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Abstract. This study presents a comprehensive assessmemteriment were fulfilled, and 15 non-cloud events (NCESs),
of the meteorological conditions and atmospheric flow dur-which are defined as periods with connected flow but no
ing the Lagrangian-type “Hill Cap Cloud Thuringia 2010” cloud at the summit site, and which can be used as refer-
experiment (HCCT-2010), which was performed in Septem-ence cases. The overall evaluation of the identified FCEs
ber and October 2010 at Mt. Schmiicke in the Thuringianprovides the basis for subsequent investigations of the mea-
Forest, Germany and which used observations at thresured chemical and physical data during HCCT-2010 (see
measurement sites (upwind, in-cloud, and downwind) tohttp://www.atmos-chem-phys.net/special_issue287)ntml
study physical and chemical aerosol—cloud interactions. A Results obtained from the statistical flow analyses and
Lagrangian-type hill cap cloud experiment requires not onlyregional-scale modelling performed in this study indicate the
suitable cloud conditions but also connected airflow condi-existence of a strong link between the three measurement
tions (i.e. representative air masses at the different measureites during the FCEs and NCEs, particularly under condi-
ment sites). The primary goal of the present study was taions of constant southwesterly flow, high wind speeds and
identify time periods during the 6-week duration of the ex- slightly stable stratification. COD analyses performed using
periment in which these conditions were fulfilled and there- continuous measurements of ozone and particle (49 nm di-
fore which are suitable for use in further data examinations.ameter size bin) concentrations at the three sites revealed,
The following topics were studied in detail: (i) the general particularly for COD values <0.1, very consistent time se-
synoptic weather situations, including the mesoscale flowries (i.e. close links between air masses at the different
conditions, (ii) local meteorological conditions and (iii) lo- sites). The regional-scale model simulations provided sup-
cal flow conditions. The latter were investigated by meansport for the findings of the other flow condition analyses.
of statistical analyses using best-available quasi-inert tracCross-correlation analyses revealed typical overflow times
ers, Sk tracer experiments in the experiment area, and re-of ~15-30min between the upwind and downwind valley
gional modelling. This study represents the first applica-sites under connected flow conditions. The results described
tion of comprehensive analyses using statistical measurekere, together with those obtained from the; $facer ex-
such as the coefficient of divergence (COD) and the crossperiments performed during the experiment, clearly demon-
correlation in the context of a Lagrangian-type hill cap cloud strate that (a) under appropriate meteorological conditions
experiment. This comprehensive examination of local flowa Lagrangian-type approach is valid and (b) the connected
connectivity yielded a total of 14 full-cloud events (FCEs), flow validation procedure developed in this work is suitable
which are defined as periods during which all connectedfor identifying such conditions. Overall, it is anticipated that
flow and cloud criteria for a suitable Lagrangian-type ex-the methods and tools developed and applied in the present
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study will prove useful in the identification of suitable me- terrain-induced lifting cools down the air parcel so that an
teorological and connected airflow conditions during future orographic cloud is formed near the mountain ridge. Under
Lagrangian-type hill cap cloud experiments. these “natural flow-through reactor” conditions, the cloud-

induced changes to the concentrations of both particle- and

gas-phase compounds can be characterised by ground-based

field measurements conducted upwind, in-cloud and down-
1 Introduction wind of the mountain ridge.

The connectivity of atmospheric flow across a mid-level

Clouds occupy on averagel15% of the volume of the lower mountain ridge can be evaluated using non-dimensional
troposphere (Pruppacher and Jaenicke, 1995) and play parameters like the Froude and Richardson numbers (see
crucial role in the various physical and chemical processeddeinold et al., 2005, and references therein). These param-
occurring there (Heintzenberg and Charlson, 2009; Mdéller,eters can be derived from measurements of the horizontal
2010; Ravishankara, 1997). Thus, physical and chemicalvind field and the vertical stratification. An essential ques-
cloud processes influence large-scale environmental issua®n is whether the incoming air parcel contains enough ki-
such as climate change and, by extension, have a variety afetic energy (i.e. wind speed) to ascend and pass over the
societal implications (Boucher et al., 2013). Since both themountain ridge under a given set of vertical thermal condi-
spatial and temporal occurrence and the altitude of clouds aréons. Thus, vertical stratification and wind shear come into
highly variable, investigations of physical and chemical in- play as well. In reality, the evaluation of flow connectivity
teractions between gases, aerosol particles and cloud dropletan be complicated by wind shear and by non-homogeneous
are quite challenging. Consequently, these interactions arterrain, such as a variable crest line and changing surface
much less understood than pure gas-phase processes. Severalghness. For these reasons, other local parameters also
hill cap cloud experiments conducted in the past — at Kleinemeed to be used to assess the likelihood of an air parcel pass-
Feldberg, Germany, in 1990 (Wobrock et al., 1994); at Greating over a mountain ridge.
Dun Fell, United Kingdom, in 1993 and 1995 (Bower etal., The movement of an air parcel across a mountain ridge
1999; Choularton et al., 1997); at Tenerife, Spain, in 1997can also be ascertained using continuously measured tracer
(Bower et al., 2000); and at Mt. Schmicke, Germany, inspecies. These tracer species can include, for example, rela-
2001 and 2002 (Herrmann et al., 2005) — have shown thatively inert gas-phase species, such as ozong, @d atmo-
ground-based Lagrangian-type experiments, where an orcspheric aerosol particles that are not expected to be modified
graphic cloud is used as a natural flow-through reactor, proby a cloud passage, such as interstitial particles of a certain
vide a valuable opportunity to study cloud processes in detailsize. Another method for validation of flow connectivity is

Ground-based cloud experiments offer the opportunity toprovided by dedicated introduced inert tracer experiments,
characterise the gas phase, the aerosol particle phase, amdhich are typically performed only occasionally during mea-
the cloud droplet phase in much experimental detail beforesurement campaigns (see Heinold et al., 2005, and references
during and after cloud processing, and thus enable an adherein).
vanced understanding of chemical cloud effects and interac- In order for equivalent, and thus comparable, air masses to
tions. However, the use and quality of Lagrangian-type hill exist at all sites, measurement periods must not be affected
cap cloud field campaigns strongly depends on meteorologby air mass changes (i.e. front passages) or precipitation. For
ical conditions: without a connected flow, comparisons of this reason, an assessment of the synoptic and local meteoro-
the physical and chemical properties of aerosol upwind andogical conditions must also be included in an evaluation of
downwind of a cloud are meaningless. For this reason, sucthe overall suitability of a given set of conditions for further
cessful investigation of data sets obtained during these exinvestigation of cloud passage experiment data.
periments requires as a necessary condition a critical evalua- The present work intends to perform a comprehensive as-
tion of meteorological and flow connectivity conditions (see sessment of meteorological conditions and flow connectivity
Tilgner et al., 2005; Heinold et al., 2005). during the Hill Cap Cloud Thuringia (HCCT-2010) experi-

In the present study, so-called “connected flow conditions”ment in order to provide evaluated periods with both ade-
are defined as conditions where the incoming flow passesgjuate meteorological conditions and flow connectivity. Since
the upwind area and subsequently the mountain ridge befulfilment of these conditions is a prerequisite for mean-
fore finally reaching the downwind area. It is explicitly noted ingful comparisons of the physical and chemical aerosol
here that “connected flow conditions” do not necessarily re-properties measured in the upwind (before the cloud in-
quire an air parcel trajectory to connect all three samplingteraction), summit (inside the cloud) and downwind (af-
sites, as these sites were designed to measure representattee the cloud interaction) regions, the comprehensive anal-
aerosol compositions in the upwind, summit and downwindysis presented here is of major importance both for previ-
areas. In general, hill cap cloud experiments make use obusly published works and for additional further studies per-
the fact that air parcels can be forced to traverse a hill or &ormed using data obtained during HCCT-2010 (e.g. those
mountain ridge and that — under favourable conditions — thecontained in the HCCT-2010 Special Issu#tp://www.
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atmos-chem-phys.net/special_issue287 htibreover, the  flow connectivity and cloud conditions. Both calculations of
methodology used and applied here is of a wider scientific in-non-dimensional flow parameters (e.g. the Froude number,
terest for the design and interpretation of Lagrange-type hillFr) and simulations performed using the COSMO meteoro-
cap cloud experiments. logical forecast model (COnsortium for Small-scale MOd-

HCCT-2010 was conducted in September and Octobeelling, Baldauf et al., 2011; Schattler et al., 2012) were used
2010 at Mt. Schmicke (937 ma.m.s.l.), which is part of theto characterise the regional flow regime in the mountainous
mountain ridge of the Thuringian Forest (Germany). This lo- terrain. For several specific periods, the airflow was verified
cation was previously used for the hill cap cloud campaignusing dedicated tracer experiments, which were performed
FEBUKO (Field Investigations of Budgets and Conversionsusing the inert gas S$FIn addition, locally measured mete-
of Particle Phase Organics in Tropospheric Cloud Processesirological and microphysical data, rawinsonde observations,
see Herrmann et al., 2005 for further details), in which thesatellite pictures, ceilometer data and calculated backward
local meteorological conditions and airflow characteristicstrajectories were used to identify orographic/non-orographic
were studied extensively (Tilgner et al., 2005; Heinold et cloudiness, to detect frontal processes, and to characterise
al., 2005). During FEBUKO, model calculations and tracer both the air mass advection and the cloud conditions during
experiments showed that the flow between the measurethe selected event periods. Finally, these meteorological and
ment sites was reasonably well connected during many cloud¢onnected flow investigation results were used to comprehen-
events. sively identify periods, here referred to as full-cloud events

In preparation for HCCT-2010, we re-evaluated results ob-(FCEs) and non-cloud events (NCESs), suitable for use in fur-
tained during the FEBUKO study and also examined morether investigations. Here, FCEs are defined as periods where
recent meteorological data (2004-2008). In these evaluaall predefined connected flow and cloud criteria for a suitable
tions, we found that the maximum probability for hill cap Lagrangian-type experiment were fulfilled (see Sect. 3.2 for
clouds to occur in the area occurred during September andetails), while NCEs are defined as periods with connected
October. This run-up analysis showed, for example, that orflow conditions but without clouds present at any of the three
5-year average, approximately 10 cloud events occurred pemeasurement sites.
month in each of September and October under suitable wind
conditions (i.e. southwesterly (SW) wind direction). From
this analysis, it was decided to conduct HCCT-2010 during
September and October 2010, as these months provided tie Methods and implementation
highest probability of occurrence of warm orographic clouds
in connection with SW flow (i.e. flow traversing the moun- 2.1 Measurement site description
tain range in perpendicular fashion).

In analogy to the previous studies performed atHCCT-2010 was conducted at Mt. Schmiicke in Thuringia,
Mt. Schmiicke (see Tilgner et al., 2005; Heinold et al., 2005),Germany, during September and October 2010. The summit
the present work examines the synoptic conditions, flowof Mt. Schmiicke belongs to the mid-height mountain ridge
connectivity and other meteorological issues important forof the Thuringian Forest, which runs northwest to southeast
the experimental concept of the hill cap cloud experimentfor ~ 60 km without any major gaps. Based on results ob-
HCCT-2010. First, the mesoscale conditions were evaluatedained during the FEBUKO experiment (see Heinold et al.,
with particular attention paid to the incident flow conditions 2005), three ground-based measurement sites were estab-
and the properties of the air masses advected into the HCCTished during HCCT-2010: Goldlauter (GL, nominal upwind
2010 study area. Then, the properties of the local airflowsite), Mt. Schmucke (SM, summit site) and Gehlberg (GB,
were analysed in detail. In particular, the connectivity of at- nominal downwind site) (see Fig. 1). The upwind site Gold-
mospheric flow across the mountain ridge was assessed usirguter (104520” E, 50°3825" N, 605 ma.m.s.l.) served as
meteorological, aerosol and gas-phase parameters measurde location for characterisation of air parcels approach-
upwind, on top and downwind of the mountain ridge. The en-ing the experimental site under southwestern (SW) flow
tire measurement period was analysed using statistical meaonditions. The summit site Mt. Schmiicke {46’15’ E,
sures with respect to the prevalence of the same air mass &0°3919’N, 937 ma.m.s.l.), where the German Weather
all sites, irrespective of wind direction and the presence orService (Deutscher Wetterdienst, DWD) and the Federal
absence of an orographic cloud. Classification criteria wereEnvironmental Office (Umweltbundesamt, UBA) operate a
then developed concerning two main issues: (i) whether thaesearch station, served as the primary location for anal-
airflow was likely to be connected between the three obserysis of physical and chemical aerosol and cloud droplet
vation areas across the mountain ridge and (ii) whether a hilparameters. The site is located near the mountain ridge,
cap cloud was present and therefore likely to have influencednd Mt. Schmicke itself is in the vicinity of the high-
the air parcel travelling across the ridge. All selected refer-est peak of the Thuringian Forest (982 ma.m.s.l.). Finally,
ence periods (i.e. full-cloud events, see below) of HCCT-the downwind site Gehlberg (14732'E, 5004021" N,
2010 are further evaluated with respect to the question off32ma.m.s.l.) served as the location for characterisation of
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A at least 2ms! and not exceeding 12 m$, (iv) no fog at
the two valley sites, (v) no precipitation at any site and (vi)

orographic cloud air temperature above°C. Further details on these required

condition criteria are outlined in Herrmann et al. (2005).
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2.2 Characterisation of the local flow connectivity using
Gehlberg coefficient of divergence (COD) of particles in the
Aitken (49 nm) and accumulation mode (217 nm)
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During HCCT-2010, particle number size distributions were
Distance [m] recorded continuously at all three sites using four identical
scanning mobility particle sizers (SMPSs). Selected particle
size bins were used in the present study for characterisation
of the local flow connectivity. Details regarding the SMPS
measurements are given in the Supplement.

In order to investigate spatial variation in selected aerosol
size bins between two measurement sites and thus to char-
acterise the degree of similarity between particle data, the
coefficient of divergence (COD, sometimes also abbreviated
as CD) was used as a statistical measure. This measure has
been used in several studies (see e.g. Wongphatarakul et al.,
1998; Pinto et al., 2004; Krudysz et al., 2008; Ott et al., 2008;
Wang et al., 2011) to determine the relative spatial variability
of measured particle mass and constituent concentrations be-
tween different sampling sites. In the present study, the COD
Figure 1. (a) Schematic depiction of the HCCT-2010 measure- was used to characterise the temporal similarities between
ment area and the three sampling sites, including the upwind sit¢naasured particle data at the different HCCT-2010 sites and
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air masses descending the downwind slope of the Thuringiamvherex;, andx;, represent théth aerosol number concen-
Forest mountain ridge under appropriate SW flow conditions trations measured at sitesandb, respectively, and repre-

The topography in the measurement area is quite complesents the total number of data points considered in the calcu-
(see Fig. 1). The terrain is characterised by a rather narrovation. In cases where the obtained concentrations at the two
valley, wherein the upwind site Goldlauter is located, andsampling sites are very similar, the COD approaches zero. By
two downwind valleys, which begin uphill of the downwind contrast, in cases where the concentration profiles at two sites
site Gehlberg. Since they permit diverging flow, these valleysdiffer, the COD approaches unity. It should be noted that the
can complicate the connected flow conditions. However, pre-COD represents a measure for comparison of two sites only
vious tracer experiments (Heinold et al., 2005) have showrand therefore cannot be used in the present study to compare
that, under suitable flow conditions, representative air masseall three measurement sites at once. Therefore, for an overall
from the upwind area are able to reach the downwind site. comparison of the three HCCT-2010 sites, the COD of each

Offline sampling (i.e. experimental measurements with allsite combination was calculated; then, all three COD values
instruments not running continuously) was performed onlywere compared to a threshold value that indicates similarity
under specific suitable conditions. Based on the results obbetween particle data and, by extension, connected flow con-
tained during the FEBUKO experiment (Herrmann et al., ditions between the three measurement sites.

2005), the following six criteria were used to determine ap- The US Environmental Protection Agency (US EPA,

propriate time periods for offline sampling during HCCT- 2004) has proposed a COD criterion for the characterisa-
2010 in the context of a Lagrangian-type hill cap cloud ex- tion of the uniformity between aerosol data sets. According
periment: (i) liquid water content (LWC) of the summit site to this criterion, COD values larger than 0.2 indicate data
cloud above 0.1gm?, (ii) wind direction from the south-  set heterogeneity, while COD values below 0.1 indicate data
west (200—259sector), (iii) wind speed at Mt. Schmiicke of set homogeneity. This criterion is in agreement with other

Atmos. Chem. Phys., 14, 9108428 2014 www.atmos-chem-phys.net/14/9105/2014/


http://srtm.csi.cgiar.org/

A. Tilgner et al.: Comprehensive assessment of meteorological conditions and airflow connectivity 9109

studies reported in the literature, which have used a CO®2.3 Characterisation of the local flow connectivity using
of 0.2 as a reference value (see the above-mentioned COD  measured ozone concentrations
references). In the context of overflow characterisation, this
means that lower CODs indicate good flow connectivity con-
ditions, while larger CODs indicate conditions without con- Local measurements of trace gas concentrations can be used
nected flow (and thus conditions unsuitable for further inves-to complement particle-based characterisations of the local
tigation). flow connectivity. A suitable tracer for this purpose must be
In the present study, a floating 3 h time span of the mea-quasi-inert (i.e. unaffected by chemical decay and deposition
sured aerosol number concentrations (i.e. an interval of 3uring transport on the spatial scale of the experiment) and,
hours centred around the time point of interest) was usedn addition, highly variable in both time and space. In previ-
for the calculation of the COD at a given time. Two spe- ous hill cap cloud campaigns, including the Great Dun Fell
cific particle diameter bins of the SMPS number size dis-experiment (Colvile et al., 1997) and the FEBUKO exper-
tribution were used for the characterisation of flow connec-iment (Herrmann et al., 2005), ozone was shown to be an
tivity: 49 and 217 nm. The particle number concentration in appropriate quasi-inert tracer. The reason for this is twofold:
the 49 nm diameter binNggnm) was selected because this first, ozone is only secondarily produced in the troposphere
bin represents the upper size range of the aerosol particlesnd has no primary direct emission sources; second, since
that tend to be unaffected by cloud activation. In addition, ozone is characterised by low water solubility (Henry’s law
these particles tend to be substantially less affected by coeonstant of only~1.0x 10-2Matm™1, see Sander, 1999,
agulation and diffusion processes than smaller particles. Irand references therein), it is consumed only ineffectively in
the case of connected flow, therefore, one would expect lowacidic continental clouds. Overall, these properties recom-
COD values for this parameter. The particle number densitynend ozone as a suitable quasi-inert tracer for the present
in the 217 nm diameter bimMz17 nm Was used to assess the connected flow analysis.
likelihood of in-cloud particle activation, since particles of  During HCCT-2010, ozone concentrations were measured
this size are very likely to be activated in the presence of aat all three measurement sites with high time resolution us-
cloud, and thus disappear from the interstitial aerosol. Thusing TE49C-TL (up-/downwind sites) and APOA360 (sum-
larger COD values for this size bin were used in concert withmit site) gas monitors. The measured concentrations are pre-
LWC measurements at the summit site as indicators of fogsented in Sect. 3. Previous studies have shown (e.g. Wilson
conditions at the three sites. It should be noted here that thand Birks, 2006) that ozone measurements by UV absorp-
measuredv217 nmvalues could be slightly affected during the tion, i.e. those obtained using a TE49C analyser, can be in-
overflow by processes including dry/wet deposition, colli- fluenced by potentially large water vapour interferences. In
sion/coagulation, chemical in-cloud mass production and enthe present studies, the air was not dried before measuring
trainment processes. 0zone concentrations with the gas monitors. Since the impact
The calculated CODs for the different pairs of the three on the obtained concentrations should be quite similar for all
measurement sites and the two aerosol particle size bins atéree sites (similar high relative humidity at all three sites),
presented in Sect. 3 and given in table form in the Supplethe temporal behaviour of the measured time series should be
ment. No time lag between the time series associated witlnot much affected by this artifact. However, for other studies,
the three measurement sites was applied in these COD cathe influence of water vapour on measured ozone concentra-
culations. The overall goal of the COD analysis was to iden-tions should be considered.
tify potentially suitable time periods in an objective and auto- A connected flow analysis based on measured ozone con-
matic manner. The consideration of predefined assumptionsentrations comprises a comparison of the concentration time
such as a fixed time lag between the different sites contraseries measured at each site with regard to the concurrency
dicts this idea and thus — a priori — it was not possible to in-of the ozone concentration levels as well as their temporal
clude such atime lag. In addition, the magnitude of the timebehaviour and dependency on the local meteorological con-
lag varies temporally and, depending on the incoming flowditions. In order to obtain an overall comparison of the con-
conditions (southwest and northeast wind direction), may becentration time series at the three measurement sites and to
positive or negative. Moreover, the magnitude of the timeinvestigate the flow connectivity in detail, the CODs for each
lags between the sites is typically small compared to the 3 tof the three sites were also calculated using the measured
time span applied for the COD calculation (see Sect. 3.2.1)ozone data. Here, low COD values indicate a good concur-
Thus, an applied short-term time lag between the time seriesency of the ozone concentration time series measured at a
(according to the transport time between the sites) does nagiven two sites. For a COD calculation at a given time, mea-
have a huge impact on the obtained results. sured ozone concentrations of a 1 h time interval were used
time-centred around the specific time point. The ozone CODs
calculated in this manner are presented in Sect. 3 and givenin
table form in the Supplement. As was the case for the particle
measurements described in the previous section, no time lag

www.atmos-chem-phys.net/14/9105/2014/ Atmos. Chem. Phys., 14, 919128 2014



9110 A. Tilgner et al.: Comprehensive assessment of meteorological conditions and airflow connectivity

between the time series associated with the three measureier. As can be seen from Eq. (3), tif& number represents
ment sites was applied in these COD calculations. the ratio of the atmospheric potential energy, which is related
Since the time lag between the measurements, which iso the product of the Brunt—Vaisala frequendy and the
mostly correlated with wind speed, was not considered in themaximum mountain height, to the kinetic energy of the air
present COD analysis and the pattern of the concentratioflow, which is represented by the characteristic wind sgéed
time series are less important for COD analysis, another staef the incoming air flow. The direct proportionality of th&
tistical measure, the cross-correlation valyg,, was also  number to the atmospheric stratification represented by the
used to assist in the characterisation of the flow connectivityBrunt—Vaisala frequency implies that, under stable stratifi-
between the different sites. This measure can be used to contation conditions of the boundary layer, the Froude number
pare two time series that cover the same time span: for twdends to larger values for a given wind velocity. Hightér
time seriesc andy, the cross-correlation value at lag tinie  numbers, which exist under highly stable stratified conditions

is defined by and/or low wind speeds, reflect the existence of blocking ef-
> (v =7+ [yi-a = 7)) O el simulat .
; Model simulations by Pierrehumbert and Wyman (1985)
rxcor(d) = > 5" (2) have revealed three critical Froude numbers. For 0.75,
/Zl_:[xi —x]°- Xi:[yi—d — 7] a disturbance propagates upstream with time and results in

a decelerated low-level flow, where gravity waves start to
As can be seen from Eq. (2), the calculated valug@f de-  amplify. Under these conditions (i.e. under decelerated or
pends on the magnitude of the time lag between the two timgyjocked upwind low-level flow conditions), stronger down-
series. The time lag with the highestor value provides an  drafts behind the mountain ridge can occur. These downwind
indication of the air parcel transport time between a set ofsjte downdrafts lead to a mixing of low-level air with air from
two stations. High correlations between the measured conhjgher altitudes (see Pierrehumbert and Wyman, 1985). For
centration profiles indicate the existence of connected flowg, > 1.5, the simulations predict the occurrence of a stagnant
between the three sites and the absence of substantial miXir&’ea at the low upstream s|0pe_ Simulations with even |arger
with surrounding air during air parcel advection. The calcu- Fr numbers £r > 2) predict the existence of a fully blocked
latedrycor are presented in the Supplement for selected timefiow pattern with a stagnant area at the upstream slope. As
periods during each of the FCEs identified during the mea-f, continues to increase, this stagnant area extends further
surement period. in the vertical direction. These theoretical findings have been
The cross-correlation analysis presented in this sectiofalidated by both laboratory experiments (Baines, 1995) and
was also performed for the partiCle data described in the Prétracer studies (Bruintjes et a|_7 1995; Vosper et a]_, 2002)
vious section. However, since the temporal resolution of the The Fr formulation described above assumes a dry adia-
particle data was coarser than that of the ozone data, anfatic lifting of the airflow. However, studies by Jiang (2003)
the magnitude of temporal variation agnm was smaller  and Colle (2004) have revealed that the criti€al number
than that observed for measured ozone concentrations, crosg-e. the value at which the stagnation pattern initiates) is 30—
correlation analysis of th&Vsgnm data did not yield addi-  100% higher in cases where cloud formation — and associ-
tional useful information. For this reason, the results of thiSated release of latent heat — occurs. However, since there are
analysis are not considered in the present paper. many uncertainties associated with the determination of the
magnitude of latent heat release from cloud formation, only
the “dry” Froude number is used in the present work.
Another dimensionless parameter characterising the level

Non-dimensional flow and stability parameters such as theOf atmospheric stratification with respect to blocking effects

Froude numberkr) and the Richardson numbeti) can be Is the Richardson number(), which reflects the ratio of the
used to characterise the flow regime in mountainous terrainS"er9y extracted by buoyancy forces to the energy gained

Advantageously, such parameters do not require numericallff om wind shear:

expensive models but rather can be easily derived from lo- 896 /dz
cally measured meteorological data. In the literature, the termRi =
“Fr number” is used to describe a variety of quantities, each

of which have dissimilar forms and dynamical significance
(see Baines, 1995 for details). In the present paperfFthe
number is defined as in Pierrehumbert and Wyman (1985):

2.4 Characterisation of the flow conditions with
non-dimensional parameters

ST 4
00U /0z)° @

Equation (4) includes vertical gradier&)t;(&z of both the po-

tential temperatur@ and the characteristic wind speét

in this equationg represents the gravitational acceleration.

Fr— NH A3) The sign of the Richardson number reflects the extent of ther-
U mal stratification: forRi >0, the airflow is statically stable;

in order to characterise whether an air mass will be lifted upfor Ri <0, the airflow is statically unstable; f&i =0, the

and pass over, or be forced to stream around, a mountain baairflow is neutral. Under statically stable conditions, airflow
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will become dynamically unstable faki numbers below a
critical value of~ 0.25.

For HCCT-2010, the characteristic non-dimensional flow
and stability parameterg’r and Ri were calculated us-
ing rawinsonde data from the German Weather Service
Station in Meiningen (453 ma.m.s.l.,, provided by the
University of Wyoming, http://weather.uwyo.edu/upperair/
sounding.htm)l, which is located ~30km upwind of N4 A
Mt. Schmuicke. Average values and vertical gradient#/ of v y _ll MY~ L0 )
ando were determined by averaging measurements obtainec 5 ﬁ% Y%
at the Meiningen station. An effective mountain height of 5060 AR\ 222
484 m was used for thé&r and Ri calculations, since this /
height is broadly representative of the mountain ridge level in
this region. TheF'r and Ri numbers calculated in this man-
ner are given in Sect. 3.

Finally, it should be noted that since the calculation of
Fr and Ri numbers is based in part on data takeB80 km
upwind of Mt. Schmiicke, it therefore assumes that both :
the wind conditions and the thermal stratification were con- ’ 33 10750 10767 10783  10.800
served during transport to the measurement site. Since this

assumption may not always be valid, the calculated values ofigure 2. Locations of all tracer experiment sampling sites, in-
Fr andRi should be used with caution cluding the upwind release site Goldlauter (10), the summit site

Mt. Schmiicke (20) and the downwind site Gehlberg (30) (map
source: Thiringer Landesvermessungsamt).

\

)

=

2.5 Tracer experiments

To study the local air flow under appropriate meteorologi-

cal conditions, four tracer experiments (TEs) were performed 6 - Detailed characterisation of the meteorological and
during the campaign (see Table 1). In these experiments, sul-  mjcrophysical conditions

fur hexafluoride (Sp) was used as an inert tracer gas and

released from a point source (bottle) at the upwind site Goldqy the examination of the local meteorological conditions

lauter at a rate of-3Lmin"* for 10-20min. Air samples during the selected FCE periods, locally measured meteo-
were then taken at eight different sites along the expectedy|qgical and microphysical data, rawinsonde observations,
air flow, including the Mt. Schmiicke summit and the down- g4telite pictures, ceilometer data and calculated backward
wind Gehlberg sampling sites. The locations of the saM-y5iactories were used. Our examination focused on the sta-
pling sites are indicated in Fig. 2 and given with geograph-jjiry of the incident flow conditions, synoptic front pas-

ical coordinates in Table S1 in the Supplement. Their S€-sages, the presence of orographic or non-orographic cloudi-

lection was based on the choice of sites during the previyegs measured cloud properties such as cloud base height
ous FEBUKO experiments (Heinold et al., 2005). For con- 54 | W, vertical thermal stratification and precipitation.

sistency, the ID numbers assigned to the sites were kept the £, yetection of frontal processes and synoptic-scale ad-

same as in Heinold et al. (2005). Air sampling at the sites,qction patterns, surface weather charts with a time resolu-
commenced at the start of theg¥lease and was performed jon, of 6 h and charts of the 850 hPa pressure level were used
at5min intervals over the course of 1 hour. (see Supplement). In order to identify the air mass origin and
Each sample was collected in a 10L polyethylene bagy, characterise potential source regions of the aerosols mea-
which was exposed to ambient air for 55, firmly closed, g req during a FCE, backward trajectories were calculated
and transported to the laboratory within 24 h of sampling.yith the HYSPLIT model (Draxler and Rolph, 2003: Rolph,

Analysis of Sk was performed using gas chromatography 513) The HYSPLIT model was used in the ensemble mode
(GC) with electron capture detection (ECD) using a Siemensy, order to provide multiple backward trajectories based on a

Sichromat 1-4 system. A defined amount of air was removed, || variation in the applied initial meteorological field. En-

from each bag with a gas-tight syringe and directly injectedggmpye trajectory calculations were performed to lower the
into the GC. The detection limit of the GC method employed

which is described in detail elsewhere (Strunk et al.,
was 0.5 ppt and the precision was <1 %.

uncertainties associated with a single trajectory and to inves-
2000)*tigate the potential variability of the calculated backward tra-
jectories according to variations in the meteorological field.
Each calculated ensemble trajectory started from the same lo-
cation; however, in each case the initial meteorological field
was offset by one grid cell in the horizontal and by 250 m in
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Table 1.Dates, times (CEST) and average meteorological conditions at the Mt. Schmuicke summit site dglthrag&fexperiments (TES).

TE1l TE2 TE3 TE4
Date 20-09-2010  23-09-2010 6-10-2010  23-10-2010
Sk release time 11:45-11:55 12:50-13:00 13:30-13:50 10:00-10:20
Sampling time 11:45-12:45 12:50-13:45 13:30-14:30 10:00-11:00
Meteorological conditions at Mt. Schmiicke
Temperature?C) 7.5 145 10.3 -1.8
Relative humidity (RH, %) 76 68 99 94
Pressure (hPa) 907 905 905 901
wind speed (msl) 7.8 6.5 3.8 9.0
Wind direction ) 240 218 220 223
Global radiation (W m2) 251 548 194 280
Cloud present at Mt. Schmucke? No No Yes Yes
Connected flow parameters
CODg, GL-SM 0.13 0.07 0.12 0.29
SM-GB 0.03 0.07 0.04 0.12
GL-GB 0.12 0.02 0.11 0.39
CODp49nm GL-SM 0.03 0.30 0.08 0.25
SM-GB 0.08 0.06 0.05 0.11
GL-GB 0.08 0.33 0.08 0.31
CODpN217nm GL-SM 0.03 0.06 0.45 0.20
SM-GB 0.03 0.04 0.37 0.18
GL-GB 0.02 0.06 0.10 0.31

the vertical direction. In this manner, 27 ensemble backwardising Vantage Pro weather stations. Cloud base height was
trajectories were calculated (see the Supplement for furthemeasured at the upwind site using a ceilometer (Jenoptic
details). In order to gain more information regarding aerosolCeilometer CHM 15k-x) and LWC was measured at the sum-
type and origin, the trajectories were also characterised withmit site using two instruments (FSSP-100 and PVM-100);
respect to their residence time over certain land types (urbarthese data were used to characterise the local microphysical
agriculture, natural vegetation and bare areas) or water areagoud conditions and their temporal homogeneity throughout
during their transport to Mt. Schmiicke (see van Pinxteren eeach FCE. The locally measured data also helped to enable
al., 2010 for details of the trajectory analysis approach). the detection of meteorological front passages and, by exten-
For the characterisation of cloud conditions and ther-sion, possible air mass changes. Overall, the meteorological
mal stratification, satellite pictures and rawinsonde observaanalysis described in this section allowed for a more sophis-
tions were used. For the analyses, both IR and VIS satellitdicated and comprehensive evaluation of the suitability of se-
pictures obtained by the geostationary METEOSAT satel-lected cloud periods for further analysis using a Lagrangian-
lite (with 15min time resolution) and, if available dur- type approach.
ing the FCEs, polar orbit satellite pictures (obtained from
Berliner Wetterkarte e.V., 2010 and DLR) were examined.2.7 Characterisation of the regional flow conditions
As discussed in Sect. 2.4, information regarding tropo- using COSMO
spheric thermal stratification and vertical wind pattern was
obtained from analysis of rawinsonde observations from the~or the model-based investigation of the flow conditions,
German Weather Service station Meiningen (souta#p: simulations with the meteorological forecast model COSMO
/lweather.uwyo.edu/upperair/sounding.htnVertical wind ~ (Baldauf et al., 2011; Schattler et al., 2012) were con-
pattern data in particular were used to characterise vertiducted for the whole measurement period. In brief, COSMO
cal thermodynamic conditions for existing clouds, which al- is based on the primitive hydro-thermodynamical equa-
lowed for the determination of the cloud type present at thetions that describe compressible non-hydrostatic flow in
measurement site. a moist atmosphere. It uses a staggered Arakawa C-grid
Standard meteorological parameters such as temperaturen a rotated geographical coordinate system and a hy-
pressure, relative humidity, wind direction, wind speed andbrid terrain-following vertical coordinate. The COSMO
precipitation were measured at all three measurement site®odel includes the dynamic kernel for the atmosphere
and the required parameterisation schemes for numerous
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meteorological processes, boundary conditions and surfacemore polar air mass. Over the next 3 days (until 28 Septem-
exchange relations. COSMO can describe not only the atber), a strengthening low-pressure area over the North Sea
mospheric flow but also phenomena occurring between thadvected aged Greenlandic polar air (mP) to Central Europe.
meso- and micro-scales, including near-surface processe3he weather conditions were appropriate for another offline
convection, clouds, precipitation, orographic and thermalexperiment period on 24 and 25 September (see Table 2).
wind systems. Further details on the model and its imple-The weather situation thereafter was characterised by strong
mentation can be found elsewhere in the literature (see e.grecipitation, which was connected to front passages. The
Baldaufetal., 2011). In the present study, the COSMO modelveather situation from 29 September to 3 October was af-
was applied for a domain spanning betweefi809.5 W fected by a large high-pressure system over Scandinavia and
and 52 N, 11.5 W with a horizontal resolution of 1.4 km a low-pressure system over Iceland, which generated tempo-
(100x 80 grid cells). For the investigation of the regional- rary precipitation at the corresponding fronts. The air mass
scale flow conditions, the wind field predicted by COSMO was characterised by drier and warmer air (cTp) as compared
was used. The model output is presented in the Supplemerid previous days and by advection over the continent (France)
for each of the FCEs identified during the measurement pefrom the SW. Two offline experiment periods were conducted
riod. during this weather situation (see Table 2).
As shown in Table 2, October 2010 experienced five dis-
tinct weather periods. No change in the general weather
3 Results and discussion situation was observed for the first 3 days of October as
compared to the last period in September. As stated above,
3.1 Characterisation of the general synoptic situations  two offline experiment periods were conducted during this
and advected air masses during HCCT-2010 weather situation. The weather situation from 4 to 8 October
was characterised by a high-pressure area over Russia and
As shown in Fig. 3, the average synoptic situation duringPoland and areas of low pressure over the Atlantic Ocean.
September 2010 was characterised by a weak low-pressurehe Mt. Schmiicke area in particular was in a zone of weak
area between Greenland and Iceland as well as a weak higlpressure gradients characterised by warm and humid air ad-
pressure area over Romania, which together resulted in a prerected from the Mediterranean area in the south. The de-
dominantly westerly flow over Central Europe. The secondclining pressure gradients caused weak winds first from the
half of the month in particular was affected by front passagesSW and later, from 6 October onward, from different direc-
and variable weather conditions. tions. One offline experiment period was conducted during
At the beginning of the field campaign on 14 Septemberthis weather situation (see Table 2). The marine-influenced
at the foreside of a trough over Central Europe (TM), marinetropical air mass (mTs) caused early morning fog in the
air from North Atlantic (mTp) was advected to the measure-Mt. Schmuicke area but precipitation only in southern Ger-
ment site. The day after, the trough moved eastwards and amany. Frontal systems were blocked in the west and south
Atlantic frontal zone reached Central Europe, which led toof Germany by the high-pressure area over Poland and Rus-
precipitation with occasional gusty winds. On the backside ofsia. By 9 October the weather situation changed: the high-
the cold front, Greenlandic polar air (mP) was advected to thepressure area over Poland and Russia receded and a new
Mt. Schmucke area; this air mass stayed until 17 Septembehigh-pressure area formed over the Norwegian Sea (HNA);
Trajectory analysis showed that this air mass was mainly in-in addition, the wind changed to northerly directions, which
fluenced by marine and agricultural areas of Great Britain oradvected dry continental polar air masses (cP). At this time,
France. Given the presence of appropriate wind conditionsunder the influence of high pressure, the Mt. Schmiicke area
several (some quite short) offline measurement periods werexperienced early morning fog. Pressure gradients were still
conducted during this period, despite the presence of precipaeak. By 15 October the general weather situation started to
itation (see Table 2). From 18 September onward, a bridge o€hange; from 16 October onward, a trough area over central
high pressure developed over Central Europe. Warmed mareurope (TrM) influenced Mt. Schmiicke. The trough led to
itime polar air (mPt) with decreasing oceanic influence ap-an advection of humid marine polar air masses (mP), which
proached the Thuringian Forest over the course of the folwere associated with occasional precipitation over Germany.
lowing week (until 23 September), which resulted in mod- Two offline experiment periods were conducted during this
erate winds, mainly from the SW. On 20 and 21 Septembertime period (see Table 2). From 22 October onward, the
the wind direction shifted towards easterly directions withouttrough was pushed eastward and westerly conditions (WZ)
any change in the origin of the air mass. This is in agreementffected the Mt. Schmiicke area, which advected marine air
with the trajectory analysis for this period (see the Supple-masses (mPa). During this weather situation, two offline
ment), which showed that the influence of the continent (i.e.cloud experiments were performed (see Table 2).
agriculture, natural vegetation) on the air mass increased dra-
matically with time over the week. On 24 September a transi-
tion occurred, and the air mass advection changed towards a
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Figure 3. Averaged synoptic situation (850 hPa level) over the North Atlantic and Europe in Septembefa2@bd October 201Qb),
including isotherms of the pseudo-potential temperature (source: Berliner Wetterkarte e.V., 2010).

3.2 Flow characterisation of the flow connectivity between the different measurement

sites and, by extension, for the identification of suitable ex-

3.2.1 Overflow characterisation with the quasi-inert perimental periods for further investigations. The ozone con-
tracer O3 centration time series at the three measurement sites and the

calculated COD values based on these time series are pre-
As discussed in Sect. 2, measured ozone concentration timsented in Fig. 4, together with important meteorological data
series and derived statistical parameters such as the COBuch as wind speed and direction. Briefly, it is noted that the
and the cross-correlation can be used for the characterisation
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Table 2. Classification of the general weather situations and the associated predominant air masses during the HCCT-2010 field campaign,
and the offline-measurement periods (i.e. periods during which both offline and online sampling were conducted).

Date General weather Predominant air ma8s ~ Offline-measurement
situatiorf periods (CEST)

14 Sep Trough Central Europe  Marine air from North 14-09-2010 11:00
(Trm) Atlantic —15-09-2010 02:00

(mPt)

15-17 Sep Cyclonic West Greenlandic polar air
(W2) (mP)

18-23 Sep Bridge over Central Warmed polar air
Europe (mPt)
(BM)

24 Sep Transition Greenlandic polar air ~ 24-09-2010 23:45
0) (mP) —25-09-2010 01:45

25-28 Sep Trough Central Europe  Greenlandic polar air
(TrM) (mP)

29 Sep-03 Oct  High over Fennoscandia, Continental tropical air 01-10-2010 22:30
cyclonic (HFZ) (cTp) —02-10-2010 05:30;

02-10-2010 14:30
—02-10-2010 20:00

04-09 Oct Anticyclonic South Mediterranean tropical 06-10-2010 12:15
(SA) air —07-10-2010 03:15
(mTs)
10-14 Oct High over Norwegian SeaContinental polar air
and Iceland, (cP)
anticyclonic (HNA)
15 Oct Transition Continental air Central
)} Europe
(cPY)
16-21 Oct Trough Central Europe  Greenlandic polar air  19-10-2010 21:30
(TrM) (mP) —20-10-2010 03:30
22-24 Oct Cyclonic West Arctic polar air 24-10-2010 01:30
(W2) (mPa) —24-10-2010 08:45;

24-10-2010 09:15
—24-10-2010 11:45

2 Subjective Hess—Brezowsky classification (Hess and Brezowsky, 1952; revised by Gerstengarbe et aﬂ.ElE@pﬁan
air-mass classification (after Scherhag, 1948).

meteorological measurements at the upwind site Goldlautewestern or west-southwestern flow conditions. Strong agree-
were performed in a rather narrow valley, i.e. under less suitiment was also present during weather situations with north-
able wind measurement conditions, and for this reason theastern winds perpendicular to the mountain ridge. Figure 4
wind data obtained at this site should be used with great caralso shows that periods of measurement agreement were as-
only. sociated with higher wind speeds. This congruence reflects
Figure 4 shows that the ozone concentrations at the differthe higher kinetic energy of the airflow and, therefore, the
ent sites displayed significant spatial and temporal variatiorhigher probability for the air to cross the mountain range. In
— this short-range variability represents the precondition forFig. 4, the time intervals displaying the highest congruence
the statistical analysis. During the measurement period, thare highlighted as shaded areas.
ozone concentrations at the three sites varied between sev- Comparison of the measured concentration—time profiles
eral ppb and- 60 ppb. As shown in Fig. 4, ozone concentra- with the associated calculated CODs shows that larger con-
tions measured at the summit and downwind sites generallgentration deviations between the time series coincide di-
agreed quite well; by contrast, concentrations measured akectly with higher CODs. The COD analysis reveals that
the upwind site often deviated from those measured at thdigher CODs are typically observed for the upwind site;
other two sites. Strong agreement, and therefore good flovindeed, the average of the C@QR_sv (0.11) throughout
connectivity, between the three ozone concentration time sethe analysis period is smaller than those of the other two
ries was mostly present during weather situations with southsite combinations (CO§y—gL =0.13; COQsg_gL = 0.16).
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Figure 4. Depiction of the measured meteorological parameters (wind direction (dd), wind speed (ff), precipitation (RR), cloud liquid water
content, LWC), ozone and particle concentrations (size Nifgg,m and N217nm and the calculated COD values.

This resultis in agreement with the time series measurementthe evening of 23 September and the early morning hours of
discussed above, which generally found stronger correlation24 September; at midnight, however, the three concentrations
between ozone concentrations at the summit and downwindvere similar. It is likely that the inversion was not present at
measurement sites. this time. In summary, night-time inversion conditions led
High COD values arise not only during periods of low to the disconnection of the upwind valley site from the two
wind speed but also during periods of high vertical thermaldownwind sites, and this disconnection is reflected in differ-
stratification. During one such period, which was observedences in the ozone concentration time series measured at this
from 18 to 25 September, night-time ozone concentrationssite. These differences are also reflected in the high COD
at the upwind valley site Goldlauter were often 15-30 ppbvalues observed for this site under these conditions, which
lower than those measured at the other two stations (sem turn indicate that connected airflow did not occur during
Fig. 4). A difference of this magnitude cannot be explainedinversion periods. Taken together, therefore, the COD values
by short-term interactions with local emissions, lowered pro-and the ozone concentration time series provide an excellent
duction, and deposition only. Analysis of rawinsonde dataindication of the extent of local flow connectivity.
during this time period shows distinct low-level night-time A histogram of the ozone CODs for the different measure-
inversions, which suggests that air exchange did not occument site combinations is provided in Fig. 5. As shown in this
during this time. Under such conditions, local emission (e.qg.figure, a higher number of smaller CODs are calculated for
of NO into the near-ground inversion layer) and depositionthe summit/downwind site combination (C@P_swm): more
processes could result in strongly lowered ozone concentrathan 60 % of the ozone CODs (GE/GL) at this site are smaller
tions. Support for this interpretation is provided by the fact than 0.15. This observation reflects the largely more corre-
that ozone concentrations at the upwind site largely paraldated ozone time series at these two locations as compared to
leled those at the other two measurement sites during daythe two location pairs that include the upwind site.
time, when inversions were not present. Disconnected flow Further investigation of the three ozone concentration time
was not always observed under night-time conditions, how-series revealed good congruencies between the three mea-
ever: on the night of 23-24 September for example, the ozonsurement sites for COBs0.1 and acceptable congruencies
concentration measured at the upwind site was substantialljor CODs< 0.15. For larger CODs, by contrast, large devi-
different from those measured at the other two stations inations between the three time series were observed, which

Atmos. Chem. Phys., 14, 9108428 2014 www.atmos-chem-phys.net/14/9105/2014/



A. Tilgner et al.: Comprehensive assessment of meteorological conditions and airflow connectivity 9117

A) 2500 B) 4 e
mCOD,, = | GLvs.SM — |
' 08 |- | SM.vs.GB H
CODOS‘SM»GE - SN GL.vs.GB — |
2000 1 ; oo
.CODOS,GL~GE 06 - . : | : : : )
‘_§ 04 -
4500 - [ - c -
S o2}
=
- ki L
e of
1000 - 5 IR SO TN SRS SN SN SUUE SO SUU NS SO
Q
D s T ST T T T S R
4
S
04 .
s00 {NN-RNAN S0
0 IJ IJIJIJ'JII-.. 08 |- : :
O A R T T S P S S Y - RN —
,Q': N ,°'\@ N ,07’69 R R SR 4 T e
AN AN N RN R R AN R N AR R 90 -80 70 -60 -50 -40 30 20 10 O 10 20 30 40 50 60 70 80 90

cobD,, time lag [min.]

Figure 5. (a) Histogram of the calculated CQf) values throughout the whole investigation period of HCCT-2010taoalculated cross-
correlation (xcor) between the different sites (GL: upwind site; SM: summit site; GB: downwind site) based on measured ozone concentra-
tions for a selected time period (14 September 2010, 11:00 CEST to 15 September 2010, 01:00 CEST).

suggests that the flow between the field sites was disconef each period but also for shorter time intervals (typically
nected. Based on these findings, the ozone COD data s&h) during each period. The results of the cross-correlation
was used to conduct a qualitative assessment of the condanalyses for each of the FCEs selected for overall assessment
tions during the campaign and to identify suitable and unsuit-are summarised in Table 5.

able time periods for further analysis. Calculated COD val-

ues were subject to the following classification scheme: (1)3 2 o overflow characterisation with aerosol particle
COD<0.05 (very good correlation), (2) 0.65COD<0.1 distribution data

(good correlation), (3) 0. COD < 0.15 (slight correlation),
(4) 0.15< COD< 0.2 (poor correlation) and (5) 02COD
(very poor or no correlation). The results of the overall as-

se_ssment of the flow connectivity, wh|gh mgluded con3|der—ti0nS from the 49 NMNaonm and 217 Nm Kaz7nm Size bins
ation of other parameters, are summarised in Table 5.
of the SMPSs were used for the assessment of flow connec-

The resuits of cross-correlation analyses performed USin%Vity between the three measurement sites and the assess-

the ozone concentration profiles at the three measurement o " .
. L ; ment of prevailing cloud conditions. The measured particle
sites were similar to those obtained from the COD analyses, . .
. . e number concentrations at the three sites and the correspond-

The cross-correlation plots for each identified FCE are pre- -
: . . ing three COD values are presented in Fig. 4. These data
sented in the Supplement. A representative cross-correlation

plot (from FCE1.1) is presented in Fig. 5. As shown in this clearly show that theVagnm and Nai7nm values at the dif-
. : : ferent sites are variable, and therefore that they are suitable
figure, high cross-correlations,{or ~ 0.7—0.9) were present

. 2 ) ) . . for use in COD analysis.
during this time period, which suggests the existence of high For the most part, th¥s17nmplot shows quite good agree-

flow con_nect|V|ty between the three sites. Th-e h.|ghest Cr0SSihent between the measured data obtained at the upwind and
correlations were present between 0 arD min time lags.

This finding implies that, during this time period, the mean downwind S'.tes.' Number concentrauorigz(Wn.m) obtained
: o . : at the summit site, by contrast, show larger differences under
air transit time between sites (e.g. from the summit to the .
) o R . some conditions. As can be seen from the plot, Ahe¢;nm
downwind site; green line in Fig. 5) was 10 min and the . . :
o . . bin always shows very low concentrations in the presence of
overall mean transit time between upwind and downwind o : .
. . . clouds or fogs, which is attributable to cloud condensation
sites was~ 20min. As was observed in the COD analy-

. : . . nuclei (CCN) activation in this size range. This behaviour
sis, the correlations between the summit and the downwmcreads to large COD values (CQBy7nm>0.8) during cloud
sites were usually somewhat higher than correlations ob- 9 /nm= > 9

. L . . . . conditions at the summit site and non-cloud conditions in the
served for site combinations including the upwind site. It

o : upwind and downwind valleys.
should be noted that transit times can vary considerably on P . Y
For this reason, theVoi7nm parameter can be used —

the timescale of a FCE period. Therefore, the Supplement in-

cludes cross-correlation plots not only for the entire durationIn addition to measurements of liquid water content at
P y Mt. Schmiicke — to characterise cloud/fog conditions at

In addition to the ozone concentration measurements de-
scribed in the previous section, particle number concentra-
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the measurement sites and to distinguish between row
fl

conditions with and without cloud interaction. In order
to separate time intervals with clouds from those without
clouds (i.e. with/without activation of accumulation mode
particles), a critical COR217nm Value was defined: for

set
ow criteria cloud criteria

COD (N217nm)
SM-GL / SM-GB
COD, 70 = 04

yes

CODy217nm> 0.4, activation of accumulation mode particles pr— )

. ... < LWC (@M

is expected and thus cloud conditions are assumed to hawvi between allsies o
been present at the summit site. Ye‘oi ves ]

Unlike the N217nmplot, the Nagnm plot shows quite good R occured 8 yes
agreement between the measured data obtained at all thre between al stes max 39minand FCE Dataset
measurement sites. The calculated GQ&\m shows the
lowest values during weather situations with both SW and
NE winds, which indicates that good flow connectivity exists Figure 6. Schematic depiction of the FCE and NCE selection pro-
under these conditions. Comparison of M@ nmtime series ~ cedure.
with the corresponding calculated C@knm values shows
that larger deviations between measured concentration pr
files coincide directly with higher COfugnm values. While

NCE Dataset

%ons and cloud conditions present only at the Mt. Schmuicke

COD values aenerally paralleled COD values. the summit site, and non-cloud events (NCEs), which we define
v49nm 9 yp @D ; as periods with connected SW or NE flow conditions and no

CODwagnm “”.‘e Seres t_yplcally exhibited more noise. This clouds/fog at any site, were identified according to the two-
enhanced noise most likely arose as a result of the coarser,

: : . S Step procedure shown in Fig. 6.
time resolution of the particle concentration input data and . : . .

P According to this procedure, periods with connected flow
the overall lower variability in COR49nm values as com-

condition (SW/NE wind sector) were first identified accord-
pared to COI, values. . o - .
S ' ing to the flow criteria described previously. Then, the mea-
Overall, examination of th&V49,m temporal profiles re- - .
A sured LWC at the Mt. Schmiicke site was used to evalu-
vealed that reasonable congruencies between the three pro- -
. . ate the cloud conditions, and the CODs of the aerosol num-
files existed for COR49nm=<0.2. For larger COR49nm . . . .
values, larger deviations were present, which suggests tha er concentrationz17nm activated CCN bin under typical
, 1arg b ’ 99 oud/fog conditions) were used both to identify cloud/non-

a disconnection of the flow between the three field Sitesgloud conditions at the summit and to exclude conditions
trgﬁfg dll‘?rﬁlyp;)i/lisotﬁg. :Sjiz(i ?Qeteh';:;d';?’ ;r;d SchoEse Ob'V\{ith'f'og at the valley sites.' Eina}lly, only periqd; vyith in-
data set was used to conduct a ql.JaIit,ative assessmes{gr.]Iflcant amounts_: of precipitation (RR: preCIpltatlon rate
of the conditions during the campaign and to identify Iaurlngthe last 30 ml_n) atefach ofthethree_sneswere selected.
time periods with and without connected flow condi- The entire data set, '”C'“‘.’”."g metgorolggmal data, calculated
CODs, and a table describing the identified FCEs and NCEs,
is given in the Supplement. A brief summary of the most im-

tions. Calculated COD values were subject to the fol-
lowing classification scheme: (1) CQQonm=0.05 (very portant parameters associated with each of the selected FCEs
is given in Table 3. The final evaluation of all of the FCEs is

good correlation), (2) 0.05 CODy49nm=<0.1 (good cor-
summarised in Table 5.

relation), (3) 0.1< CODy49nm=<0.15 (satisfactory correla-
tion), (4) 0.15< CODyagnm=0.2 (slight correlation) and The name associated with each of the identified FCEs re-
flects their chronological occurrence during HCCT-2010. Pe-

(5) for 0.2< CODy49nm (very poor or no correlation). The
CODyagnm data set was then colour-coded according toriods of prolonged cloud presence, which could also include
small cloud-free breaks (i.e. conditions with LWC values

cloud conditions and to the above classifications of con-
nected flow conditions (see the Supplement). These results

were used in the selection of the most suitable periods forfur-Close to zero), were determined based on the LWC time se-

. S ies measured at Mt. Schmiicke and numbered chronologi-
ther investigation (see Sect. 3.2.3). The results of the overal!:a"y. Each defined cloud period was further subdivided into

assessment of the flow connectivity, which included consid-." """ : . : :
; ; ; individual uninterrupted cloud event periods (i.e. continuous
eration of other parameters, are summarised in Table 5.

cloud conditions, without very low LWC values). For ex-
ample, the event FCEL.1 refers to the first (uninterrupted)
part of the first prolonged cloud period that occurred at Mt.
Schmiuicke during the experiment.

3.2.3 Selection of potentially suitable investigation
periods

The main goal of the present study was to quantitatively and
objectively identify periods of time during the HCCT-2010
campaign when the three measurement sites experienced
connected flow conditions. Full-cloud events (FCESs), which
we define as time periods with connected SW flow condi-
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Table 3. Description of cloud conditions and overview of the statistical analysis of connected flow: mean coefficient of divergence (COD)
values; cloud liquid water content (LWC); and wind direction (dd), speed (ff), and precipitation (RR, total precipitation amount during the
FCE) at the Mt. Schmiicke summit site are presented for each FCE.

FCE (time (CEST)) LwcC dd ff COD COD COD COD COD COD COD COD COD RR
SM SM SM-GL GB-SM GB-GL SM-GL GB-SM GB-GL SM-GL GB-SM GB-GL SM
gm3 deg ms? O3 O3 O3 Nagnm  Nagnm  Nagnm  N217nm  N217nm N217pm  mm
FCE1.1 (14.09.10 11:00 —15.09.10 01:50) 0.25 236 8.2 0.06 0.04 0.03 0.06 0.08 0.03 0.74 0.75 0.14 1.2
FCE1.2 (15.09.10 03:00-15.09.10 06:20) 0.20 231 9.6 0.04 0.05 0.03 0.04 0.04 0.02 0.86 0.88 0.13 0.4
FCE2.1 (15.09.10 23:00-16.09.10 02:00) 0.17 240 8.7 0.02 0.02 0.02 0.03 0.08 0.09 0.71 0.72 0.09 0.0
FCEA4.1 (16.09.10 13:10-16.09.10 15:00) 0.13 243 7.4 0.06 0.03 0.04 0.09 0.10 0.17 0.57 0.51 0.14 0.8
FCES5.1 (16.09.10 21:40-16.09.10 23:50) 0.30 239 6.3 0.05 0.03 0.03 0.04 0.10 0.12 0.89 0.87 0.13 0.0
FCE7.1 (24.09.10 21:10-25.09.10 00:50) 0.20 228 6.7 0.04 0.04 0.03 0.05 0.09 0.12 0.69 0.67 0.07 0.0
FCE11.2 (01.10.10 20:50-02.10.10 03:10) 0.37 222 3.7 0.08 0.10 0.14 0.09 0.06 0.12 0.59 0.51 0.15 0.0
FCE11.3(02.10.10 07:10-03.10.10 00:30) 0.32 220 6.3 0.12 0.09 0.06 0.13 0.08 0.14 0.76 0.69 0.17 0.5
FCE13.3 (06.10.10 06:50-07.10.10 01:00) 0.32 223 4.2 0.10 0.06 0.07 0.11 0.09 0.15 0.50 0.41 0.12 0.0
FCE22.0(19.10.10 01:50-19.10.10 09:00) 0.29 233 5.1 0.07 0.05 0.03 0.18 0.09 0.12 0.88 0.85 0.12 0.0
FCE22.1 (19.10.10 21:10-20.10.10 02:30) 0.31 248 4.7 0.07 0.05 0.09 0.09 0.04 0.09 0.83 0.78 0.13 0.2
FCE24.0 (21.10.10 22:10-22.10.10 10:00) 0.14 241 4.9 0.09 0.03 0.08 0.15 0.09 0.07 0.78 0.76 0.06 0.0
FCE26.1 (23.10.10 23:40-24.10.10 07:20) 0.19 233 9.7 0.03 0.04 0.01 0.10 0.04 0.09 0.86 0.84 0.08 0.8
FCE26.2 (24.10.10 08:40-24.10.10 12:20) 0.15 239 9.0 0.03 0.03 0.01 0.19 0.08 0.23 0.84 0.83 0.07 0.4
3.3 Overflow characterisation with non-dimensional ilar results were obtained during FCE 13.3, in which bet-
parameters ter flow conditions are predicted by ther number dur-

ing the daytime (14:00 CEST) on 6 OctobeFr(=0.85;
The calculated FroudeFg) and RichardsonKi) numbers  CODg; =0.09; CODy49nm=0.12) than during the subse-
for the different rawinsonde observations (from Meiningen, quent night-time (02:00 CEST) observation on 7 October
which is located~ 30 km upwind of Mt. Schmiicke) during (Fr =1.16; COD», =0.14; CODy49nm= 0.27). During this
or near the selected FCEs/NCEs (with SW flow conditionslatter period, a disconnection of the upwind site from the two
only), as well as associated remarks are listed in Table 4other sites appeared to be present after 01:00 CEST (see Ta-
Since the focus of the present study is the FCEs, onlythe  ble 4 and the time-resolved COD analysis data in the Supple-
and Ri numbers related to the FCEs are discussed here iment).

detail.
As can be seen from Table 4, tife- number predicts a 3.4 Detailed meteorological characterisation of the
stagnant flow/area during only a few FCEs; during the ma- identified FCEs

jority of the identified FCESs, no blocking or only a slightly

decelerated flow was present. The calculated values showleteorological conditions, including the separation of oro-

that the flow conditions were largely determined by the ex-graphic and non-orographic clouds, the detection of frontal

tent of atmospheric stratification and, in some cases, by th@rocesses, the stability of air mass advection (local/synoptic

wind speed conditions. Largér numbers coincided always scale) and the cloud conditions (LWC, precipitation, cloud

with large Ri numbers, which indicated very statically stable base height), were examined in detail for each of the identi-

conditions. Under these stable conditions, however, acceptied FCEs. These data were obtained from locally measured

able flow conditions could still be achieved: on 14 Septem-meteorological and microphysical data, rawinsonde observa-

ber (14:00 CEST), for example, high mean wind speedstions, satellite pictures, ceilometer data, and calculated back-

(8 ms™1) allowed for air flow over the mountain ridge. ward trajectories. For reasons of clarity, all detailed informa-
These non-dimensional parameters compare well with thdion for each FCE is given in the Supplement.

calculated COD values for ozone and tNegnm Size bin

(COD between the up and downwind site): higlfer and 3.5 Model-based characterisation of the flow conditions

higherRi numbers, which indicate a potential blocking of the during FCEs
airflow, generally coincide with higher COD values, which
reflect deviations between the different sites. The extent to which the identified FCEs met the required

During FCE 11.3, for example, th&r number on 2  overflow conditions was also characterised using the wind
October (14:00 CEST) was 0.81, which indicates that air-field predictions of the COSMO model. Figures showing the
flow over the mountain range was possible; by the earlyhorizontal wind conditions predicted by the COSMO model
morning hours of 3 October (02:00 CEST), however, thein the Mt. Schmucke area for each of the selected FCEs are
calculated Fr (1.31) and Ri (7.19) numbers imply a presented in the Supplement.
stronger deceleration of the flow under very stable condi- A nearly constant wind field, with wind arrows of approx-
tions. This latter result is confirmed by the ozone COD anal-imately the same orientation (SW) and length (i.e. the same
ysis, which revealed CODs >0.2 after 00:30 (CEST). Sim-wind speed and direction) is a good indication for mountain
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Table 4.Froude numbersKr), Richardson numbers(), and rawinsonde observational data (from the Meiningen German Weather Service
station) used to calculate these parameters, during or near all identified full-cloud events (FCEs) and non-cloud events (NCEs).

Date/time Ul/dd ad/dz dU/dz N2 Fr Ri  Overflow Stability Ozone N49nm
(CEST) (msY/deg) Knml) (s (sh y: yes; n: no CcoD CcoD
14-09, 14:00 8/240 0.0054 0.0107 0.0002 0.85 1.62 y (decelerated) stable 0.02 0.05
15-09,02:00 6/225 0.0024  0.014 0.0001 0.68 042 vy stable 0.03 0.02
15-09, 14:00 6/235 —0.0033 0.0186 —0.0001 0 -032 y* unstable  0.02 0.07
16-09,02:00 5/240 0.0034 0.0159 0.0001 1.13 0.46 vy (decelerated) stable 0.02 0.09
16-09, 14:00 6/250 —0.0011 0.0112 0 -000 -030 y* unstable  0.04 0.17
17-09, 02:00 6/270 0.0049 0.0147 0.0002 1.1 0.77 y (decelerated) stable 0.03 0.08
19-09, 14:00 6/250 —0.0031 0.0086 —0.0001 — 000 —140 y* unstable  0.04 0.07
20-09, 14:00 6/235 0.0028 0.0106 0.0001 0.73 083 vy stable 0.01 0.03
22-09,14:00 3/220 —0.0017 0.0024 -0.0001 — 000 —931 y* unstable  0.03 0.16
24-09, 02:00 8/220 0.0147 0.0209 0.0005 1.27 1.14 y (decelerated) stable 0.06 0.05
24-09,14:00 —/210 - - - - - - - 0.03 0.13
25-09,02:00 4/270 0.0032 0.0049 0.0001 1.39 4.49 vy (decelerated) stable 0.10 0.15
27-09,02:00 5/270 0.0041 0.0121 0.0001 112 0.97 vy (decelerated) stable 0.12 0.11
27-09,14:00 3/260 0.0004 0.0075 0 0.55 022 vy stable 0.12 0.16
28-09, 14:00 6/230 0.0021 0.0022 0.0001 0.73 1522 'y stable 0.28 0.18
01-10, 14:00  3/340 0.0067 0.0008 0.0002 2.2 326.54 n(stagnantarea) stable 0.07 0.29
02-10, 02:00 3/225 0.0064 0.0063 0.0002 2.33 5.6 n(stagnantarea) stable 0.13 0.08
02-10, 14:00 6/220 0.0034 0.0118 0.0001 0.81 0.82 vy (decelerated) stable 0.06 0.18
03-10, 02:00 6/220 0.0068 0.0057 0.0002 1.31 7.19 vy (decelerated) stable 0.29 0.10
03-10, 14:00  7/195 0.0023  0.009 0.0001 0.58 097 vy stable 0.03 0.20
05-10, 14:00 6/240 0.0063 0.0112 0.0002 1.2 1.72 y (decelerated) stable 0.18 0.25
06-10, 02:00 5/220 0.0112 0.0174 0.0004 1.75 1.26 y (stagnantflow) stable 0.17 0.06
06-10, 14:00 5/225 0.0027 0.0053 0.0001 0.85 3.23 y (decelerated) stable 0.09 0.13
07-10,02:00 5/240 0.0036 0.0085 0.0001 1.16 1.68 y (decelerated) stable 0.14 0.27
07-10, 14:00 2/55 0.0024 0.0029 0.0001 2.43 10.03 n(stagnantarea) stable 0.05 0.21
08-10, 14:00  4/60 —0.0015 0.0019 -0.0001 —0.00 -1379 y* unstable  0.11 0.08
09-10, 14:00 6/80 0.0032 0.0151 0.0001 0.85 0.48 vy (decelerated) stable 0.13 0.14
10-10,02:00 7/85 0.0151 0.0219 0.0005 1.66 1.09 y(stagnantflow) stable 0.09 0.09
11-10,02:00 7/85 0.0187 0.0182 0.0006 1.78 1.95 y(stagnantflow) stable 0.09 0.11
11-10, 14:00 6/70 0.0021 0.0155 0.0001 0.73 03 vy stable 0.09 0.04
12-10,02:00 4/45 0.0175 0.0064 0.0006 3.32 1476 n(stagnantarea) stable 0.11 0.06
13-10, 14:00 4/65 0.007 0.009 0.0002 1.83 2.97 y(stagnantflow) stable 0.31 0.15
16-10,02:00 4/245 0.0037 0.0087 0.0001 151 1.67 y (stagnantflow) stable 0.12 0.20
19-10,02:00 6/230 0.0062 0.0118 0.0002 1.12 1.57 vy (decelerated) stable 0.05 0.10
19-10, 14:00 7/230 0.002 0.0121 0.0001 0.6 047 vy stable 0.02 0.06
20-10,02:00 6/245 0.0063 0.0185 0.0002 1.16 0.64 y (decelerated) stable 0.06 0.07
21-10,14:00 7/250 —0.0011 0.0069 0 -000 -079 y* unstable  0.03 0.11
22-10,02:00 7/240 0.0101 0.0138 0.0004 1.23 1.88 y (decelerated) stable 0.12 0.04
23-10,14:00 8/225 0.0128 0.02 0.0005 1.25 1.14 y (decelerated) stable 0.09 0.24
24-10,02:00 13/225 0.0038 0.0286 0.0001 0.42 016 vy stable 0.01 0.08
24-10,14:00 7/245 0 0.0073 0 0 0 vy neutral 0.02 0.19

overflow conditions without a deceleration/blocking of the The other FCEs (11.2, 11.3, 13.3 (in part), 22.0 (in part),

flow, without significant downward mixing of air from higher 22.1, and 24.0), by contrast, showed less congruent wind
levels, and without a circulation around the Thuringian For- directions and wind speeds before, on top and behind the
est. This condition was fulfilled for all FCEs during Septem- mountain ridge — for these FCEs, the COSMO model pre-

ber and for FCE26.1/FCE26.2 in October, in which very con-dicted an upwind blocking, at least in part. For example, as
stant SW flow conditions were predicted by COSMO. For shown in Fig. 7, the model predicted decelerated flow con-
example, as illustrated in Fig. 7, FCE7.1 showed a very ho-ditions in the upwind area and stronger winds in the down-

mogeneous regional wind field with similar wind directions wind area during FCE 24.0. The latter prediction indicates

and wind speeds before, on top and behind the mountaithe presence of downdrafts in the lee of the mountain ridge
ridge, which indicates an adequate flow over the mountairand, thus, entrainment of air from higher altitudes.

(i.e. without an upwind deceleration of the incoming flow The COSMO-predicted wind conditions during each of the

and almost no entrainment of higher-level air). identified FCEs are presented in Table 5. In general, these
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Table 5. Summary of the meteorological and overflow conditions during the identified FCEs, including a conclusive assessment of their
suitability for future analyses. In brackets, the Supplement section is given where the utilised material for each FCE is obtainable.

FCE Remarks on meteorological conditions and flow connectivity

Date/Time (CEST)

(Offline sampling)

FCE1.1 Mostly good overflow conditions, with low CQOF), (mean CO[R, <0.06 at all sites) and COfugnm
14-09-2010 11:00 (mean CORy49nmGL-GB <0.08) values, congruentzOconcentration profiles, CODs and cross-

to 15-09-2010 01:50 correlation analysis showed less sufficient flow conditions around 17:30-19:00 and particularly af-
ter midnight (correlations with the upwind site were significantly lower, which indicates that slight
(14-09-2010 11:00 LUV blocking effects were possible), stable SW flow conditionss{de-= 236°), moderate wind speed
to 15-09-2010 02:00) (ffsm = 8.2ms™1), precipitation at the beginning and end (totalggiR~ 1.2 mm) of the FCE, longest
[Supplement section A] offline sampling period (15 h), cold front at the end of the FCE, frontal cloudiness, stable thermal strat-
ification, quite stable trajectories and air mass advection, almost suitable overflow conditions predicted
by the COSMO model (slightly decelerated flow particularly between 04:00 p.m. and 06:00 p.m.)
— Suitable FCE: adequate meteorological/connected flow conditions

FCE1.2 Good overflow conditions, with low COf), (mean COR), < 0.05 at all sites) and COfugnm
15-09-2010 (mean CORQv4a9nmGL-GB ~ 0.02) values, very congruentzQconcentration profiles, reasonable
03:00-06:20 cross-correlations r¢corge—cL =~ 0.7), stable SW flow conditions (dgh=231°), high wind

speed (fgpy=9.6m s 1), probably stable thermal stratification, slight precipitation at all sites
(no offline sampling)  (RRgy &~ 0.4 mm), increasing LWC from 0.05 to 0.28 gt unsteady cloud base height, short dura-
[Supplement section B] tion (3.33 h), suitable overflow conditions predicted by the COSMO model

— Suitable, although short-duration, FCE: adequate meteorological/connected flow conditions

FCE2.1 Good overflow conditions, with low COg) (permanently below 0.02) and CQRgnm (Mean
15-09-2010 23:00 CODpy49nmacL—GB ~ 0.09) values, very congruenz@oncentration profiles, high cross-correlations
to 16-09-2010 02:00 (0.6 <ryxcor < 0.8), stable thermal stratification, slightly decelerated flow possite<1.13), moder-
ate to high wind speed €, increasing from~7ms-1 to 10.5 ms'1), increasing cloud base height at
the end of the FCE (> 300 m), stable SW wind conditionssfgd- 240°), relatively low LWC (mean
(no offline sampling) 0.17g n13), short duration (3h), no precipitation, clouds probably not purely orographically induced,
[Supplement section C] suitable overflow conditions predicted by the COSMO model
— Suitable FCE: adequate meteorological/connected flow conditions

FCE4.1 Less sufficient overflow conditions, with low CQj) values (mean COB, <0.07 at all sites) but
16-09-2010 high CODy49nm values (mean COR49nmcL-cB ~ 0.17), congruent @ concentration profiles
13:10-15:00 but low cross-correlations, especially for the downwind site (slight disconnection possible), unsta-

ble wind direction changing from SW (224to WSW (254) within 2h, moderate wind speeds
(no offline sampling) (ffsm=7.4m s, changing cloud base height (partially above 350 m at the end of the FCE), labile
[Supplement section D] thermal stratification (possible entrainment), low mean LWC (0.13 §mslight precipitation at all

sites during the event (Rfgy < 0.8 mm) due to an occlusion (frontal cloudiness), short duration (2 h),

suitable overflow conditions predicted by the COSMO model (but westerly winds predicted)

— Probably useful FCE: slightly limited meteorological and connected flow conditions

FCE5.1 Reasonable overflow conditions, C@D (mean COI[, <0.05 at all sites), CORsgnm (mMean
16-09-2010 CODpy49nmGL—GB ~0.12), lower CORya9nmcL—sm (* 0.04), congruent @ concentration pro-
21:40-23:50 files, moderate wind speedsdff =6.3ms1), stable thermal stratification, stable WSW flow con-

ditions (ddsy = 239°), slightly decelerated flow possiblé’{¢ = 1.1), quite stable cloud base height
(no offline sampling) (200-250 m), stable and high LWC (mean 0.3 g no precipitation, short duration (2 h 10 min),
[Supplement section E] mostly good overflow conditions predicted by the COSMO model (small upwind deceleration of the

flow towards the end of the FCE)

— Suitable, although short-duration, FCE: adequate meteorological/connected flow conditions
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Table 5. Continued.

FCE7.1
24-09-2010 21:10
to 25-09-2010 00:50

(24-09-2010 23:45
to 25-09-2010 01:45)
[Supplement section F]

Good overflow conditions, with low COg) values (mean COg, <0.04 at all sites) and moderate
CODp4gnmValues (mean COR49nmaL—cB <0.12), congruent @concentration profiles, very high
cross-correlations (0.8rxcor<0.9), stable SW winds (dgly =228), moderate wind speeds (mean
ffisgm=6.7 ms1, orographic cloudiness, relatively stable cloud base height 200-250 m with

an increasing LWC of0.1-0.3gnT3, no precipitation, quite stable thermal stratification, slightly
decelerated flow possible at the end of the FCE (slight LUV blockihg= 1.4 and increasing CODSs),
slightly changing trajectories and air mass advection, relatively short duration (3 h 40 min), conditions
during the offline sampling period not as adequate as at the beginning of the FCE, suitable overflow
conditions predicted by the COSMO model

— Suitable FCE: adequate meteorological/connected flow conditions

FCE11.2
01-10-2010 20:50
to 02-10-2010 03:10

(01-10-2010 22:30
to 02-10-2010 05:30)
[Supplement section G]

Reasonable overflow conditions, with relatively high C§)Dvalues (mean COg, gL—gB ~ 0.14)

and CODysgnm Vvalues (mean CORsonmcL-cB~0.12) and lower values just for
CODpysgnmsm—cB  (*0.06), which indicates a slight LUV blocking at the beginning, par-
tially dissimilar ozone concentration profiles at the upwind site, partially high cross-correlation values,
stable SW flow conditions (dgy = 222°), weak winds (f =3.7ms 1), overflow possible (slight
blocking effects,Fr =2.2), very stable stratification, frontal cloudiness (occlusion front), slightly
fluctuating cloud base height (100200 m), increasing high LWC (mean 0.3y mo precipitation,
slightly changing trajectory pattern, 6 h 20 min duration, conditions at the end of the offline sampling
period even less adequate than during the FCE (see the COD analysis data in the Supplement), less
sufficient wind field conditions predicted by the COSMO model (particularly at the beginning, where
small blocking effects were predicted)

— Probably useful FCE: adequate meteorological but restricted connected flow conditions

FCE11.3
02-10-2010 07:10
to 03-10-2010 00:30

(02-10-2010
14:30-20:00)
[Supplement section H]

Satisfactory overflow conditions, partially high COD values (mean gQB__cg ~ 0.06; mean
CODpy4gnmGL—GB ~ 0.14), with higher values mostly for the upwind sit€; (0.8; 1.3) andRi

(0.8; 7.2) numbers indicate stable stratification and the possibility of a slightly decelerated flow, higher
cross-correlations during the first half of the FCE than during the second, stable SW flow conditions
(ddgp = 220°), moderate to high wind speeds (meagyft=6.3ms1, 3.6-9.2 m 51), slight precip-

itation (RRsp =~ 0.5 mm) particularly in the first half of the FCE, frontal cloudiness (associated with
a warm front), variable cloud height (100-300 m), partially high LWC values (mean 0.323g Ista-

ble trajectory pattern, long duration (17 h 20 min), mostly good overflow conditions predicted by the
COSMO model (small upwind deceleration of the flow predicted from 20:00 onward)

— Suitable FCE: adequate meteorological/ connected flow conditions

FCE13.3
06-10-2010 06:50
to 07-10-2010 01:00

(06.10-2010 12:15
to 07-10-2010 03:15)
[Supplement section 1]

Reasonably good overflow conditions, partially high COD values (meang;@p_gg ~ 0.07; mean
CODpy4gnmcL—GB ~ 0.15), Fr (0.85; 1.2) andri (3.2; 1.7) numbers indicate stable stratification
and the possibility of a slightly decelerated flow, upwind sitg @ncentration profiles partially dis-
similar, higher cross-correlations during the first half of the FCE than during the second (overall
rxcor>0.8), stable SW flow conditions (d = 223) with weak wind speeds @y =4.2ms1), oro-
graphic cloudiness, relative stable cloud base height (100—200 m), high LWC values (mean 032 gm
LWCmax=0.58¢g n3), no precipitation, unstable trajectories, long duration (15 h), inadequate flow
conditions at the end of the offline sampling event (see the COD analysis in the Supplement), accept-
able overflow conditions predicted by the COSMO model (upwind deceleration of the flow predicted
from 20:00 onward)

— Suitable FCE: partially adequate meteorological/ connected flow conditions

FCE22.0
19-10-2010 01:50
to 19-10-2010 09:00

(no offline sampling)
[Supplement section J]

Mostly good overflow conditions, relatively low CQf) values (mean COg; gL-cB < 0.03),
CODpy49nm (mean CORQvagnmcL-GB<0.12), congruent @ concentrations, very high cross-
correlations £xcor>0.9), stable thermal stratification, slightly decelerated flow possible at the start
of the FCE only fr=1.1), stable SW winds (mean gg =233), moderate wind speeds (mean
ffgm=>5.1ms 1), relatively stable cloud base height (100200 m), moderate LWC values (0.2—
0.4gnm3), temperature below 273K, low clouds and slight precipitation at the end of the FCE due
to an occlusion, good overflow conditions predicted by the COSMO model for the second half of the
FCE (small blocking of the upwind flow/downdrafts during the first half possible)

— Partially suitable FCE: adequate meteorological and partially restricted connected flow conditions
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Table 5. Continued.

FCE22.1 Acceptable overflow conditions, reasonable G§)Dvalues (mean CO, cL_cg=0.09),
19-10-2010 21:10 CODpy4gnm (mean CORy49nmcL—cB =0.09), less congruentgconcentrations, reasonable cross-
to 20-10-2010 02:30 correlations, stable thermal stratification, slightly decelerated flow possible at the end of the FCE
(Fr=1.2), WSW to W flow conditions (mean dg = 248), low/moderate wind speed (mean
(19-10-2010 21:30 ffgm=4.7ms 1), varying cloud height (100-200 m), almost constant LWC (mean 0.31%) npre-
to 20-10-2010 03:30) cipitation (RRs < 0.2 mm), reasonably stable trajectories, long duration (5 h 20 min), flow conditions
[Supplement section K] still adequate at the end of the offline sampling event (see the COD analysis in the Supplement) but
precipitation at all sites, stable SW winds with a small blocking of the upwind flow predicted by the
COSMO model
— Suitable FCE: adequate meteorological/ connected flow conditions

FCE24.0 Partially good overflow conditions, reasonable mean @QRCODo, gL—cg =0.08) and partially
21-10-2010 22:10 high CODy49nm (CODy49nmcL—sm = 0.15), Gy concentrations partly incongruent at night, good
to 22-10-2010 10:00 cross-correlation between the summit and downwind siteg{sm—cB ~ 0.7), rxcor for the upwind
site lower (< 0.3), cross-correlation implies a slight LUV blocking at the start of the FCE, stable ther-
(no offline sampling) mal stratification, slightly decelerated flow possibler(= 1.2), stable WSW flow conditions (mean
[Supplement section L]  ddgy = 241°), moderate wind speed (meanff=4.9ms 1), unsteady cloud base height (170—
350m), quite low LWC values (mean 0.14 g, no precipitation, temperature below O, oro-
graphic cloudiness, stable trajectories, long duration (11 h 50 min), COSMO model shows less stable
wind arrows, with distinct blocking of the upwind flow throughout the whole event
— Partially suitable FCE: acceptable meteorological and partially restricted connected flow conditions

FCE26.1 Good overflow conditions, with low COf, (CODgp,gL-ce=0.01) and COR49nm
23-10-2010 23:45 (CODpy49nm < 0.1) values, congruent £Oconcentration profiles, high overall cross-correlations
to 24-10-2010 07:20 (0.7 <rycor<0.9), low Fr number Er =0.42), stable stratification, stable SW flow conditions (mean
ddgy = 233), high wind speed (meandfy=9.7ms1), inconsistent trajectories, post-frontal
(24-10-2010 clouds (probably not purely orographic), relatively stable LWC (mean 0.193) nvariable cloud
01:30-08:45) base height (300-130 m), light precipitation during the FCE {gR 0.8 mm), 7.5h duration, flow

[Supplement section M] conditions still adequate at the end of the offline sampling event (see COD analysis in the Supplement)
but precipitation at all sites, suitable overflow conditions predicted by the COSMO model
— Suitable FCE with adequate meteorological/ connected flow conditions

FCE26.2 Mostly good overflow conditions, low COf (CODg, gL—cg =0.01) but rather high COR49nm
24-10-2010 (CODy4gnmeL—GB =0.23), congruent © concentration profiles, good cross-correlations
08:40-12:20 (0.65 <ryxcor<0.85), low Fr number, SW/WSW flow conditions (mean gjg@=23%), high
wind speed (mean §§v|:9.0ms_1), inconsistent trajectories, post-frontal cloudiness and precipi-
(24-10-2010 tation (RRsp < 0.4 mm), cloud base height 200 m, increasing above 350 m at the end of the FCE,
09:15-11:45) decreasing LWC (mean 0.15 g*n°ﬁ), 3 h 40 min duration, suitable overflow conditions predicted by

[Supplement section N] the COSMO model
— Suitable FCE, but short event, with adequate meteorological and most likely adequate connected
flow conditions

modelled results are quite consistent with the results obtainednents (TE1 and TE3; see Supplement) were conducted under
from the COD and cross-correlation analyses discussed prezonnected flow conditions suitable for Lagrangian-type com-
viously. Therefore, the connected flow validation scheme deparisons of concentrations at upwind and downwind sites.
veloped in this work is approved to be applicable for identify- TE1 was conducted during the NCEO0.4 period, while TE3
ing suitable flow conditions for a hill cap cloud experiment. was conducted during the FCE13.3 period. By contrast, COD
analysis indicated that the other two experiments (TE2 and
TE4) were performed under conditions of poor flow connec-
tivity between the sites. For this reason, only the results ob-
tained during TE1 and TE3 are shown in Fig. 8.

Different plume pathways were observed during TE1 and

3.6 Tracer experiments

Four Sk tracer experiments (TEs) were carried out dur-

ing the HCCT-2010 campaign (TE1-TE4; see Table 1)'TE3, which reflects differences in the dominant wind di-

Although all of these experiments were carried out when_ . . . . .
. - rection during these experiments. The mean wind direc-
local meteorological conditions seemed favourable, post-

. . - tion at the Mt. Schmicke summit site 20) had a
campaign COD analysis of flow connectivity between thehigherwesterly component during TE1 (m@e‘g@m&f 240
three measurement sites revealed that only two of the experi- '
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24. Sep 2010 21:00 21. Okt 2010 20:00

Figure 7. Depiction of the horizontal cross-section of the topography and the wind conditions (black arrows) above the ground for the
COSMO model domain at 21:00 UTC on 24 September 2010 (left graphic) and at 20:00 UTC on 21 October 2010 (right graphic). The white
square represents the Mt. Schmucke site.

see Table 1) than during TE3 (mearsgidof 220°). Asare-  tive support for the faster transit time observed during TE1. It
sult, the TE1 plume passed closer to the sampling sites tghould be noted that in both experiments the measured tran-
the east of the release site (22, 44, and 32) than those to th&t time also included the time required for &Sto diffuse
west of the release site (21, 41, and 30). The opposite was oldfrom the ground to higher altitudes, where it then could be
served during TE3: higher $fnixing ratios were observed transported with higher wind speeds. Since the upwind site
at the western sites (41 and 30). Although somewhat loweiis located close to the ground and in a rather narrow valley,
SFks mixing ratios were observed at the western site 21 tharthe wind speed at this location was always significantly lower
at its eastern counterpart site 22, peak 8fhcentrations at  than at Mt. Schmiicke (< 1 nT$ during both TE1 and TE3).
site 22 were reached later than at the Mt. Schmiicke site (20)The transit times observed during theg3facer experiments
which is further downwind. This indicates that site 22 was are thus expected to be somewhat longer than those of “rep-
likely not part of the main pathway of the plume. resentative” air parcels during FCESs, since these parcels did

During both TE1 and TE3, the highest &hixing ratios  not arise from a point source on the ground but rather trav-
(~ 110 ppt) were usually observed at the Mt. Schmiicke siteelled with the higher wind speeds above the ground.

As a result of diffusion and dilution, lower mixing ratios Experimental results for the TE2 and TE4 tracer experi-
were observed at the downwind sites. Howeverg 86n-  ments are shown in Figs. S5 and S6 in the Supplement. Much
centrations at these sites (30-60 ppt) were still well abovdower Sk mixing ratios were observed at the Mt. Schmuicke
background levels, which provides support for the assumpsummit (20) and at the downwind sites 30 and 32 during TE2
tion that connected air flow between the upwind, summit andthan during TE1 and TE3, which indicates either that the SF
downwind sites was present during these experiments. plume did indeed not directly pass these sites or that verti-

Although the SE plume did not directly pass the Gehlberg cal lifting from the upwind site was blocked. During TE4,
downwind site (30) during TE3, it did, however, pass the no increase in S§mixing ratios was observed for the first
nearby Am Brand downwind site (32). It seems valid, there-40 min after the initial SErelease, even at the sites closest to
fore, to assume that during the FCEs (and NCEs), where #@he upwind site (21 and 22), which indicates a strong decou-
spatially more homogeneous aerosol population was transpling/blocking of the upwind site. This finding is supported
ported through the area (i.e. rather than a plume originatingoy the flow connectivity analysis performed for this time pe-
from a point source), representative air parcels were able toiod (see the Supplement). Together, these results confirm
be sampled at the Gehlberg site (30), as long as a SW flowhat flow connectivity between the measurement sites was not
was present. present during TE2 and TE4.

The Sk transit time — here defined as the time difference Overall, the Sgtracer experiments serve as empirical sup-
between its initial release and the measurement of the maxgort for two crucial assumptions/prerequisites of the HCCT-
imum mixing ratio at one of the two downwind sites (30 or 2010 campaign: (i) under appropriate meteorological condi-
32) — was 30 min for TE1 and 45 min for TE3. The mean tions a Lagrangian-type analysis of experimental data is valid
wind speed at the Schmicke site during TE1 was about twicand (ii) the flow validation scheme developed in this work is
as high as that measured during TE3, which provides qualitasuitable for identifying such conditions.
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Figure 8. SFs mixing ratios at measurement sites during AeTE1 and(b) TE3 tracer experiments. The positions of the bar plots indicate
the approximate geographic positions of the sites, and the grey arrow on each plot indicates the mean wind direction at the Mt. Schmticke
summit site during the experiments. Sfelease was conducted at the upwind site Goldlauter.

Goldlauter upwind site Goldlauter upwind site

3.7 Overall evaluation of the FCEs vantages might be needed for further investigations and in-
terpretations of other measurement data. Despite these dis

advantages, however, all FCEs and NCEs identified in the

A comprehensive assessment of the meteorological and flow g et study are recommended for use in further investiga-
conditions during the ground-based cloud passage campaigiy s of the HCCT-2010 data set.

HCCT-2010 has been used to conclusively verify that the se-

lected FCEs meet the required conditions for a Lagrangian-

type experiment. The results of this assessment, includingi  Summary

the advantages and disadvantages of each individual FCE,

are outlined in Table 5. This table also includes an overallThe main goal of the present study was to provide a compre-
conclusive statement regarding the suitability of the meteo-hensive evaluation of the meteorological and connected flow
rological and flow connectivity conditions during each FCE. conditions present during the ground-based Lagrangian-type

It can be qualitatively concluded from Table 5 that the experiment HCCT-2010, in order to provide a set of suitable

meteorological and flow connectivity conditions during the measurement time periods for detailed investigations (see
14 FCEs largely fulfilled the requirements associated withe.g. Harris et al., 2013, 2014; Spiegel et al., 2012). In order
the Lagrangian-type experiment performed during HCCT-to accomplish this goal, synoptic- and local-scale advection
2010. Since each FCE has unique advantages and disadvagenditions during HCCT-2010 were examined and classified.
tages, however, no final ranking of the FCEs was performedThe local flow conditions throughout the entire measurement
Furthermore, it is necessary to keep disadvantages of somgeriod were studied by means of statistical analyses and cor-
FCEs, such as occurred precipitation, in mind. Some disadresponding statistical measures (COD and cross-correlation).
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In particular, the particle number concentrations in specificLagrangian-type approach is valid for hill cap cloud exper-
aerosol size bins and the concentrations of the quasi-ineriments. Finally, the methods and tools developed and applied
trace gas ozone at the upwind, summit and downwind sitesn the present study can be used for the identification of suit-
were used for the statistical analyses. able meteorological and connected airflow conditions during

The entire HCCT-2010 measurement period was analysefuture Lagrangian-type hill cap cloud experiments.
with respect to flow connectivity between the three mea-
surement sites and the presence or non-presence of a cloud ) o ] )
at the sites. For further verification of the local flow con- '€ Supplement related to this article is available online
nectivity and improved understanding of local air transport@t doi:10.5194/acp-14-9105-2014-supplement
processes in the experimental area, tracer experiments were
conducted using the inert gas &Hhen, full-cloud events
(FCEs) and non-cloud events (NCEs) were identified in an
objective manner according to a set of developed flow andAcknowledgementsThis work was supported by the German Re-
precipitation criteria. The mesoscale airflow over the moun-search Foundation (DFG, He 3086/15-1, DFG grant Me 3534/1-2).
tain ridge during the identified FCEs and NCEs was char-
acterised by means of the non-dimensional parameters Edited by: C. George
andRi, which were calculated from rawinsonde observation
data. In addition, the local meteorological conditions dur-
ing the identified FCEs were studied in detail. Simulations
performed using the weather forecast model COSMO weregaines, P. G.: Topographic Effects in Stratified Flows, Cambridge
used to further investigate the regional and local flow condi-  University Press, Cambridge, 1995.
tions. These simulations enabled the characterisation of th&aldauf, M., Seifert, A., Forstner, J., Majewski, D., Raschendor-
regional wind pattern and the identification of decelerated or fer, M., Reinhardt, T.: Operational convective-scale numerical
blocked flow conditions at the upwind site and downdrafts at Wweather prediction with the COSMO model: Description and
the downwind site. sensitivities, Mon. Weather Rev., 139, 3887-3905, 2011.

This comprehensive examination showed that orographi@oggrsetgroﬁ' F:(i:’]g]?rlll’er?.,\/AlclaxliéjrljaoBrYethL?;tgnllﬂC.I,_:her:‘gr?rlld’UG.,
Clogdlnesg was mosF often_observed for SW Weather type sit- Rasch,’P.,,Satheesh, ’S. K., ’Sherwo;)d, ’S., St’eve’ns, B., and’Zhémg,
uations with stable incoming flow. In total, approximately

- . . X.Y.: Clouds and Aerosols, in: Climate Change 2013: The Phys-
one third of the examined HCCT-2010 cloud periods were ical Science Basis. Contribution of Working Group | to the Fifth

characterised by orographic cloudiness; the other two thirds assessment Report of the Intergovernmental Panel on Climate
were characterised by clouds associated with synoptic fronts. change, edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tig-
The results of the statistical flow analyses and 8&cer ex- nor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
periments performed in this study show that a strong link V., and Midgley, P. M., Cambridge University Press, Cambridge,
between the three measurement sites exists, particularly un- United Kingdom and New York, NY, USA, 571-657, 2013.

der constant SW flow, high wind speed and slightly stableBower, B. K. N., Choularton, T. W., Gallagher, M. W., Beswick,
stratification conditions. The findings of the COD and cross- K- M., Flynn, M. J., Allen, A. G., Davison, B. M., James, J. D.,
correlation analysis were supported by results obtained from E;’gjerfog' '-G H&:ﬂiﬁ’d”’g' '\gutgi""ﬁ’ i‘ Nl\l/ia(;,t?r?ses’ an NB” '\(’BIC'
regional modelling. The overall evaluation of the HCCT- LT T P o
2010 measurement period with respect to meteorological Frank, G., Swietlicki, E., Zhou, J., Berg, O. H., Mentes, B., Pa-

d d fl diti ited in the identifi paspiropoulos, G., Hansson, H. C., Leck, C., Kulmala, M., Aalto,
and connected flow conditions resulted in the identifica- P., Vakeva, M., Berner, A., Bizjak, M., Fuzzi, S., Laj, P., Fac-

tion of 14 FCEs useful for further studies (ske#p://www. chini. M. C., Orsi. G., Ricci. L., Nielsen, M., Allan, B. J., Coe,
atmos-chem-phys.net/special_issue287 html H., McFiggans, G., Plane, J. M. C., Collett, J. L., Moore, K. F.,
In conclusion, the present study used an unprecedentedly and Sherman, D. E.: ACE-2 HILLCLOUD. An overview of the
comprehensive variety of tools, including tracer experiments, ACE-2 ground-based cloud experiment, Tellus B, 52, 750-778,
statistical measures, non-dimensional flow parameters and 2000.
regional modelling, to provide a comprehensive analysis ofBower, K. N., Choularton, T. W., Gallagher, M. W., Colvile, R. N.,
connected flow conditions crucial for a Lagrangian-type hill ~ Beswick, K. M., Inglis, D. W. F., Bradbury, C., Martinsson, B.
cap cloud experiment. Results obtained using the statisti- G- Swietlicki, E., Berg, O. H., Cederfelt, S. 1., Frank, G., Zhou,
cal approach and those obtained using the experimental and ¥ €@P¢ J. N., Sutton, M. A, McFadyen, G. G., Milford, C.,
modelling approach exhibited a high degree of consistency. Blrmlll_, W., Yuskiewicz, B. A., Wiedensohler, A., Stratmann_, F.,
. S . . " Wendisch, M., Berner, A., Ctyroky, P., Galambos, Z., Mesfin, S.
This is a significant rgsult suggesting thatl statistical toqls H., Dusek, U., Dore, C. J., Lee, D. S., Pepler, S. A., Bizjak,
such as cross-correlation and COD analysis can be applied \ and Divjak, B.: The Great Dun Fell Experiment 1995: an
in future Lagrangian-type studies with greater confidence oyerview, Atmos. Res., 50, 151-184, 1999.
than before. Overall, the results of the present paper demorBruintjes, R. T., Clark, T. L., and Hall, W. D.: The Dispersion
strate that, under appropriate meteorological conditions, a of Tracer Plumes in Mountainous Regions in Central Arizona
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