q250F), while aerosols are continuously deposited on the fil2.2.4  Meteorological data

ter, which is changed after a certain threshold of the attenu-

ation has been reached. The measurements were correctédl meteorological parameters, (temperatdigrelative hu-

for multiple scattering by the filter fibers and the scattering midity RH, wind speed and direction) were measured at the

of the aerosols embedded in the filter using a site-specifigFJ SwissMetNet station operated by MeteoSwiss. A THY-

correction factor of 2.81Gollaud Coen et al2010. A load- GAN (Thermo-HYGrometer-ANetz), measured the air tem-

ing dependent correction was not applied. For further infor-perature with a thermocouple and the relative humidity was

mation on the correction algorithms seéeingartner et al. measured by a chilled dew point mirror hygrometer. The

(2003 andCollaud Coen et al2010. measurement uncertainty of the temperature and the dew
The sum ofoap andosp, as measured by the aethalometer point was of+0.15°C for T > —20°C and +0.25°C for

and nephelometer, is called the aerosol extinction coefficienf” < —20°C.
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2.3 Remote sensing instrumentation laser pulse. The linear volume depolarization ratis de-
fined as
2.3.1 Aerosol backscatter LIDAR
o= 1 ©)
The Institute for Atmospheric and Climate Science of ETH P’

Zurich installed a scanning elastic backscatter LIDAR (Light . o .

Detection And Ranging) at the KLS. This instrument (Model wherg th? signal ratio 'S eva!uated using the manufacturer
ALS450, Leosphere, Orsay, France) emits a laser pulséLIpE"ed mstrumentgll cgllbratlon f{;ur:]tor. le of d

(» =355nm, average pulse energy 16 mJ, repetition ratehT ?:LIfDAR was ]E' tﬁ "’,‘t a chen;: angie o i@ov;a; S
20Hz, 1.5m vertical resolution) and records the attenuate el%] J‘J lorzcr)rlc())st th € It|me 0 tle (;a}ﬁm&?a'gg anh 5?:? 8
backscatter signal that is elastically scattered back from aif® uly wit ' a closer angie o wards the
molecules, aerosols and cloud droplets. The LIDAR equation(See F'g'l)' The prof||.e heights were thereforg corre_cted by
describes the detected sigrairesulting from scattering by the cosine of the_zemth angle tq produce yertlcal altitude. A
air molecules and particles at distareérom the instrument moving average in ime(22.5 min) and altitude £225m)

as (see e.gMeitkamp 2005 for more details): was applied to all LIDAR profiles.
2.3.2 FUBISS-ASA1 + ASA2 measurements

The multi-spectral Sun and aureole-radiometers FUBISS-
ASA1 and FUBISS-ASAZ2 (Free University Berlin Integrated
where Eq denotes the laser pulse energy, andis an in-  Spectrographic System — Aureole and Sun Adapter 1 and 2)
strument specific efficiency parameter (the overlap functionare designed for aerosol remote sensing on moving as well
is included inv;), B ando describe the backscatter and ex- as on ground based platforms (both instruments and calibra-
tinction by air molecules (“m” for molecular) and aerosol tion procedures are described in detaiieger et al. 2007,
particles (“ep” for extinction by particles as commonly used Asseng et al.2004. They are frequently used for airborne
for in-situ measurements). The product®fR)R? is called  measurements of aerosol optical properties. Both instruments
range corrected backscatter signal (RCS). The molecular convere deployed at the KLS during the IOP only.
efficients in Eq. 8) are evaluated from atmospheric tempera- ASA2 is the newer system and includes two aureole baf-
ture and pressure profiles taken from the operational weathdie tubes in addition to the Sun photometer optics. These au-
forecast model COSMO re-analysis data with a horizontalreole tubes consist of various ring shaped apertures which
resolution of 2 km (sehttp://www.cosmo-model.ojg shield the direct sunlight and only allow radiation from the
The aerosol backscatter and extinction coefficighend  4° and & angle regions to be transmitted to the spectrometers
oep in Eq. (3) remain two unknowns for one recorded mea- (the exact angles of these annulus rings around the Sun are
surement quantity. The ratio of both parameters is usually3.05-4.82 and 4.68-7.24). The spectrometers provide
defined as the aerosol LIDAR ratio LR: 256 wavelengths channels betweer- 300 and 1100 nm.
Radiometric calibration of the Sun photometer is performed
UeP(R). (4) by the Langley-plot technique together with a method using
B(R) the measured aureole radiances as suggestédrtaka et al.

It depends on the particle size, shape and chemical composg%@' The required calibration coefficient for the selected

. - . . : pectrometer pixels is the extraterrestrial detector voltage
tion. Similarly, the molecular LIDAR ratio LR is defined as extrapolated from continuous measurements in the hours af-

ter sunrise or before sunset, when the direct solar radiance
om 8 traverses a range of different air masses. To meet the require-

LRm = 2= = —Fi, ®) ments of stable atmospheric conditions during the calibration

measurements, they are favorably performed above the plan-
where Fx~1 is the King correction factor, which takes etary boundary layer. FUBISS-ASA1 and ASA2 were cali-
the anisotropy of air molecules into account and can bebrated before and after IOP at the JFJ. Under clear sky and
calculated $he 200 Bucholtz 1995. Since the aerosol stable atmospheric conditions, the Langley-plot technique
LIDAR ratio cannot be determined independently with elas- has an accuracy better than 1% of the extraterrestrial detec-
tic backscatter LIDAR systems, it has to be prescribed as pator voltage Schmid and Wehri1995 Asseng et a).2004
rameter for the inversion of EqB);. Using the Klett algorithm  see Eq.7 below). The relative differences of the sensitivity
(Kovalev and Eichinge2004), profiles of the aerosol extinc-  of the solar and the aureole radiometers had previously been

R
P(R)R? = Eov [B(R) + Bm(R)] -exp[z / [aep(r)+om(r>]dr}, (3)

o

LR(R) =

tion coefficientoep are determined. determined by measurements with a standard lamp in an in-
The LIDAR is equipped with a parallel and a perpendic- tegrating sphere.
ular receiver channelp;; and P, which allow determining Scattering and absorption by air molecules, cloud droplets,

the degree of depolarization of the initially linearly polarized and aerosols lead to the extinction of solar radiation entering

www.atmos-chem-phys.net/12/7231/2012/ Atmos. Chem. Phys., 12, 727249 2012


http://www.cosmo-model.org

7236 P. Zieger et al.: Spatial variation of aerosol optical properties

the atmosphere. Under cloud-free conditions the integrate@.3.3 Ceilometer
extinction from the instrument to the top of the atmosphere

due to aerosol particles, the aerosol optical depttAOD), A Jenoptic LIDAR-ceilometer CHM 15k http://www.
can be derived from the measured direct solar si§jpaising  jenoptik.con) was installed at the KLS. The CHM 15k is

the rearranged Beer-Lambert law a low-maintenance low-power elastic backscatter LIDAR.
IN(Vo) — IN(Va) It uses a diode-pumped N&AG solid state laser at =
Ty =——"——— T — Ty, (7) 1064 nm with a repetition frequency of 5-7 kHz and a pulse
m

duration of 1 ns. It provides vertical profiles of total (molecu-

where Vp is the extraterrestrial detector voltage. The rela- lar+ particulate) elastic backscatter from about 300 m above
tive air mass factom: in Eq. (7) normalizes the optical depth ground up to 15 km (under cloud-free conditions) with a ver-
to the zenith directionz, refers to the optical thickness due tical resolution of 15 m. We only use the range corrected sig-
to Rayleigh scattering by air molecules, which is calculated.nal for illustration purposes.

With a priori assumptions for the spectral behavior of AOD,

the optical thickness of absorbing trace gaggean be de- 234 Radiometer

rived from the Sun photometer measurements by minimizing

the residual to synthetic results computed under variation ok microwave profiler (TEMPRO, Radiometer Physics
the assumed trace gas concentratking and Byrne 1978.

Inth . h d for the CLACE ; th.GmbH, Germany) was installed at the KLS to retrieve tem-
n the processing scheme used for tne campaign '?)erature profiles. TEMPRO is a total-power radiometer uti-

method was adopted for the correction of the ozone COntrI'Iizing direct detection receivers in the V-band with seven

b““;”? to_tk}:e optr_cal dsptf:.ﬂ;l’he_ spg_cttraila sthapef?; the AODIChanneIs from 51 to 58 GHz. These channels contain infor-
contains information about the size distribution o1 tn€ aerosoly, iy on the vertical temperature profile due to the homoge-

particles. The parameter used to quantify the latter is callecﬂ]

Anastis t d be derived f the fit of eous mixing of @ in the atmospheregrewell and IBhnert
ngstiom exponentg, an "can € derived from the fit ot a 2007). A full description of the instrument and of the retrieval
power law, called théngstidm formula, to the spectral slope

) algorithm is given irLdhnert and Maie(2012. The a priori
of the AQD: information needed for a reliable retrieval of the temperature
T, () ~ A7 (8) profiles is usu_ally taken f_rom radiosonde measurement_s. Un-
fortunately, direct soundings at the KLS were not available
Relation @) can be formulated analogously fegp, oap, oep, and therefore soundings from Payerne, Switzerland, were
or the single scattering albed® (see Eq2). The exponent used instead (located approx. 80 km west of the JFJ). The re-
can be determined by fitting a power law function to the mea-trieved profiles therefore have to be used with caution. They
sured spectral aerosol optical depth or by using two discret@ire only used here to show relative differences between the
wavelengths.; andi,. For small exponents(< 1) the mea-  temperature measurement at the JFJ and the temperature pro-
sured aerosol is dominated by the coarse mdale-(1 um),  file value at the height of the JFJ station (Point E in Big.
whereas for large values 1) the size distributions is dom-

inated by the fine modeX < 1 um). 2.3.5 MeteoSwiss Sun photometers at the JFJ
As mentioned above, FUBISS-ASA2 detects the scattered

radi_ation in the_two annulusrings &tdnd 6. Thisallowsto Ao measurements are performed at the Jungfraujoch us-
retrieve the ratio of the aerosol phase functiy(averaged ing Precision Filter Radiometers (PFR, Saehrli, 2000).

over each aureole ring at the two angles), which is defined aBFER's are designed for long-term monitoring and feature

the aureole index aui: some characteristics for reducing instrumental drift, for ex-
Pase ample temperature stabilization or a shutter to reduce fil-
©) ter and sensor degradation. These measurements are per-
formed within the SACRaM network (Swiss Alpine Cli-
This spectrally dependent value can be interpreted as thghate Radiation Monitoring of MeteoSwiss), which operates
slope or steepness of the aerosol phase function in the fofour 4-wavelength PFR units at the Jungfraujoch. Nine out
ward scattering region. It allows to estimate the observedof these 16 wavelengths allow inferring AOD between 368
aerosol type, if e.g. compared to values computed by Mieand 1024 nm. AOD values (see Ef).are derived from at-
calculations for different aerosol types like sea salt, deserinospheric transmittances that are measured every minute.
dust or urban aerosol (s@eger et al, 2007). The spectral The SACRaM PFR's are calibrated using the Langley plot
dependence of the aui value can additionally be used for thgechnique, which are conducted on exceptionally stable days
analysis. A further advantage of the additional aureole meagabout 1 in 10 on average at the Jungfraujoch). This cali-
surements lies in an easy detection of thin (and for the humalbration procedure at the Jungfraujoch allows reducing the
eye invisible) clouds thatimmediately cause an increased augncertainty on the estimate of the extraterrestrial signal to
reole signal due to the increased forward scattering. about 1%. The estimate of the extraterrestrial signal is used

aui(A) :=

a6°
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as a normalization, and a 1 % uncertainty corresponds to ain mountainous regions particularly challengidili et al.,
uncertainty of 0.005 in the AODSchmid and Wehr]i1995. 2011).

2.4 Satellite observations
3 Results

Spaceborne aerosol products provide a large-scale and syn-

optic view of the atmospheric aerosol abundance and disFirst, a short overview on the prevailing air masses and their
tribution. In this study, operationally derived AOD (at=  aerosol related properties are presented in Sett.Next,

550 nm) from the Spinning Enhanced Visible and Infrared in Sect.3.2, we discuss the calculation of optical properties.
Imager (SEVIRI) on-board the current European geostation-This is followed by a comparison study of the extinction co-
ary METEOSAT Second Generation (MSG) satellites andéfficients measured in situ and by LIDAR in Se8t3 The
from the polar-orbiting Moderate Resolution Imaging Spec-influence of a strong Saharan dust plume transported to the
troradiometer (MODIS) are used to put the ground-basedbite was observed during the IOP by all instruments, which
measurements into a wider context. The main challenge ofs discussed in Sec8.4. A discussion on the columnar mea-
satellite aerosol retrieval lies in the separation of the aerososurements of FUBISS, the Sun photometer at the JFJ and the
signal from the surface reflectance signal, which is a prioriSatellite observations follows in Se@t5.

unknown. The SEVIRI AOD productRopp et al.2007) is

based on time-series analyses of the SEVIRI visible bandB.1 Prevailing air masses and their aerosol properties

to first estimate surface reflectance for each pixel and time-

slot and to subsequently invert AOD by means of radiative The intensive observation period (IOP) was characterized by
transfer calculations assuming a fixed (continental) aerosomany cloud-free days, which are a prerequisite for the remote
model. SEVIRI AOD maps over Central Europe are gener-sensing of aerosols. Especially the AOD measurements are
ated with a temporal resolution of 15 min for all clear-sky only feasible during clear sky conditions, which were possi-
pixels during daytime (solar zenith angle75°) and a reso-  ble at eight days (mainly during the morning) out of the 14
lution after spatial filtering of approximately 20 km. Valida- day long IOP.

tion of SEVIRI derived AOD with AErosol RObotic NET- The air during the IOP mainly originated from Western
work (AERONET,Holben et al. 1998 sites in Central Eu- Europe as can be seen in FR.where air mass trajectories
rope revealed a generally good performance (correlationgre shown (5-day backward calculations with a time reso-
well above 0.8, root-mean-square error (RMSE)00.05, lution of six hours using the FLEXTRA mode$(ohl et al,

and 75-80 % of all retrievals within MODIS expected error 1995 Stohl and Seiberii998, trajectories taken from NILU
over land of+(0.054-0.15x AOD), Popp et al.2009. A val- at http://www.nilu.no/trajectorigs The trajectories are color
idation of SEVIRI AOD carried out specifically over some coded by different aerosol parameters measured at the time
Alpine sites and the relative discussion can also be found irthe air parcel arrived at the site. The first three panels inZig.
Emili et al. (2010. In the MODIS Collection 5I(evy et al, present the main intensive aerosol optical parameters. The
2007 overland aerosol retrievals, the infrared bands (1.24 Angstom exponentrgry, scat(see Eq8) of the dry scattering
2.1um), which are less sensitive to the aerosol signal, areoefficient measured in situ at the JFJ by the nephelometer
used to estimate the surface reflectance in the visible bands seen in Fig2a. Large valueso(ry, scat2, 1) point towards

for each observatiork@ufman et al.1997). In order to re-  a dominant fine mode, while small valuegf, scat< 1) in-
duce noise (e.g. due to undetected clouds/snow and brigtdicate a coarse mode domination of the aerosol size distribu-
spots) the 20 to 50 percentile of surface reflectance is avertion. It can be seen that a value @y, scat™ 2 prevails for
aged in squares of 1010 kn? prior to the AOD inversion. most of the time which can be regarded as the typical back-
The accuracy of the MODIS AOD over land was found to ground value at the JFJ. When air masses originated from
be AAOD = £(0.05+40.15x AOD) worldwide (68 % confi-  Northern Africa,aqry, scatsShowed significantly lower values
dence levell_evy et al, 2010. The availability of two visible  below 1, indicating a domination of coarse mode particles
bands allows to estimate the aerosol fine and coarse modeghich were transported from the Saharan desert to the JFJ.
or alternatively theAngstiom exponent. However, the latter These Saharan dust events (SDE) are frequently observed
is considered more as a qualitative product over ldraly (between 10 and 35 SDE per year, s€ellaud Coen et al.

et al, 2010. For this study, daily MODIS products (Collec- 2004 for more details). The trajectories in Figpb are color

tion 5.1 Level 3; MOD08D3, MYD08D3) were downloaded coded by theAngstom exponent ofug. The mineral dust
from the NASA Giovanni Web siteh{tp://disc.sci.gsfc.nasa. particles can be differentiated from other coarse mode parti-
gov/giovanni/overview/index.htyl Among the major error  cles like sea salt by their characteristic spectral behavior of
sources of both aerosol products are inappropriate surfacey (fitting Eg. 2 with Eq. 8) in the optical range of. = 450
reflectance estimation and undetected cloud and snow corte 700 nm. The apparent SDE trajectories show significantly
tamination which makes remote sensing of aerosol propertietow values (below 0) ot,,, which is mainly caused by a
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Fig. 2. FLEXTRA air mass trajectories (5-day backward calculations with the Jungfraujoch (JFJ) as endpoint) for the intensive observation
period (3—18 July 2010). The color code denotes the specific aerosol parameter measured at the time the air parcel arrived at the site
@ ,&ngstlt')m exponent of the dry scattering coefficie(it) Angstrbm exponent of the dry single scattering albedo (Saharan dust index);

(c) scattering enhancement factor at 85% relative humidity;mean surface diamete(g) scattering coefficient (dry)f) aerosol optical

depth measured from the Kleine Scheidegg by FUBISS-ASA2. Grey lines are trajectories without data (e.g. in cloudy situations or when
measurements are below detection limit or during night-time).

large increase of coarse mode particles with a reddish color The SDE are visible in the aerosol size distribution mea-
(Collaud Coen et al2004. surements as well, as depicted in Rtd, where the trajecto-
The back trajectories color coded by the aerosol lightries are color coded by the mean surface diameter (measured
scattering enhancemefitRH = 85 %, 550 nm) at 85% RH by the SMPS and OPC) which is clearly increased during the
(Eq.1) as measured by the WetNeph are displayed inZg. SDE. Figuree and f show the aerosol scattering coefficient
The values have been calculated by fitting a two-parametemeasured by the nephelometer at the JFJ and the AOD mea-
equation (as e.g. used #ieger et al.201]) to the averaged sured by FUBISS-ASA?2 at the KLS. Again, it can be seen

humidograms: that the SDE is also predominant in the extensive aerosol pa-
rameters (see Se@.4 below for a more detailed discussion
J(RH,A) =a(1-RH)™. (10)  on the SDE).

The magnitude off (RH =85 %, 550nm) is similar to the
findings of Fierz-Schmidhauser et a20100. Again, the
SDE significantly differs from the other air masses in Rg.
with f(RH = 85 %, 550 nm) being close to 1 during the SDE
due to the low hygroscopic growth of the predominant min-
eral dust §jogren et al.2008.

3.2 Calculation of optical properties

The size distributions measured in situ were used to cal-
culate the scattering and absorption coefficients using the
Mie code ofBohren and Huffmar{2004). For this, the as-

sumptions of spherical particles and an internal mixture were
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X107 for the Mie calculations (spherical particles, fixed refractive
. 02 indices) and the measured aerosol size distribution. More-
e 015 over, this example shows that the calculation of the optical
085 properties during the SDE are highly uncertain due to the
, P01 dominance of non-spherical particles, where Mie theory is
not applicablelousiainen2009. The slope also changes in
dependence of the refractive indexpc chosen for the OPC
correction, while theR? is less affected. In this example, the
OPC size distribution was corrected assuming a refractive in-
dex ofmopc = 1.540.05i. Nevertheless, this example shows
that the optical and microphysical in-situ measurements at
the JFJ are in clear correspondend&® £ 0.85-0.98) de-

~ spite the uncertainties in size and refractive index. The op-
7 o ® ® . . .

¥ @ Mope=1.5+0.05i tical closure of the in-situ measurements for the recorded an-
g : ; s - : . ) -0.2 nual datasets is still ongoing work and subject to a separate

550nm) meas. [m” '] x107° publication.

0

o p(55Onm) cale. [m™)

S|

Saharan dust index a, [-]

USP(

Fig. 3. Calculated vs. measured aerosol light scattering coefficient3-3 LIDAR in-situ comparison of the aerosol extinction

(dry, ata =550 nm and a refractive index for the OPC correction coefficient

of mpopc= 1.5+ 0.05i as an example). The color code denotes the ) . ) . .
Angstdm exponent of the single scattering albedg,, which is One main task of this study is the comparison and valida-
used to identify mineral dust at Jungfraujoch (also called Sahararion of the in-situ measurements with remote sensing mea-
dust index). Data affected by mineral dust (negative values,gf surements including the humidity effect of the aerosol light
and non-affected data points (positive valuesgf) are fitted sep-  scattering. As mentioned above, the initially dry in-situ mea-
arately with a linear least squares regression (solid lines). The blacksurements have to be recalculated to ambient conditions (to

dashed curve represents the 1:1 line. ambient RH) using the WetNeph measurements.
The ambient aerosol extinction coefficient is calculated as
follows
made. The refractive index is unfortunately unknown due toUep(RHamb) = £ (RHamp)osp(RHary) -+ ap, (11)

the lack of chemical characterization during the campaign.

For the fine mode, we assume a mean refractive index ofvhere the scattering enhancemgiRHamp) is determined
mim (550 nm = 1.524-0.03i as retrieved at the JFJ during an- by fitting the 3-h averaged humidograms with Et0)( This
other closure study (also including chemical measurementsis only done for RHmp, < 95 %, the maximum RH inside the

in 2008 Fierz-Schmidhauser et aR010Y. For the coarse  WetNeph (the uncertainties of the fit are too high at higher
mode, the refractive index of mineral dusidn(550nm) = RH as f(RH) — oo for RH — 100 %). The absorption co-
1.53+0.0055i) is taken fronHess et al(1998. A consistent  efficientoyp is interpolated to the specific wavelength using
combined size distribution of SMPS (measuring an electricalEq. @). The absorption enhancement at higher RH can be
mobility diameter< 350 nm) and OPC (measuring an opti- neglected at the JFBIéssler et a).2005.

cal diameter- 350 nm, which also depends on the refractive The ambient extinction coefficient can be compared di-
index of the particle) is difficult to obtain due to an under- rectly to the measurement of the LIDAR at the height of the
determined problem and the many assumptions that have tdFJ (3580 m a.s.l.). As mentioned in Set8.1, the LIDAR

be made. The main problem is the influence of the unknowrratio (LR) has to be assumed and remains the largest un-
refractive index in the OPC diameter sizing. An example of certainty in the extinction coefficient profiles. Four differ-
the calculated versus measured scattering coefficient is seant values of LR have been selected for the retrieval, all
in Fig. 3. The color code denotes thengstiom exponent of  lying in the range of continental, urban and desert aerosol
the single scattering albedq,, (also called Saharan dustin- (Ackermann 1998 Miiller et al, 2007). Four example pro-
dex, see SecB.4 below), which is used to discriminate the files and the corresponding in-situ measurement at the JFJ
Saharan dust aerosol from the usual aerosol present at trege shown in Fig4. The error of the in-situ measurements
JFJ. The points in Fig3 were grouped for values,,, <0 is calculated through Gaussian error propagation assuming
(Saharan dust influenced) ang, >0 (not Saharan dust in- a 10% relative error in the DryNeph, WetNeph, and 20 %
fluenced) and a weighted linear least squares regression wais the aethalometer measurememsderson et a).1996
applied for each group. The slopes of the regression lines ifFierz-Schmidhauser et aR0103. Figure4a shows an ex-
Fig. 3 are clearly different for the two different aerosol types ample where the humidity effect in the in-situ measurements
predominant at the JFJ. Remaining differences from the indiis clearly seen (withy (RHamp.= 84% = 2.1 at 355nm). In
vidual regression lines are due to the simplified assumption$-ig. 4b the humidity effect is less pronounced due to the low
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Fig. 4. Example profiles of the aerosol extinction coefficient measured by the LIDAR (solid lines) at different assumed LIDAR ratios (LR)
from the Kleine Scheidegg (all at=355nm). The corresponding dry and ambient extinction coefficients measured at Jungfraujoch are
shown as red and blue bullet points, respectively. The webcam pictures in the upper panel are recorded at the same time (from the Kleine
Scheidegg with view towards the Jungfraujoch station, see red circle). In the last example (14 July 2010) the LIDAR was measuring with a
zenith angle of 60, missing the local cloud at the station.

ambient RH. In Fig4c the JFJ was in the free troposphere 1. Orographic effects causing spatial inhomogeneities

with very low aerosol concentrations, as also measured by . )

the LIDAR. In the fourth example (Figid) the in-situ extinc- 2. Uncertainties in the LIDAR retrieval due to the LR as-

tion coefficient (dry and ambient) clearly exceeds the profile ~ Sumed

values. This is possibly due to site-specific orographic effects 3 | ysses in the in-situ inlet system

resulting in different air properties sampled by the two meth-

ods. While the JFJ station was surrounded by local, patchyrhe losses in the in-situ inlet system probably cause only

clouds with high RHmp.~ 89 % (see camera picture above a minor effect and are assumed to be less than 10-20% in

the profile), the LIDAR was measuring at a zenith angle of the optically active particle diameter range of 50 anb <

60° (corresponding to a horizontal distance of about 2.2km10 um, while the influence of the unknown LR is not as em-

from the JFJ, see Fid) and therefore sampled possibly a inent as one would expect (see below). The orographic ef-

drier air mass compared to the JFJ. These local humid aifects, however, remain the main reason to explain the dis-

masses with partially developed clouds were often observedgreements found. The JFJ station is located on an exposed

when the air arrived from the south via the Aletsch glacier. saddle at 3580 m a.s.l., with a large glacial area south of the

Figure 5a shows the entire time series of the aerosol ex-station (Aletsch glacier). To the north, the mountain range

tinction coefficient measured in situ (dry and at ambientsteeply drops by 1500 m towards the KLS (see E)gThese

RH) and derived from the LIDAR at the height of the JFJ. circumstances probably cause large spatial differences in the

The temporal evolution ofep is similar for both in-situ and  wind, temperature, and humidity properties of the air. When

LIDAR and the agreement is good, but differences occur esthe wind at the JFJ originated from the southeast (1009150

pecially during elevated ambient RH. Several reasons can bthe mean RH was 76.0 %, but lower (73.5%) when the air

brought forward to explain the disagreement: originated from northwest (300-380during the I0OP. This
phenomenon is not unusual for this site and is especially
observed during foehn wind conditions. For the entire year
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Fig. 5. (a) Time series of the aerosol extinction coefficientat 355 nm) measured in-situ at Jungfraujoch (JFJ) (red bullets: dry, colored
squares: at ambient RH indicated in the color bar) and by the LIDAR at the altitude of the JFJ (Point C and )ibyrassuming different

LIDAR ratios (see legend)b) Ambient temperature at the JFJ (dark blue bullets) and retrieved from radiometer measurements from the
Kleine Scheidegg (KLS) here at the height of the JFJ (light blue bull@sAmbient relative humidity at the JFJ (dark blue bullets) and
retrieved from radiometer measurements from the KLS at the height of the JFJ (light blue bullets) using the measured dew point temperature
of the JFJ and the Magnus formu(d) Wind direction measured at the J§d) The aerosol optical depth (AOD) retrieved from the LIDAR

at different LIDAR ratios and measured by the Sun photometers FUBISS-ASA1 (magenta crosses) and FUBISS-ASA2 (cyan crosses). The
LIDAR was operating with two different zenith angles ¢18hd 60, see arrows).

2010, the differences in RH were similar (74.9 % and 70.6 %the height of the JFJ compared to the station at the JFJ. If
for southeast and northwest, respectively). Clear differenceshe dew point temperature measurements of the JFJ are taken
in the (horizontal) wind direction were observed by measure-to calculate an RH value above the KLS (assuming the same
ments of the wind profiler at the KLS and an anemometer atwater content and using the Magnus formula), one can see
the JFJ Ketterer et al.2012 during CLACE 2010. that the RH is clearly lower above the KLS during this event
The LIDAR therefore often sampled drier air masses com-(see Fig.5c). This argumentation needs to be treated with
pared to the in-situ measurements at the JFJ due to the meaaution, since the points being compared are geometrically
surement geometry chosen (even though the LIDAR wasot the same and the radiometer gives an estimate rather than
tilted, see Figl, the points being compared had a horizontal an exact value of the temperature (as it uses critical input
distance ok 2—4 km). Especially on 14 July 2010 the effect assumptions). Nevertheless, it provides additional hints and
of the elevated RH at the JFJ is obvious (FEig). On thatday clearly supports the findings from the optical interpretation
a very local and patchy cloud surrounded the JFJ for most obf the webcam pictures.
the forenoon while the LIDAR sampled probably much drier  The LIDAR AOD values (obtained by integrating thgy
air (see web cam picture in Figd). The wind also originated profiles) agree well with the AOD measurements of FUBISS-
from south via the glacier (Figd). Radiometer temperature ASALl and ASA2, as demonstrated by Fige (the AOD of
measurements show higher temperatures above the KLS &UBISS-ASA1 and ASA2 has been extrapolated to 355 nm
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Fig. 6. Comparison of the aerosol extinction coefficient retrieved from the LIDAR measurements and in-situ measurements. The measure-
ments from the Jungfraujoch station (at 3580 m a.s.l.) were brought to ambient conditions (solid lines) and are compared to the LIDAR
measurements at different heights (100 m averages). The corresponding dry in-situ measurements (dashed lines) are sh(ayiCas-well.
relation coefficient for LR= 75 sr where the data is categorized by the ambient relative humidity RH (see legend above, number of points
is given in brackets),i( andc) Slope and intercept of a weighted linear least squares fit for the same categorization as i@)pdde!
Correlation coefficient for all measurements and different LR withyRbi< 80 %, € andf) Slope and intercept for the same group of points

as in pane(d).

LR=45 sr

LR=55 sr LR=65 sr LR=75 sr ‘

using Eq. 8)). Compared to the AOD of ASA1 the2ranges  around the height of the JFJ (between 3100-3600 m). This
between 0.63-0.64, with a slope between 0.99-1.12, and aclearly demonstrates a link generally present between in-situ
intercept between 0.009-0.017 for the 4 different LR (ob-and the LIDAR measurements. The slope of the linear regres-
tained by a weighted linear least squares regression). Thsion is around 1 slightly below the height of the JFJ, while
RMSE of this comparison varied between 0.066 and 0.071. it significantly decreases below and above the altitude of the
The ogp values of the LIDAR profiles were averaged in JFJ. Also the intercept shows a minimum near the JFJ alti-
100-m altitude intervals and each mean value was separatelyide. The clustering of the data concerning the ambient RH
compared to the in-situ value measured at the JFJ. The rgeolored lines in Figba—c) was done to demonstrate the ef-
sult is seen in Fig6, where the squared correlation coef- fect of local humid air, which often occurred when the air
ficient (R?), the slope and the intercept of a weighted lin- originated from the Aletsch glacier (southeast wind direc-
ear least squares regressioffit™ = a-o PR +o/,, where  tion). The agreement improves if high ambient RH cases are
a is the slope andrép the intercept) are shown versus the excluded, but worsens again for very low RH, probably due
altitude above the KLS. Panels a to ¢ of FRyshow the to the low number of points being compared (see legend).
result exemplary for LR= 75 sr, while panels d to f show The effect of the LR is rather small. The humidity effect on
the R?, slope and intercept for all points and for all four the in-situ data can be seen in the improvement of the slope of
assumed values of the LR where the ambient RH was bethe linear regression, where the ambient values show a better
low 80% (excluding the high and possibly cloud affected slope close to 1 compared to the dry values (dashed lines in
data points). In all case®? shows a maximum oR? ~ 0.7 Fig. 6b, c). It has little influence on the value & or on the
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Fig. 7. A strong Saharan dust event was observed by different in-situ and remote sensing instr(areptse in-situ measurements at

the Jungfraujoch statiorfa) Dry scattering (green line) and absorption coefficient (orange l{{n@)the /°-\ngstrt')m exponent of the single
scattering albedo (Saharan dust ind€g);normalized surface size distribution measured by the SMPS and OPC (see color code), the mean
surface area is shown as well (magenta lifd);range corrected signal (RCS) of the ceilomefe);depolarization ratio measured by the
LIDAR. Ceilometer and LIDAR measured from the Kleine Scheidegg. Horizontal magenta line: altitude of the Jungfraujoch at 3580 m a.s.|.

intercept. Interestingly, the highegg, best slope and min- time series measured by the in-situ and LIDAR instruments.
imal intercept are observed about 100-300 m below the JFThe dust plume arrived on the afternoon of 8 July 2010 at
site, which again can probably be attributed to the specifican altitude of about 5000 m, as can be seen by the ceilome-
orography and the resulting up and down drafting winds.  ter in Fig. 7d which measures at a wavelength of 1064 nm
To sum up, the two different aerosol extinction measure-and therefore is especially sensitive to coarse mode parti-
ments — ambient in-situ and by remote sensing technique <€les. The plume with a vertical extensiorrefl—2 km slowly
are in clear correspondence. The differences found are mosvses height and reaches the height of the Jungfraujoch in the
probably due to the site-specific orography, but minor dif- morning of 9 July 2010. The vertical extent increases fur-
ferences could also be caused by the assumptions within thier with time and later the dust particles fill the entire val-
LIDAR retrieval and possible particle losses in the in-situ in- ley above the KLS. The particles are characterized by an in-

let system. creased depolarization ratio up to 0.2 (EB}. as measured
_ by the LIDAR and shown in Fig7e, which indicates the
3.4 Saharan dust event during CLACE 2010 presence of non-spherical particles as one would expect for

. ] ) mineral dust. The temporal evolution and shape of the dust
A strong and exceptionally Iong—Iast_lng mineral du_st trans—p|ume are very similar in the ceilometer and LIDAR mea-
port phenomenon was observed during the campaign. As alsrements, only a slight time shift is observed due to the dif-
ready shown in the back trajectories in Figair masses ar-  ferent zenith (observation) angles of both instruments (see
riving at the JFJ had their origin partly in Northern Africa. rig 1) The dust plume is detected by the in-situ instruments
All in-situ and remote sensing instruments observed this Saz; the JFJ on 9 July 2010 at around 08:00a.m. (UTC). The
haran dust plume in different manners. Figiirehows the
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Fig. 8. Maps of daily averaged aerosol optical depth (AOD) retrieved from SEVIRI measurements for the time period of the Saharan dust
event (8-11 July 2010) over Switzerland and neighboring countries. White areas are cloud and/or snow covered areas. The magenta cros
denotes the location of the JFJ/KLS.

scattering coefficient at 550 nm and absorption coefficient aeastbound transport and thinning can clearly be detected in
590 nm increase significantly as the plume arrives (F&g. the sequence of AOD maps which are also in good agree-
The spectral properties clearly change as well, as can be seenent with the trajectories of dust laden air masses in Eig.

by the Angstrbm exponent of the single scattering albedo The dominance of this Saharan dust plume has also a strong
Q4w (Fig. 7b), which turns negative for the first 24 h point- effect on the columnar measurements, as will be discussed in
ing towards an enlarged coarse mode fraction and a reddisthe following Sect3.5.

color of the particles. The normalized surface size distribu-

tion together with the surface area concentration is shown ing 5 columnar observations

Fig. 7c. The plume period is clearly characterized by an in-

creased coarse mode fraction, which slowly disappears. Thq‘he Sun- and aureole spectrometer systems FUBISS-ASAL
presence of coarse mode particles is observed for a longer

time in the size distribution measurements (almost 72 h) inand ASA2, as well as the Precision Filter Radiometers (PFR)

. . . can only measure under clear sky conditions, i.e. if no cloud
contrast tax,,,, where the fine mode particles begin to dom- . .
inate the value of,,, already after 24 h. The SDE detection is present between the Sun and the detector of the instrument.
0 .

method Using..,, as proposed bollaud Coen et a{2004, The AOD measured at the KLS (by FUBISS-ASA2), at the

could therefore miss periods with an SDE influence due to an‘]F‘] (by the PFR), and retrieved from SEVIRI and MODIS

. . . : re shown in Fig9b. Since the AOD of ASA1l and ASA2
enlarged fine mode. Corresponding climatologies of the SDEZgree within a few percent, only AOD data from ASA2 is

could be improved by additionally taking the measured Slzebeing used in the following. Valid measurements at the KLS

distribution into account. The large extent of this transport . ; . .
were available mainly during the morning and early after-

phenomena can also be seen in the SEVIRI AOD retrieval .
(Fig. 8). The dust plume arrived on 8 July 2010 in western noon hours. The AOD at the KLS is about a factor 1.2 to 4.5

France and covered large parts of France and Switzerland ohlgher compared to the AOD measured at the JFJ. A higher

9 and 10 July 2010. High values of AOD of up to 0.7 (at Hiﬁerence is typically found for times when the PBL does

. . . . - not reach the JFJ (see Figp, where the average ceilome-
550 nm) were retrieved during this episode. In addition, theter profiles are shown for comparison). On 7 July 2010, very
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Fig. 9. Time series of remote sensing measurements (15-min averages during cloud-free daytime periods, error bars denote the standar
deviation).(a) Range corrected signal of the ceilometer (Kleine Scheidegg, Klb¥pgerosol optical depth (AOD) measured by FUBISS-

ASA2 (Kleine Scheidegg, dark blue bullet points), by the Sun photometer of MeteoSwiss (Jungfraujoch, cyan bullet points), and retrieved
from MODIS Terra and Aqua (squares), and MSG/SEVIRI (violet diamor(d}s)%ngstrt')m exponent measured by the instruments &b)in

(d) aureole index aui (at = 500 nm) of FUBISS-ASA2(e) spectral slope of aui. No aureole data is available for 10/11 July 2010 (due to

signal saturation). Indicated is also the arrival of a Saharan dust plume on 9 July 2010. The satellite values are average@’ovd).2th 0
area.

clean conditions prevailed at the sites with AOD’s below 0.1 The AOD retrieved from MODIS and SEVIRI is added to
(at A =500nm). On 9 and 10 July 2010, the Saharan dustFig. 9b and Fig.9c as well. A meaningful AOD retrieval is
plume arrives at the site and AOD values of the Sun pho-only possible for cloud- and snow-free pixels. An average of
tometers increase significantly to up to 0.3. The dominancea 0.2° x 0.2° square £ 16kmx 16 km) has been chosen for
and the large extent in the vertical distribution is well cap- the satellite measurements to guarantee a sufficient number
tured by the ceilometer (Figfa). For the following days, of data points for the time series. This is justified by the low
the AOD’s decrease slowly, while the Saharan dust plumestandard deviation of the satellite retrieval for that area. SE-
dilutes. A diurnal cycle of the AOD with an increase dur- VIRIis on board of a geostationary satellite and has a tempo-
ing the later hours is clearly detected by all instruments forral resolution of 15 min, while MODIS is installed on two po-
12 and 14 July 2010, which might be caused by the develdar orbiting satellites (Terra and Aqua) which measure twice
opment of the PBL (e.g. by an increase in RH and aerosohl day at mid-latitudes. The satellite measurements are of the
hygroscopic growth and/or lifting of aerosol loaden air). The same magnitude and show a very similar temporal evolution
PFR measurements at the JFJ were not always available duof the AOD as the Sun photometers at the KLS and the JFJ.
ing the same times as the KLS measurements due to smalispecially the increase of the AOD due to the Saharan dust is
and patchy clouds surrounding the JFJ station (seeddig. clearly observed by the satellite measurements. Also the di-
and Sect3.3above). urnal cycles on 12 and 14 July 2010 are clearly captured by
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SEVIRI and partially by MODIS Terra and Aqua. In general, and its spectral slope is clearly seen on 9 July 2010 when the
the AOD’s are higher than the ground based Sun photometeaharan dust plume arrived at the site. To demonstrate the
measurements, which is reasonable due to the complex teadditional information content of the aui valu&gger et al.
rain. The satellite products generally sense a larger columif2007) performed Mie calculations to model the aui value
including lower areas around the JFJ/KLS, e.g. surroundindor different aerosol type examples. It was found that coarse
valleys with enhanced aerosol loads. Another error sourcanode dominated aerosol types, like maritime and also min-
could be the fixed aerosol model as an assumption in the SEeral dust, showed a negative spectral slope of the aui value
VIRI retrieval. This is probably not well justified for high and were also characterized by generally larger values of the
loads of dust particles as for example in the case of the SDEaui value compared to fine mode dominated aerosol types

The ,&ngstrbm exponentxaop (determined by fitting the  like continental or urban ones. During the SDE, the aui value
measured AOD spectra according to E8)) (of the colum-  increased and the slope turned to a negative one, as predicted.
nar measurements is depicted in Fg. At the beginning of
the 10P, the value ofiaop lies at around 2, indicating the
dominance of the fine mode of the aerosol size distribution4 Conclusions
The very low AOD especially on 7 July 2010 caused a high
standard deviation (of the 15 min mean values) and scatterThe CLACE 2010 campaign provided a unique dataset of
ing of the data points. On the day of the Saharan dust arrivalaerosol optical and microphysical properties measured by
apop Clearly drops to small values, indicating the presencemeans of various remote sensing and in-situ techniques. Dur-
of coarse mode patrticles. In the following 3—4 days, the val-ing the two-week intensive observation period in summer
ues smoothly increase and recover to the typical backgroun@010 different aerosol types, ranging from free tropospheric
value of 2 again. For comparison, tﬁegstlt')m exponent of  to long-range transported mineral dust, were sampled at the
the (dry) aerosol scattering coefficien, measured in situ  Jungfraujoch (JFJ, 3580 m a.s.l.) and the Kleine Scheidegg
by the nephelometer at the JFJ is added in 8ig.Ilt shows (KLS, 2060m a.s.l.) in the Swiss Alps. A special set-up al-
the same trend and a similar magnitude as the columnar medswed the positioning of the remote instruments about 1.5 km
surements, although it has to be treated with care, since ibelow the Jungfraujoch with a direct view towards the sta-
represents a point measurement at dry conditions, which wiltion.
differ from the ambient and columnar values. A larger in- The main goal was to check for consistency of the very
situ value on 7 July 2010 can also be explained by the facdifferent measurement techniques but also to assess the spa-
that osp is measured dry and the resulting smaller size will tial variability of aerosol optical properties around the JFJ.
mainly cause a larger value @f However, the dominance of Mie calculations showed the consistency within the in-situ
the Saharan dust is observed in the in-situ measurements aseasurements at the JFJ despite the large uncertainties due
well. The,&ngstrt')m exponent retrieved by MODIS Terra and to the assumptions on the refractive index and particle shape.
Aqua also follows a similar trend and magnitude as the SurOne task was to investigate the agreement between the in-situ
photometer measurements, this might be due to coincidencmeasurements of the aerosol extinction coefficient measured
and/or the dominance of the Saharan dust over the Alpsat the Jungfraujoch (after transformation to ambient condi-
However, one should be aware that the MODIS retrievedtions) and retrieved by profile measurements of a LIDAR.
aerosol size parameters over land are in general highly uni general, a good agreement was found for the LIDAR re-
certain Cevy et al, 2007, 2010 especially over mountains trieval at the height of the JFJ compared to direct in-situ
(L. Remer, personal communication, 2011) and should theremeasurements (e.gR? ~ 0.6, slope 0.9-1.1, intercept O—
fore only be interpreted as a qualitative value. 0.5x 10 °m~1 for LR = 45-75 sr and ambient RH 80 %)).

As mentioned above, the two aureole measurements of significant positive effect of including direct measure-
FUBISS-ASA2 allow the determination of further intensive ments of the scattering enhancement by a humidified neph-
aerosol parameters. The aui value (Bgand its spectral be- elometer was only seen for certain cases but could not be
havior (slope) deliver an additional and easily accessible in-generally observed for the entire period. This was proba-
formation on the aerosol type, without any difficult measure-bly due to strong differences in the local relative humidity,
ment geometries and complex inversion schemes which areaused by orographic effects which are especially present
difficult to perform e.g. during aircraft measurements. Thein mountainous regions. The comparison of the integrated
measured aui value and its spectral slope (determined by BIDAR profiles with Sun photometer measurements showed
linear regression) are shown in F@d and e. The aui value a good agreementrg ~ 0.63-0.64, slope 0.99-1.12, inter-
increases and the spectral slope of the aui value decreasespt 0.009-0.017 for four different LR 45—75 sr).
for the periods when the aerosol was dominated by the Saha- The spatial and temporal development of a strong Saha-
ran dust plume. On 10 and 11 July 2010 (first two hours) theran dust plume was observed over several days by all instru-
two aureole spectrometer signals were partially saturated duments. This enabled us to also include coarse mode dust par-
to the largely increased forward scattering and can therefordicles in our study which are only occasionally present at the
not be analyzed. Nevertheless, the change in the aui valudungfraujoch. The dust plume had a clear and strong effect on
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