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HIGHLIGHTS

e Large Ca®* abundance and coarse particle volume (0.5—7 pm) indicate Saharan dust.

e The annual number of Saharan dust days shows no significant trend.

e The relative contribution of dust to total particle mass decreases from 6% to 4%.

e Sahara dust events, detected by different metrics at different stations, are consistent.

e 4 of 5 EU law threshold exceedances (daily PM10 > 50 mg/m?) are due to Saharan dust.
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An inventory of Sahara dust (SD) events at the Hohenpeifenberg Global Atmosphere Watch station
(Germany) is presented for the period 1997—2013. Based on daily in-situ measurements, high Ca®*-ion
concentrations and large particle volume concentrations at diameters d, = 0.5—7 pm are inferred as
indicators for days influenced by SD. The resulting SD catalogue agrees with SD time series from
Schneefernerhaus, Augsburg and Jungfraujoch stations. On average, SD occurs in 5—15 SD events (SDE)
per year covering about 10—60 days/yr in the mixing layer. SDE exhibit a clear seasonality with spring
and early autumn maxima, and typically last for 1—-3 days. SDE are equally frequent but more significant
at Alpine levels due to lower background. Wet deposition of Ca®* at the surface is little correlated
(R? = 0.14) with particle Ca** on a daily basis and yields an average annual Ca** immission of
0.22 + 0.04 g/m?yr, about 40% of which is due to SD. The majority of outstanding weekly Fe and Al
depositions are associated with SDE. SD contributes about 0.5 + 0.1 pg/m? to the total particle mass with
a decreasing trend from 6% to 4% (—0.1%/yr) in the 1997—2013 period. Except from one, all threshold
exceedances according to European legislation (daily PMjg > 50 pg/m>) at Hohenpeifenberg are due to
SD. Implications are discussed with respect to SD-related circulation patterns, SD-induced temperature

anomalies in weather forecast models and the capability of aerosol models to capture SDE.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

formation and droplet size of clouds. This again changes the
amount (Andreae and Rosenfeld, 2008) and acidity (DeAngelis and

Mineral dust significantly affects weather (Perez et al., 2006) Gaudichet, 1991; Wagenbach et al., 1996) of precipitation. The
and climate (Hansen et al., 1997; Philipona et al., 2009) by altering global dust radiative forcing estimation of [~0.3 to +0.1] W/m? has
stratification and surface conditions and by its impact on the a large uncertainty, caused by the lacking knowledge of particle
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shape, spatial distribution and optical properties. About 80% of the
forcing stems from natural sources. Mineral dust amounts to
roughly 75% of the global aerosol load and about 35% of the
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primarily emitted aerosol mass (Boucher et al., 2013). Roughly half
of this originates from the Sahara and is transported across the
Atlantic towards South America and Eastern US or across the
Mediterranean to Europe (Tegen and Schepanski, 2009; Prospero
et al,, 2014; Pourmand et al., 2014; Kumar et al., 2014). In Europe,
Saharan outbursts are frequently observed and, decreasing towards
the north, contribute 5%—30% to the total particle mass (Collaud
Coen et al., 2004; Papayannis et al., 2008; Pey et al., 2013). While
in southern Europe Saharan dust (SD) causes up to 20 daily
threshold exceedances per year w.r.t. the European Directive 2008/
50/EC, the contribution is harder to quantify for the middle and
north (Pey et al., 2013). Annual mean depositions of SD range from
0.4 to 1 gm~2 yr—! in alpine ice cores (Wagenbach and Geis, 1989;
DeAngelis and Gaudichet, 1991) to several ten gm~2 yr—! in
southern Europe (Fiol et al., 2005). Dust episodes may be associated
with health risks (Karanasiou et al, 2012) and dispersion of
epidemic bacteria (Tobias et al., 2011), but the results are still
inconsistent due to sparse data. The European regulation of PMo/
PM, 5 (Linares et al., 2009), makes dust transport also a political and
social-economical issue.

Varying between source regions, about 90 mass-% of SD are
aluminosilicates (e.g. illite, kaolinite, montmorillonite), iron oxides
(hematite, goethite) and quartz (Sokolik and Toon, 1999). The
remaining <10% are mostly calcite and gypsum. lonic Ca?* and
alkalinity (H"-concentration) have been proposed as SD tracers by
Wagenbach et al. (1996). K* and Mg?* are found in SD, but also in
regional minerals, smoke (K*) and plant debris (K, Mg?*). Besides
sea-spray, volcanic ash and pollen, mineral dust is the only prom-
inent coarse mode aerosol and thus dominates the particle volume
distribution if the former can be ruled out. Dominance of illite,
kaolinite and montmorillonite over hematite reflects in stronger
shortwave absorption (Russell et al., 2010; Sokolik and Toon, 1999)
and spectral single scattering albedo (Collaud Coen et al., 2004).
Little import of mineral dust to Central Europe occurs from outside
the Sahara (Kiifmann, 2003; Birmili et al., 2007), but occasionally
significant amounts may emerge from local soils (Goossens et al.,
2001; Lequy et al., 2013) and the carbonate massif of the North-
ern Calcareous Alps (Kiifmann, 2003). The latter is formed by the
Main Dolomite, a 1—-2 km thick lithostratigraphic unit made of
>97% dolomite rock (CaCO3-MgCO3), which extends all along the
north-eastern Alpine ridge. Eolian sediments from regional sources
exhibit a clear seasonality due to snow cover in winter (Kiifmann,
2003), but are not yet quantified. Thus, a regional dolomite
contribution to dust also results in an association of Ca and Mg, but
with a probably larger Mg portion than in SD.

The SD fingerprint s less clear in the lower mixing layer (ML) than
at mountain stations or in the free troposphere (FT), where it can be
observed largely unmixed by lidars and radiometry. Thus we apply a
multi-factorial approach to retrieve and identify faint traces of SD in
the largely variable ML aerosol in central Europe. We infer a 17-year
SD inventory and compare it to independent SDE compilations at
surrounding sites, based on particle composition, particle volume
distribution (PVD), optical properties and Positive Matrix Factoriza-
tion (PMF) analysis (section 3). We study the trend of the SD
contribution to TSP (PMyg), the ambiguity and frequency of events
and their dependence on circulation patterns (section 4). From this
we draw implications for human health studies and potential im-
pacts on weather and climate. A summary is given in section 5.

2. Experimental
2.1. Measurement sites

In-situ particle measurements are performed at the Global At-
mosphere Watch (GAW) global station Hohenpeifenberg HPB

(47.8°N, 11.0°E, 980 m a.s.l.) and Schneefernerhaus SFH (2650 m
a.s.l.,, 40 km south of HPB) since 1997 and 2010, respectively and are
continuously complemented. The HPB is a pre-Alpine hill, sticking
out 300 m above the surrounding forest/grassland and represents
rural central European conditions while SFH is located on the steep
south-exposed slope 300 m below Zugspitze summit at the
northern ridge of the German Alps. SFH is often above the ML,
particularly in winter (Gilge et al., 2010; Flentje et al., 2010). To
evaluate our approach we compare SD observations at HPB, SFH
and Augsburg (AUG, 480 m a.s.l, 60 km north of HPB, =260,000
inhabitants). The AUG data (Pitz et al., 2011) covers the period
2005—2010 and represents lowland urban conditions. Finally, the
covariance with SDE at the Swiss GAW global station Jungfraujoch
(JFJ, 46.54°N, 7.98°E, 3580 m a.s.l., 250 km SW of HPB, www.ifjungo.
ch) is discussed for the period 2001—2011 w.r.t. large scale
dispersion and extension of SD layers, c.f. Collaud Coen et al. (2004).

2.2. Ground based in-situ observations

The size-segregated particle ionic composition is sampled since
mid 1997 by a cylindrical 3-stage low-pressure Berner-Impactor BI
(Wang and John, 1988), parallelled for bulk-validation by 2—3 pm
pore-size quartz/teflon-filters. The samples are analysed by ion-
chromatography, currently DIONEX ICS 1000 (http://www.dionex.
com), after aqueous extraction (Henning et al., 2002). BI and filter
probes can be analysed for S03-, NO3, CI-, NH;, Na*, Ka™, Mg,
Ca’* and H'. The BI is equipped with pre-baked ring-like
aluminium foils for each of the three stages and segregates particles
into three size fractions from 6 to 1.9 pm, 1.9-0.6 um, 0.6—0.2 pm
(stage I-III), and a terminating backup which collects the smallest
and previously bounced particles. The Bl sampling interval, initially
24-h on weekdays and 48-h at weekends (alternating Sun/Mon
changes), recently had to be reduced owing to staff limitations to 3
samples per week (01/08—04/09 and 08/11—12/13) and temporarily
one sample per week (10/12—02/13). Since 2010, sampling is
interrupted during fog and rain (identified by >97% RH) to avoid
flooding. Daily precipitation samples are analysed by ion-
chromatography and also sent to the ‘Bayerisches Landesamt fiir
Umwelt’ for weekly heavy metal analyses, using Inductively
Coupled Plasma-Mass Spectrometry. The inlet is PMyg (Digitel),
except for total mass and total size distribution measurements. The
sample air is heated few degrees to avoid condensation and
conditioned to below 40% RH by Nafion driers. Particle size/volume
distributions (dN/dlogd, dV/dlogd) are measured by optical particle
sizers OPS, LAS-X (Hinds and Kraske, 1986) till 2007 and GRIMM-
EDM 190 (www.grimm-aerosol.com) as of 2008. The ranges of
LAS-X (0.1-7.5 pm) and EDM 190 (0.25—30 um) both cover the
relevant size range of SD particles d, = 0.5—7 pum.

Particle scattering coefficients os. are measured by an inte-
grating 3-A nephelometer TSI 3562 (Anderson and Ogren, 1998), the
absorption coefficient o4ps by a 3-1 particle soot absorption
photometer PSAP (Bond et al.,, 1999) as of 2011 and a 7-4 aethal-
ometer (Arnott et al.,, 2005) as of 2014. From these the extinction
coefficient oey, the single scattering albedo (SSA) (wo = ogps/
(dabs + 0sc)|oext) and the respective Angstrom Exponents o, dabs
and agsq can be calculated as measures of particle size, colour and
brightness. The Angstrom Exponent is defined by osc ~ A%,
resulting in asc = —log(osc ), /osc,,)/108(A1/42) for scattering and
analogous for absorption and SSA.

Quality control is performed by intercomparison of Berner with
filter measurements, OPS sub-micron size spectra with Scanning
Mobility Particle Sizer SMPS, and between the different photome-
ters. The uncertainties of dV/dlogd, o, aaps, Texs and the SSA for the
relevant SD conditions are of the order of 5—10%. Uncertainties of
the chemical data depend on the ion, the sample volume,
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interferences and the filter charge/type and, based on regular inter-
comparisons (http://qasac-americas.org/), typically range near
20—30%. The detection limit has no impact on our classification
since only large values of the primary quantities are important — for
Ca®* it is near 10 ng/m°>. Thus analysis limitations are negligible
compared to ambiguities w.r.t. the identification of SD and thus
may be disregarded. An impact of the data coverage on the detec-
tion skill is unavoidable but is reduced by calculating SD through
averaging several indicators.

3. Methodology
3.1. Identification of SD by multi-factorial index

Characteristic properties of Saharan air change during transport
and are masked by dilution and mixing after entrainment into the
ML. Both, fresh and aged SD have frequently been investigated w.r.t.
its chemical (DeAngelis and Gaudichet, 1991; Lequy et al., 2013),
micro-physical (Weinzierl et al.,, 2011) and optical properties
(Collaud Coen et al., 2004; Miiller et al., 2011). See Ansmann et al.
(2011) and references therein. Indicators proposed for aged SD
are firstly high abundance of Ca’>* combined with low H*-con-
centration and a K*/Na%t ratio larger than 2 (Wagenbach et al.,
1996). Secondly, pure SD exhibits a pronounced coarse particle
mode (Weinzierl et al, 2011), particle density around 2.6 g/m>
(Tegen and Fung, 1995), low volatility and hygroscopicity
(Weinzierl et al., 2011), enhanced shortwave spectral absorption
(Petzold et al., 2011) and negative SSA Angstroms (Collaud Coen
et al., 2004). The K™ criteria cannot be used in the ML due to in-
terferences from fire smoke and plant debris. Alkalinity (back-
ground HT = 2.4 + 42 ng/m?) and density are too unspecific
properties of soils and change by neutralisation (SO4, NO3), coating
and mixing. Typical ranges of the relevant criteria during SDE are
listed in Table 1.

Owing to the lacking specificity of SD indicators, we use a
multiple factor approach to calculate a Sahara dust index ‘SDI’,
however using only the most specific factors to avoid an adverse
effect of the less specific ones. So far, only the Ca®* concentration
and the particle volume distribution dV/dlogd anomaly turn out as
reliable enough in our data (see discussion of spectral absorption
below). Thus, the SDI is an extensive measure (i.e. depending on
particle concentration and particle properties) composed of a vol-
ume- and a composition portion SDI = SDIpyp + SDlcgys,
comprising presence, concentration and ambiguity of SD. A Saharan
dust event ‘SDE’ (lasting for one or more Saharan dust days ‘SDD’)
occurs if a threshold SDI is exceeded, whereby this value is not fixed
but must be determined in the context of each specific application,
for example depending on whether misses or false alarms are more
critical. To define the SDI, first the fingerprint of SD at HPB was
determined from clearly identified SDE. Then frequency distribu-
tions during these SDE were filtered in order to iteratively infer

Table 1

Primary criteria for SD identification discussed in the literature and applied in this
article (italic). ‘Observed parameter’ denotes the measured quantity, ‘Relevant cri-
terion’ denotes the SD criterion derived from the measurement. ‘Threshold’ is the
background or specific value indicating SD.

Observed parameter Relevant criterion Threshold
Particle volume 0.3—7 pm Vp—Vp30d_av >6 um>/cm®

Ca** concentration Cads_6um >30 ng/m>

pH H*/acidity <<1 ng/m?
Scattering Angstrom exp. Qe <0.5

Absorption Angstrom exp. aps Qabs blue >> Cabsred
SSA Angstrom exp. Mssa <0

individual thresholds or algebraic relations for single factors, which
best distinguish values during SDE from pre-and post-event con-
ditions. Finally, depending on the specificity, individual weights
were assigned.

3.1.1. Ca*" and H"-concentration

Daily samples from SDE are enriched in Ca®>" ions on BI stages
I+ 11(0.6—6 pm) and the H"-concentration is low, i.e. the dissolved
pH tends to be alkaline. While Ca concentrations exceed 100 ng/m>
only on =12 SDD/yr, Ca may also be received from marine,
anthropogenic and regional terrestrial sources (Kiifmann, 2003;
Lequy et al., 2013). The marine contribution Cag to total Ca mass
is estimated from Na as a reference (Negrel and Roy, 1998), using
average global seawater mass ratios Ca/Na = 0.038 from Savenko
(1976): Cags = 0.038Na, and correspondingly for the other ions.
Though the median Cags contribution during SDD is about 0.3% (all
sample median: 1.8%) only, we always refer to non sea-salt calcium
fraction Capg in the following. The potential non-salt Na fraction
(e.g. NaCOs/soda from laundry) is excluded by limiting the Na-
reference to the stoichiometric Na/Cl mass ratio in seawater
(Nags < 0.55CI). Though road salt or coincidences of Cl from a nearby
paper factory and NaCOs would feign marine Ca, this contribution is
negligible. Anthropogenic tracers SOz~ and NO3 are weakly
correlated with Ca during most SDE, indicating only a small
contribution from human sources. Mg vs Ca exhibits two separate
branches appearing at large Mg or Ca values: On SDD Mg/Ca = 0.1,
while on non-SDD Mg/Ca = 1 roughly corresponds to dolomite.
However, most values lie within these extremes and thus do not
provide a clear relation for assigning particles to SD or the regional
massif. Ca from agriculture mostly re-suspends close to the source
(Goossens et al., 2001), confirmed by the absence of local contri-
butions even during the droughty convective summer period in
2003.

Frequency distributions of Ca** for SD and non-SD periods in
Fig. 1 illustrate the suitability of Ca as a measure of strength of SDE,
which is largely determined by dilution. Filtering by larger Ca
concentration selects more significant SDD at the expense of more
misses, and vice versa, but there is no distinct threshold. The Ca
background at Hohenpeifenberg is about Cags = 25 + 20 ng/
m>(Fig. 1), thus Ca®* < 45 ng/m?> denotes no significant SDE. Against
this, less than 4% of non-SDD exhibit Ca>* > 100 ng/m°. The overlap
of blue (non-SD) and brown (SD) curves depicts ambiguous con-
centration ranges. Comparing the dashed (stage I only) and solid
curves shows that the separation is better based on sizes >0.6 pm
(stages I + II) than only on large particles >1.9 pm (stage I). Thus the
Ca portion of our daily SD-Index is defined as SDI¢q + = Ca,zj”*0.0L
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Fig. 1. Relative frequency distributions of Ca?* concentrations observed on SDD and
non-SDD, each normalised to the sum of respective days. Different SDI and particle size
ranges are distinguished, whereby BI stages I + II are totalised unless noted as ‘stage I'.
More Ca** respective higher SDI mean more significant SD influence. Owing to the
extended sampling intervals after July 2011, only the preceding period is used.
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The scale factor 0.01 weights the Ca portion equal to the size
portion (next paragraph).

3.1.2. Size

During SDE the particle volume distribution dV/dlogd is
enhanced in the size range dp = 0.3—7 pm, being up to 6 times
higher at 1-2 pm. The presence of SD typically coincides with
marked concentration jumps of particles in this size range and
mostly negligible contributions from other coarse particles. Thus
the volume portion of the daily SDI is calculated from

7 um
Vp = / (dV/dlogd)dlogd, offset-corrected by its 30-day running
J0.3 um

median: SDIpyp = (Vp—Vp30d—av)*0.1 = V};_p304"0.1. Missing volume
distribution data (~7%) is approximated empirically by scattering
Angstrém exponents asc via: SDIpyp = SDIg = 2a5c + 2, but aise (o r2)
is stronger affected by small particles than V), ( « 1?). asc ranges from
asp < 1.5 + 0.3 to asp = 0.6 + 0.2 during SDE, depending on their
significance, while the overall median a5 = 1.85.

Frequency distributions of the volume criterion (Fig. 2), distin-
guished for ‘weak’ (SDI 0.3—0.7), ‘moderate’ (SDI 0.7—2) and
‘strong’ (SDI > 2) SDE, show that the long-term background median
of Vp_p30403-7amc = 1.1 = 3.9 pm>/cm? is exceeded significantly
(>5.0 um3jem?®) in 45%, 78% and 100% of events, respectively.
Accordingly, ~30% of ‘strong’ SDE exceed Vp304—qv Only by
6—20 pm>/cm?> (dark brown in Fig. 2) but reach larger SDI > 2 due to
high Ca abundance, while days with low Ca and 6—20 pm?/cm? are
classified as non-SDD (~4% of all). Defining days with SDI < 0.3 as
non-Saharan, 4 pm>3/cm? are never exceeded on non-SDD, but 50%
of SDD with SDI = 0.3—0.7 show values below 4 pm>/cm?. Small
volume anomalies with higher Ca may occur in pure but strongly
diluted SD air masses, while enhanced SDIpyp and small Ca suggests
contribution from other sources. Possible interferences of small
biological particles (pollen, spores, plant debris, ...) are identified
by their large sizes >>7 pum, but large accumulation mode particles
within the SD size range occasionally increase V,_p30d,03-7um and
limit the specificity of the size criterion.

3.1.3. Absorption

SD reflects in more negative absorption Angstrom exponents
(ogps ~ A~ %) between 0.37 and 0.59 pm than at longer wave-
lengths (Collaud Coen et al.,, 2004). Optically dominating large
particles cause scattering Angstrom exponents ogps = 0. SSA
correspondingly exhibit negative Angstrom exponents a5, during
SDE. At HPB shortwave oqps becomes exceptional negative only
during strong SDE like in May 2014 when ground-level SD mass
concentrations were >100 pg/m> (Table 2), while mixing masks
most SDE with less than =20 pg/m> SD contribution in the lower
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Fig. 2. Cumulative (solid lines) and relative (dashed, normalised to 100%) frequency
distributions of the particle volume concentration criterion V—V304_qy = (SDIpyp*10),
separate for days classified as SDD of different significance (brown) and non-SDD
(blue).

ML. Even at JF], where SD arrives largely unmixed, almost half of the
SDE show no clear signature in absorption (Collaud Coen et al.,
2004). Thus we can detect the SD-characteristic SSA at HPB only
since measurements of UV absorption at 370 nm started with a 7-4
aethalometer and can not use this criterion for our long-term SD
inventory.

3.2. Assessment of the SDI

3.2.1. Consistency of criteria and locations

The Ca- and the size-criterion for SD identification are highly
correlated with coefficients of r = 0.7—0.8 for different periods.
Only in the warm year 2003 unusual high Ca>* concentrations in
spring combined with moderate coarse particle volumes lead to a
lower correlation r = 0.5. Varying Ca- and coarse particle concen-
trations in SD air-masses result from differing source regions and
size modifications during transport, as both are not causally linked.
The higher temporal resolution of the size data allows to identify
also transient SDE or intermittent entrainment of SD into the ML,
not shown by daily averages of Ca concentrations. According to its
definition the abundance of SD tracers increases linearly with the
SDLI. Both, Ca and V,_p304, are extensive quantities, depending on
particle characteristics and -concentration, while agg, is an inten-
sive quantity and, in the absence of mixing, depend only on particle
characteristics. Thus, it is independent from dilution but also
affected by admixtures in the ML.

The consistency of this SD inventory with SD compilations from
the stations SFH, AUG and JF] is studied to assess the information
content of different criteria. At SFH a SDIpyp is obtained for
2010—2013 from OPS data like at HPB. At AUG the SD-related
particle volume distribution is derived from a SMPS and an
Aerodynamic Particle Sizer by means of a positive Matrix Factor-
isation (PMF) analysis for 2005—2010 (Paatero, 1999; Pitz et al.,
2011; Gu et al, 2011). The JFJ series is based on the spectral
slope of the SSA (Collaud Coen et al., 2004). An additional cross-
check with prominent aerosol layers in the free troposphere
(backscatter profiles) provides valuable information about the
vertical distribution of SD/SDE. Trajectories, satellites, and aerosol
models can not generally be applied for verification. Trajectories
become unreliable if transport takes longer than several days.
Aerosol transport models often provide good qualitative SD in-
formation due to realistic sources and transport, but, regarding the
substantial inter-model differences, still should be evaluated. An
evaluation with AOD (e.g. AERONET) suffers from intermittent
data coverage due to clouds and missing vertical resolution, while
satellite SD retrievals, as checked for Infrared Atmospheric
Sounding Interferometer (IASI) data (not shown), lack sensitivity
near the surface and have specificity-, representativeness- and
coverage-issues.

Table 2

Variation of the spectral absorption before, during and after a strong SDE from 19 to
25 May 2014, measured by a 7-1 aethalometer (MAGEE, AE-33) and a 3-1 particle
soot absorption photometer PSAP. The increase of shortwave «gps during the SDE on
22. May 2014 is less pronounced in PSAP data.

Date ME-33 PSAP
Yabss7o_s00 ®absseo-9s0 Xabssss 530 Xabss3o_s0

19.05.2014 -1.30 -1.17 -1.36 -1.22
20.05.2014 -1.23 -1.13 -1.21 -1.20
21.05.2014 -1.21 -1.09 -1.35 -1.12
22.05.2014 —2.54 —1.19 —2.20 —-1.74
23.05.2014 -1.37 -1.04 —1.40 -1.10
24.05.2014 -1.24 -1.07 -1.21 -1.02
25.05.2014 -1.37 -1.19 -1.29 -1.10

Italic type highlights the extraordinary values during Saharan dust events in
contrast to before and afterwards.
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3.2.2. Positive matrix factorization

The detection of SDE by PMF analysis at AUG (Pitz et al., 2011; Gu
et al., 2011) is based on the receptor model PMF 3.0 from the US
Environmental Protection Agency (EPA), available free of charge at
the EPA webpage (http://www.epa.gov/heasd/research/pmf.html).
PMF is a widely applied tool for aerosol source apportionment
(Paatero, 1999). The details of our approach have been described by
Gu et al. (2011). Based on PVD and aided by trace gas and meteo-
rological data from HPB, two factors related to ‘long-range trans-
ported dust’ and ‘coarse particles’ are output by the PMF as mass
contributions of the single factors to the PMyo sample data as a
source type and strength apportionment.

4. Results

The days exceeding SDI of 0.4 (beige), 0.7 (orange), and 1
(brown) at HPB are shown in Fig. 3 for the period 1997—2013.
Which SDI threshold determines a SDD depends on the acceptable
misses and surpluses. Obvious choices are SDI > 0.4, SDI > 0.7 or
SDI > 1, which correspond to once or twice the sum of the Ca and
Vp—p30d background values BG = Capg*0.01 + V},_p304,86°0.1 = 0.36
or in case of SDI = 1 the sum of Ca and V;_,304 backgrounds plus
standard deviations. The frequency and strength of SDE is enhanced
in spring and early autumn. Only few SDD are found in winter when
the mid-latitudes are decoupled from the subtropics. This seasonal
behaviour agrees with mountain site and lidar observations in the
free troposphere (Collaud Coen et al., 2004; Papayannis et al.,
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Fig. 4. Number of days per year, exceeding SDI from 0.4 to 5 at HPB in the period
1997-2013. The thick black line ‘T-dev’ shows the annual temperature deviation from
the long-term mean temperature at HPB. The NAO-Index (blue line) is scaled by
NAO*0.1 + 3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2008). Minutely mass concentrations of SD peak around 100 pg/
m?> every few years, but daily averages exceeded 50 pg/m> only in
May 2003, May and October 2008 and in August 2011. The annual
count of days exceeding SDI of 0.4—5 at HPB exhibits large inter-
annual variability (Fig. 4), and markedly less SDE in the period
from 2004 to 2007 and in 2010.

At HPB on average 5—15 SDE/yr are identified, covering in total
10—60 SDD/yr (35+15 SDD/yr, i.e. 10% + 4%) with SDI > 0.4,
whereby about 17 + 8 SDD/yr exceed SDI=0.7 and 9+5 SDD/yr
with SDI > 1 are found. This agrees with findings of Pey et al. (2013)
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Fig. 3. Inventory of SDD at HPB for the period 1997—2013. Days exceeding a SDI of 0.4, 0.7 and 1.0 are marked in beige, orange and brown. Days with no data are white. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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who used satellite products, dust models and trajectories to iden-
tify days influenced by SD and reveal a decrease from more than
130 days (>35%) in the south Mediterranean to less than 60 days
(17%) in northern Italy. The drop from 17% to roughly 10% indicates
the deflecting effect of the Alps. Owing to the large variability and
dry and wet deposition, the annual number of SDD during
1997—-2013 does not indicate a significant tendency (—0.28 SDD/yr,
R? = 0.03) but less SDD around 2004—2010 (cf. section 3.3). The
annual temperature anomaly at HPB (Fig. 4) is correlated with the
frequency of SDE which are typically associated with warm
advection. At HPB, 78/96/42/19/9/4/2 SDE (SDI > 0.7) in the
1997—2013 period lasted for 1/2/3/4/5/6/7 consecutive days.

4.1. Wet deposition

Ca in particles and in precipitation samples are only weakly
correlated on a daily basis (R?> = 0.14) since rain and mixing of SD
down to the surface are not causally linked. The correlation is even
less (R?> = 0.06) between SDI and Ca deposition. Observations by a
ceilometer network (Flentje et al., 2010) (http://www.dwd.de/
ceilomap) show particle layers in the FT over southern Germany
on >200 days/yr. Many of them can be detected as SD at the surface,
but partly they sway over Germany and reach the surface neither by
mixing nor wet deposition. Typically FT layers precede and/or
follow the observation of SD at the surface. The combined sea-
sonalities of SD transport to Germany and precipitation produce a
strong annual cycle of wet Ca deposition with low values in autumn
and winter and a steady increase from March (monthly
deposition = 10 mg/m?) to August (monthly deposition = 50 mg/
m?). Precipitation within +1 day around a SDE contains signifi-
cantly enhanced Ca®* (21% vs 13%), reduced H* (0.5% vs 1.3%) and
slightly increased NO3 concentrations (20% vs 16%) than apart SDE
(each referred to total ions). On the long term, this leads to a fairly
stable annual Ca immission of 0.22 +0.04 g/m?yr of which on
average 0.09+0.01 g/m?yr (41%) stems from SD. Likewise Ca,
immission of the most abundant metals in SD, Fe and Al is often
missing during dry SDE or occurs without a SD signal at the surface
(cf. next section). Yet, on a monthly mean basis, about half of the Fe
immission peaks are associated with peaking SDI, while the others
may stem from local dust, biomass burning or industrial processes
(Mead et al., 2013).

4.2. Comparison of SDI and PMF approach for Hohenpeifenberg
(10/10—-12/11)

The PMF for HPB data from 10/2010 to 12/2011 yields two fac-
tors, ‘coarse particles’ (CP) and ‘long range transported dust’ (LRD),
which may be associated with mineral dust (Gu et al., 2011) or
volcanic ash (Pitz et al,, 2011). The PVD of ‘CP’ and ‘LRD’ peak
around 4 pm and 2 pm, respectively. The factor CP may include
both, large particles from regional sources and dust. A weak cor-
relation of CP and LRD (R? = 0.21) confirms the separation of both
factors by the PMF. Missing (anti)correlation of LRD with gaseous
tracers (e.g. CO, NOy) indicates mixing with pollutants en route.
Spearman correlation coefficients with the SDI are low for CP
(0.144) and LRD (0.126). Only one further factor, attributed to
‘secondary aerosol’ (SA), exhibits a, however negative, association
with the SDI, probably due to removal of SA by the relatively large
SD surface sink and/or low SA precursor concentrations in the
Saharan air. The factor related mass concentration of LRD increases
with the SDI and we find a cumulation of higher SDI at high LRD
related masses as expected, but also some high SDI with low LRD
related masses. This could be cases with relatively small but Ca-rich
particles.

4.2.1. Comparison to Schneefernerhaus time series (2011—2013)

About 90% of the SDE at HPB in 2011—2013 are detected within
+1 day at the SFH as well, while in 96% a SDE at SFH is accompanied
within +1 day by an event at HPB. The number of days with particle
volume anomalies 6 pm®/cm® < Vp_p30d < 20 pm?/cm? (SDlpyp < 2,
Ca" is not measured at SFH) is equal at HPB and SFH but the sig-
nificance of events (larger anomalies or SDIpyp) is higher at SFH due
to the lower background (Table 3). This means that SD arrives less
diluted at SFH but from this level is always mixed down to the
lower boundary layer. The superposition of both inventories in
Fig. 5 shows that SDE often last longer at HPB due to decelerated
advection in the ML.

4.2.2. Comparison to PMF analysis for Augsburg (2005—2010)

AUG is affected by more local sources and less vertical exchange
than SFH and HPB, particularly w.r.t. diurnal thermal Alpine cir-
culation (Alpine pumping) and ML inversions. The best coincidence
of SDE is reached for a SDI of 0.4 and PMF factor mass of 4 pg/m?>,
resulting in the SD coincidences shown in Fig. 6. This is plausible as
SDIpyp = 0.4 = 4 pm>/cm® = 4 pg/m? for a density of 1 gm™3.
Neglecting lags of up to +1 day between both stations, we find 135
coincident SDD for the period 2005—2010, while 40 and 41 are only
found in Augsburg and HPB, respectively. Strong events are
captured by both the PMF for AUG and the SDI for HPB. Only 3 of 37
SDD with SDI > 1 at HPB are not noticeable in Augsburg. Only 1 of
37 days with PMF factor mass >14 pg/m> at Augsburg is not
detected at HPB. This confirms that SD identification by both
methods yields equivalent results, whereby the number of SDD
best follows a power law dependence with Nspp « (SDI)~134
respective Nspp o« (PMFfactormass)~ 4. It further suggests that
already the diurnal PVD alone captures most SDE.

4.2.3. Comparison to Jungfraujoch time series (2001—2012)

The identification of SDE via the Angstrom exponent agsq at JF]
(Collaud Coen et al., 2004) started in March 2001. The compara-
bility to HPB is limited by the =250 km distance between JFJ and
HPB, the smaller degree of ML air exposure at JF], and the different
temporal resolution of the metrics (daily Ca>* and Vp at HPB vs
hourly assq at JFJ). A SDD is identified at JF] as soon as the SD cri-
terion is fulfilled during four consecutive hours, but the strength of
SDE cannot be compared. At JF] 363/140/76 days are found with
Qssq < 0 for more than 4 h/12 h/24 h in the period 2001—-2012, while
at HPB 350/150/79 days are found with a SDI exceeding 0.4/0.7/1.
The coincidences of SDE at JF] and HPB (Table 4) shows that only
one third of SDE are detected on the same day, the others are
several days delayed or do not reach one of the stations at all. More
delays or misses are found for HPB, since SD often arrives from SW
and the Alps have a shading effect. On average, SDE last shorter at
JFJ than at HPB (like at SFH), because air mass exchange is more
inertial in the ML (persistence) than in the FT. Small-scale or dilute
plumes loose their clear fingerprint through mixing to lower levels,

Table 3

Number of SDD/yr at HPB and SFH as a function of the SDI, indicating the depen-
dence of the SDI on altitude. At the high altitude site SFH SDE are more significant
due to the lower background.

SDI SDD/yr HPB SDD/yr SFH
0.5 34 34
0.7 33 31
1 28 28
2 20 21
3 12 16
5 10 15
8 7 12
15 3 7
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Fig. 5. Daily inventory of SDD at HPB and SFH from 2011 to 2013. Coincidences are
marked brown, misses at SFH light brown, excess SD days (each w.r.t. HPB) blue, zeros
in grey and days with no data in white. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

while SDE that cover large parts of the Alps are shown by both
records.

4.3. TSP mass contribution from SDE

The contribution of SD to the total suspended particle TSP mass
concentration at HPB is calculated from the difference between
long-term average TSP with and without SDD (SDI > 0.7). TSP
measurement by Tapered Element Oscillating Monitor TEOM mis-
ses highly volatile organic particles due to sample air heating to
40 °C, but this has negligible effect on SD. The contribution of SD to
TSP varies between 1% and 2% (2005, 2010) and 9%—11% (2003,
2008) and on average amounts to 0.5 + 0.3 pg/m>(5.0 + 2.3%) of the
long-term average (10.4 pg/m?>), about the same as the black carbon
(soot) fraction. In presence of a decreasing TSP trend (—0.22 pg/
m?3 yr, R? = 0.7), the SD contribution also shows a decreasing trend
from 0.7 pg/m?> (5.9%) to 0.4 pg/m> (4%) (—0.1%/yr, R?> = 0.04) from
1997 to 2013. The uncertainty due to missed SDE is small as events
with high mass concentrations are captured reliably and false
alarms are very few. The sensitivity can thus be estimated to be
about 0.1 pg/m?> by varying the SDI threshold between 0.4 and 1. It
turns out that at HPB all except one threshold exceedances of daily
TSP (=PMo) pg/m> according to the EU Directive 2008/50/EC are
due to presence of SD. The exception was an inversion pollution
event with immissions from the Bohemian industrial area in Feb
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Fig. 6. Coincidences of SD days at HPB and AUG from 2005 to 2010 as in Fig. 5.

Table 4

Relative frequency of coincident SDE at HPB and JFJ. Upper line: Days on which a SDE
is detected at JFJ given there is one at HPB. Lower line: Days on which a SDE is
detected at HPB given there is one at JF]. Here, SDI > 0.7 defines a SDD at HPB, asq
being negative for more than 12 h defines a SDD at JFJ.

+5d +4d +3d +2d +1d +0d
SDE @ HPB 0.71 0.67 0.63 0.57 0.49 0.3
SDE @ JFJ 0.54 0.53 0.51 047 0.43 0.28

2012. These results are valid for PMyg, too, which apart from pollen
episodes corresponds to TSP, as d,sp < 7 pm at HPB.

5. Discussion

The proposed method to infer SDD is simple and widespread
applicable since measurements of PVD and/or Ca’>* are commonly
performed by environmental agencies. This makes it suitable for
operational SD monitoring, particularly in the ML. Its information
content equals a PMF as shown by the comparison to the analysis
for Augsburg for the period 2005—2010. From the different mo-
ments (mean, diurnal cycle, directionality) taken into account by
the PMF, the daily mean PVD is the decisive one. For NRT moni-
toring and assimilation into models it offers less complexity and
higher time resolution than chemical analysis. The same holds for
spectral absorption measurements covering the UV, which offers
the additional advantage of being an intensive quantity. From
hitherto experience, we expect the absorption (or SSA) from 370 to
950 nm by the Magee Scientific, AE33 aethalometer (instead of
467—660 nm with the — discontinued — PSAP), to provide about the
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same selectivity to SD as the PVD and Ca. Discrepancies between
PMF and SDI analysis for HPB are likely caused by the brevity of the
analysed period (10/2010—12/2011) with exceptional SD transports
across the North Atlantic (e.g. 10—12 April 2011), as indicated by an
enhanced SD-related factor contribution from northerly directions.

The consistency of the SDI with SDE at neighboured stations and
different approaches (PMF and as,) confirms the method and
representativeness of this SD inventory for southern Germany. The
seasonality, frequency of SDD and mass contribution of SD to TSP
(PMyp) are in line with recent publications. Long-term studies for
the Mediterranean region (Moulin et al., 1998; Pey et al., 2013), are
extended to the north. The decrease from 37% SDD/yr (Sicily) to 17%
(Northern Italy), reported by Pey et al. (2013), continues to 10% + 4%
over southern Germany. This marked drop is interpreted as a
deflective impact of the Alps which is also suggested by the dif-
ferences between SDE at HPB and JF]. The observed decreasing
trend of the SD mass contribution to TSP from 6% to 4% firstly ex-
tends the aerosol phenomenology of Putaud et al. (2010), who infer
5—10% of mineral dust (without trend analysis) in average PMyg
chemical composition for 60 European stations but state an un-
certainty for dust apportionment of +150% due to different mineral
dust formulae based on Ca, but also Si, Al, Fe, Mg and others. Sec-
ondly, it confirms the decreasing dust-PMyg trend found by Pey
et al. (2013) in the NW Mediterranean from 2006 onward, there
attributed to the increasingly negative North Atlantic Oscillation
(NAO) index (southward displacement of the storm track, decou-
pling sub-tropics and mid-latitudes).

The seasonality of SDE (Fig. 3) is associated with circulation
types (or general weather situations) that lead to pronounced SD
events. As an experiment we classified 500 hPa geopotential height
(GPH) fields for days with strong SD influence (SDI > 1) by non-

Type 1 (Freq =14)

Type 2 (Freq = 35)

hierarchical k-means cluster analysis (Hartigan, 1975). By this, 4
main circulation types have been extracted whose centroid pat-
terns (GPH composites) are displayed in Fig. 7. The majority of
summer and autumn events result from different circulation pat-
terns than the spring cases. While in spring SDE tend to be asso-
ciated with stronger zonal currents over north Africa and troughs
over western and southwestern Europe, SDE in autumn are by the
majority induced by ridging over north-eastern Africa and the
Mediterranean. The main transport paths correspondingly shift
from the east Mediterranean (zonal transport over Africa) towards
west during the year (blocking high in the east) as asserted by
(Moulin et al., 1998).

Owing to the manifold relevance of SD, a long-term SDI in-
ventory may further be utilized for model evaluation, health and
immission studies in central Europe. The influence of SDE on the
forecast error in the German Meteorological Agency Local Model
LM is evident for the strong SDE from 26 to 30 May 2008, when
dust AOD was Tmex = 0.7 over central Europe and hourly surface
PM;o-concentrations exceeded 100 pg/m>. Larger than usual de-
viations of the 0—72 h forecast from the analyses are found when
regions inside and outside the SD are compared before (20—24 May
2008), during (25—30 May 2008) and after (31 May—04 June 2008)
the main event. By about 1-2 °C larger temperature anomalies
occur while the model run is degraded by the SD. An even larger
effect can be expected with higher model resolution, when the
periods and regions influenced by SD can be optimally chosen. In
order to reduce such errors, weather forecast models presently
start to integrate aerosols like the MACC (Monitoring of Atmo-
spheric Composition and Climate) integrated forecasting system
(Morcrette et al., 2011), but a correct aerosol load is indispensable
to realistically reproduce SD-induced cloud condensation, heating

Type 3 (Freq = 16) Type 4 (Freq =19)

12

10
1

Frequency
6
1

SepOoEEEDOONEN
<
£

B

Type 3 Type 4

Circulation Type

Fig. 7. Top: 500 hPa geopotential height composites for the main circulation types from cluster analysis of 500 hPa geopotential height fields on days with SDI > 1. Below: Monthly

frequency of occurrence of the 4 circulation types.
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or cooling. For example, it can be shown that the MACC model
(AODss50nm) captures all SDD with SDI > 1 at HPB, while weaker
events are more often missed. Lofted SD layers often remain for
long in the FT without being mixed to the ground. A comprehensive
evaluation of long-range aerosol transport in the MACC model is
beyond the scope of this article. Epidemiological studies suggest an
association of SDE with cardiovascular and respiration diseases but
the results are still inconsistent due to sparse data and the variety of
stress factors that interfere with human health (Karanasiou et al.,
2012). The measured SD immission of 0.09 +0.01 g/m?yr Ca is
negligible as agricultural fertiliser (=0.9 kg/ha), but the alkaline
compounds may have a relevant buffering effect on acid soils in
sensitive regions like upland moors. This topic will be studied in
more detail with mass profiles estimated from the DWD ceilometer
network (Flentje et al., 2010), which yields SD annual depositions of
similar magnitude as the surface observations.

6. Conclusions

Surface aerosol measurements at the GAW global station
Hohenpeifenberg (Germany) are used to infer a catalogue of
Saharan dust events SDE over southern Germany during the period
1997—2013. The most specific SD tracers are daily Ca*"-ion con-
centration, acidity (H") and particle volume distribution, while
absorption and SSA are sensitive for SD only at short wavelengths
<450 nm. From the further, a Saharan dust index SDI is calculated as
a measure of daily SD abundance SDI = (Vp—V}p30d-av)
*0.1 4+ Ca®**0.01 for particles with 0.3—7 pm diameter. The speci-
ficity of the criteria is validated by good agreement with SD series
from surrounding stations. Depending on the significance, we
identify SD in 5—15 annual events, covering 10—60 days/yr at
ground level. SDE are equally frequent but more significant at
Alpine levels due to lower background. SDE are more frequent in
spring and late summer/early autumn, and typically last for 1 to 3,
but up to 7 consecutive days. The SD contribution to PM;q is about
0.5+0.1 pg/m> and exhibits a decreasing trend from 6% to 4%
(—0.1%/yr) of the decreasing PMig (—0.22 pg/m>/yr, R? = 0.7). The
SDI catalogue is applied to detect SD-induced temperature anom-
alies in DWD Local Model forecasts and to confirm the capability of
the ECMWF MACC model to capture significant SDE.
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