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SUMMARY IX

Summary

The impact of complex terrain on the land-atmosphexchange is investigated in this
thesis. Here, free convection, a very effectivetigar transport mechanism as
turbulence is predominantly driven by buoyant ferde explicitly addressed. Recently,
it was shown for certain situations over complexai@ that free convective injections
of surface layer air masses into the atmospherimthary layer (ABL) can alter the
ABL properties significantly. This study aims atetlgeneral identification and
description of such situations of near-ground fteavection conditions (FCCs) over
complex terrain. For this purpose, data obtainednduthe COPS (Convective and
Orographically induced Precipitation Study) fieehgpaign in summer 2007 were used.
Within this project, several surface flux measuretregations were installed, mainly in
valleys and on mountaintops of the Black Forestittemestern Germany. Turbulent
fluxes were calculated with the eddy-covariance)(E@thod and were used to detect
FCCs with the help of a stability parameter. Thex fimeasurements were further
combined with ABL profiling measurements (Sodar/5)and a large-eddy simulation
(LES) model in order to investigate the impact G5 on ABL properties. The effect
of complex terrain on the energy balance closur@ @m spatial and temporal flux
differences was also studied with these flux data.

FCCs were detected on about 25% of the days duttvegthree month COPS
experiment. In situations of weak synoptic forcitigermally driven orographic (e.g.
valley winds) or local wind systems developed a¥er complex terrain due to heating
differences. During the adaption of these windeyst to changing heating differences
(e.g. during the reversal of the valley wind frorawah- to up-valley winds in the
morning), the horizontal wind vanished. If, at th@me time, the buoyancy flux was
positive and enhanced, buoyant forces exceededsih@ly prevailing shear forces in
the surface layer and FCCs were detected. Moretweas demonstrated that FCCs are
not restricted to the COPS region. Also, a dataof@dam Co station on the Tibetan
Plateau showed FCCs during the reversal of a tHirndaiven land-lake breeze.
However, at this high-altitude site, FCCs were moften detected in the afternoon
compared to the COPS region due to the frequemtgehaf heating differences during
cloud cover periods.

The Sodar/RASS as well as the LES model showegtbsence of coherent updraft
structures in the developing early-morning conwectboundary layer (CBL) in the
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Kinzig valley (Black Forest) during FCCs. Spectaslalysis of the EC data in these
situations indicated the existence of large-eddpuient scales — typical for thermal
updrafts in the CBL — already close to the grovkidensemble and time mean analysis
of the simulated flow field in the valley furtheorfirmed that the Sodar/RASS was
located preferably in an updraft region during FCldsa CBL over flat homogeneous
terrain, the locations of convective structures Maccur randomly. However, over the
complex orography of the Kinzig valley, the updstfuctures were found to develop in
quasi-stationary patterns at specific locationatnet to the surrounding mountain
ridges. The model further showed that the flux tigto the valley boundary layer is
mainly determined by the flux within these cohereptirafts. In combination with the
Sodar/RASS observations, the model also showedtiraé updrafts deeply penetrated
into the stably stratified valley boundary layer tgpapproximately the height of the
surrounding mountains leading to an effective upweounter-gradient transport of
surface layer air mass properties during FCCs.

The analysis of the turbulent fluxes at the differ€OPS sites showed that the flux
values were strongly determined by varying landfag@r characteristics. Also an
increase of the Bowen ratio with increasing alttumbuld be detected. These findings
are in accordance with former studies in this afsaexpected, the energy balance was
found to be unclosed on average during the ent@® € period, with values of the
residual typical for heterogeneous landscapes. Meryeegarding only the periods with
FCCs, no residual occurred on average. This is tduthe fact that the landscape
heterogeneity is of minor importance in case of rtnare vertical oriented exchange
regime during FCCs, so that missing advective fapmponents became strongly
reduced in these situations. Moreover, it was fotlnad in comparable periods with no
FCCs, flux components were missing with exactlyghaportions of the buoyancy flux
ratio, thus suggesting a correction of the energgrice according to the buoyancy flux
ratio approach. These results support recent mtldits on the energy balance closure

problem.
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Zusammenfassung

In der vorliegenden Arbeit wird die Auswirkung vd@mplexem Gelande auf den
Austausch zwischen Land und Atmosphare unterstitatbei wird freie Konvektion,
ein sehr effektiver vertikaler Transportmechanispaes die Turbulenz hauptsachlich
durch Auftriebskrafte gesteuert wird, ausfuhrlicehbndelt. Kirzlich wurde fir
bestimmte Situationen in komplexem Geldnde gezeigss der Eintrag bodennaher
Luftmassen durch freie Konvektion in die atmosptgéire Grenzschicht (ABL) zu einer
erheblichen Anderung derer Eigenschaften fiinrennkddiese Arbeit strebt eine
generelle Identifizierung und Beschreibung solchedennaher Bedingungen freier
Konvektion (FCCs) an. Dazu wurden Daten der CORSEctive and Orographically
induced Precipitation Study) Feldkampagne des Sam2@)7 verwendet. Im Rahmen
dieses Projektes wurden mehrere FlussmessstatiGbenyiegend in Talern und auf
Gipfeln des Schwarzwaldes in Suddeutschland, aafgeldurbulente Flisse wurden
mit der Eddy-Kovarianz (EC) Methode berechnet urehufzt, um mit einem
Stabilitatsparameter FCCs zu detektieren. Die Rhessungen wurden Uberdies mit
ABL Profiimessungen (Sodar/RASS) und einer Grolgtmsimulation (LES)
verbunden, um die Auswirkung von FCCs auf die ABL untersuchen. Der Effekt
komplexen Gelandes auf die Energiebilanzschlieftumgauf raumliche sowie zeitliche
Flussunterschiede wurde mit Hilfe dieser Flussdatenfalls analysiert.

FCCs wurden an etwa 25% der Tage des dreimonati@®®S Experimentes
festgestellt. In Situationen schwachen synoptischercings entwickelten sich tber
dem komplexen Gelande aufgrund von Warmeuntersehidtiermisch getriebene
orographische (z.B. Talwinde) oder lokale Windsyste Wahrend der Anpassung
dieser Windsysteme an die sich &ndernden Warmeghiede (z.B. bei der Umkehr
des Talwindsystems von Talab- zu Talaufwinden anmgeio), ging der Horizontalwind
gegen Null. Falls zur selben Zeit der Auftriebsstrpositiv und erhéht war, Ubertrafen
die Auftriebskrafte die Ublicherweise in der Bodgmsht vorherrschenden Scherkréfte
und FCCs wurden detektiert. Ferner wurde gezemgs dlas Vorkommen von FCCs
nicht auf die COPS Region beschrankt ist. AuchBatensatz der Nam Co Station auf
der Tibetischen Hochebene wies FCCs wahrend derebmkase einer thermisch
getriebenen Land-Seewind-Zirkulation auf. Jedochden an diesem Hohenstandort im
Vergleich zur COPS Region aufgrund haufiger Veramagen der Warmeunterschiede
wahrend Phasen mit Wolkenbedeckung FCCs vermehNarhmittag festgestellt.
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Das Sodar/RASS sowie die LES zeigten die Prasenkebarenten Aufwindstrukturen
in der morgendlichen konvektiven Grenzschicht (CB) Kinzigtal (Schwarzwald)
wahrend FCCs. Eine Spektralanalyse der EC Datatiesen Situationen hat gezeigt,
dass grof3skalige Turbulenzstrukturen, typisch figrmische Aufwinde in der CBL,
bereits bodennah auftraten. Eine Ensemble und HEwtangsanalyse des simulierten
Talstromungsfeldes bestatigte aufRerdem, dass sa&sh Sbdar/RASS bei FCCs
bevorzugt in einer Aufwindregion befand. In eineBLClber flachem, homogenem
Gelande wirden die konvektiven Strukturen zufadligtreten. Uber dem komplexen
Gelande des Kinzigtals bildeten sich die Aufwindkturen jedoch in quasi-stationaren
Mustern an bestimmten Stellen relativ zu den urelnelgn Hohenrlicken aus. Die LES
zeigte zudem, dass der Fluss durch die Talgrerdschauptsachlich durch den Fluss in
den Aufwindstrukturen bestimmt wird. Zusammen neih Godar/RASS Beobachtungen
zeigte die LES auch, dass diese Aufwindstruktuieh inh die stabil geschichtete
Talgrenzschicht bis zu H6hen von etwa den umliegenBergen eindrangen, und
dadurch bei FCCs zu einem effektiven aufwarts usgleg den Gradienten gerichteten
Transport von bodennahen Luftmassen fuhrten.

Die Analyse der turbulenten Flisse an den untezdibhen COPS Standorten ergab,
dass die Flusse stark durch variierende Eigensahatier Gelandeoberflache bestimmt
wurden. Auch konnte ein Anstieg des Bowen Verhg#es mit zunehmender Hohe
festgestellt werden. Diese Ergebnisse stimmen niflitefen Untersuchungen in diesem
Gebiet Uberein. Wie erwartet wurde im Mittel beitdehtung des gesamten COPS
Zeitraumes eine ungeschlossene Energiebilanz miteWeles Residuums typisch fur
heterogenes Gelande gefunden. Dagegen trat bechdiefdicher Betrachtung der
Perioden mit FCCs im Mittel kein Residuum auf. Diegt darin begrindet, dass die
Landschaftsheterogenitat im Falle des eher vertik@tntierten Austauschregimes
wahrend FCCs von geringerer Bedeutung ist, so fdddende Flussanteile in diesen
Situationen stark reduziert wurden. Aul3erdem wundeergleichbaren Perioden ohne
FCCs festgestellt, dass Flussanteile genau mit ®enmédltnis des Auftriebsstroms
fehlten, was eine Korrektur der Energiebilanz gend&ih Auftriebsstromverhaltnis
nahe legt. Diese Ergebnisse stitzen kurzlich plee Befunde zur Energiebilanz-
schlieBungsproblematik.
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1 Introduction

Altering land surface properties, such as vegetatioughness, albedo, emissivity and
soil properties, and orography, e.g. valleys andumtenins, are typical features of
complex terrain. Heterogeneities of surface propertan lead to spatial variations of
turbulent fluxes (e.g. Mahrt et al., 1994; Lyonsl &talldin, 2004; LeMone et al., 2007)
and thus to an impact on boundary layer dynamicg ahrt and Ek, 1993; Sun et al.,
1998; Brunsell et al., 2011). Different temporatiapatial scales can be affected (e.g.
Betts et al., 1996). Many experimental studies, &hg LITFASS-2003 experiment
(Beyrich and Mengelkamp, 2006), were carried ouhm last twenty years in order to
study the influence of surface heterogeneities onnbary layer conditions (e.g.
Maronga and Raasch, 2012). Besides circulationscedl by differential terrain heating
(Pielke and Segal, 1986; Segal and Arritt, 1992¢rmally induced orographic wind
systems, e.g. slope and valley winds (Defant, 194Biteman, 1990; Whiteman, 2000;
Zardi and Whiteman, 2013), strongly influence thebtilent fluxes of heat, moisture
and momentum through the atmospheric boundary [@®l). The turbulent exchange
processes, e.g. in a steep Alpine valley, were shimastrongly depend on orography
and stratification in a mountainous boundary laygeg. Weigel et al., 2007; Rotach et
al., 2008). In the past, much research was dondetermine the scale of surface

heterogeneityl relative to the boundary layer height necessary to have a significant

effect on ABL characteristics. In addition to thetical (e.g. Mahrt, 2000) and
experimental (e.g. Strunin et al., 2004; Bangelgt2806) investigations, numerical
studies with large-eddy simulation (LES) modelgy.(edadfield et al.,, 1991, 1992;
Avissar and Schmidt, 1998; Baidya Roy and Avis2A00; Gopalakrishnan et al.,
2000; Gopalakrishnan and Avissar, 2000; Letzel Radsch, 2003; Patton et al., 2005;
Couralt et al., 2007; Huang et al., 2009; Huang Kliaggulis, 2009) are a widely used
tool to study the influence of surface heteroggneit the ABL. Small-scale surface
heterogeneitiesA/z = 027-1.2) were studied with LES by Shen and Leclerc (1995)
and Raasch and Harbusch (2001). These authorsvels#nat the most vigorous
vertical energy transport in a convective boundiyer (CBL) is produced when
A =1z. For very small patchesA(<<z) it is recognized by researchers that these

heterogeneities are blended and above a certaghth&vel a uniform and area-

averaged flux can be assumed. This theory is exfeto as the concept of blending
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height (Mason, 1988). However, in the case of Jewy wind speeds (free convection
regime), even patch lengths considerably smallan tthe boundary layer height

(A<z, A=250 m) are sufficient to affect the turbulence stiuee of the CBL (Shen

and Leclerc, 1994; 1995).

Free convection is a common phenomenon in the meygst of a CBL on clear sunny
days with light wind speeds. It prevails when theetpof turbulence kinetic energy
(TKE) created by buoyancy dominates over that eckdtty shear (e.g. Stull, 1988).
Vertical motion is then primarily induced by demgsudifferences within the fluid.
Coherent vertical structures (e.g. plumes or théupdrafts) exist in the CBL during
free convection leading to an effective verticaingport. The present thesis is focused
on specific situations in which free convectioraiseady observed over certain patches
of land use very close to the ground (in the serftayer), where normally shear
processes dominate. Air masses close to the susfame different characteristics than
air masses further up in the boundary layer, eug,humid or have a characteristic
chemical composition. These characteristics cam the transported upwards very
effectively by free convection which starts alreadiyse to the ground. In the surface

layer, free convection can be detected with the lélthe stability parameted for
values of{ < -1 (e.g. Webb, 1962; Foken, 20084).is the quotient of the heightand
the Obukhov length (Obukhov, 1946):

z_ ZK(g W@V')O

{=—=

— 1
L 6, u’ @)

Here, u. is the friction velocityg the acceleration due to gravit?v the mean virtual

potential temperature(wev') the buoyancy flux at the surface andthe Karman

0
constant £ ~ 0.4). According to Businger et al. (1971, is related approximately
linearly to the Richardson number for unstable @ons ({ < 0). The flux Richardson
numberR; is defined as the quotient of the buoyancy t8rto the shear teri8 of the

TKE budget equation (e.g. Stull, 1988; Garratt, )99

ne_ =7 [[==0u
R, ‘B/S‘g""HV/(”WaJ )

z
v

Regarding a coordinate system aligned with the meiaal, the shear tern® is the
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product of the momentum fluw'w and the wind shea@ﬁ/az. With the knowledge of
{ =R, in an unstable surface layek| |can be interpreted as the height above the
surface at which buoyant production first dominabeer mechanical production of
TKE (e.g. Stull, 1988). In other wordg, < -1 means that buoyancy-driven turbulence
dominates over shear-generated turbulencd_for 1. Thus, the requirement@f<- 1

is used in this thesis (Eigenmann et al., 2009, elpix B; Eigenmann et al., 2011,
Appendix C; Zhou et al., 2011, Appendix D; Brotzagt 2013, Appendix E) to detect
situations of near-ground free convection condgigRCCs). Regarding Eq. (1), free

convection is achieved by the conditions -~ 0 and (V\/'HV')O >0. The surface

turbulent fluxes,u. and (W'HV')O, can easily be measured by e.g. the eddy-covarianc

(EC) method (e.g. Swinbank, 1951; Foken et al.2201

Recently, Mayer et al. (2008) observed the freeveotive coherent vertical transport of
surface layer trace gases into upper regions abdladary layer in the Alpine foreland
during early-morning situations of low wind spedthe ceasing wind speeds could
often be related to the onset of a mesoscale atioul system called Alpine pumping
(see Lugauer and Winkler, 2005). During the pemdcthanging wind direction, the

horizontal wind speed vanished. The trace gasassported upwards vertically by free
convection, were then translocated advectively wWithmean wind towards a mountain
summit and altered the trace gas observations sigreficantly. Situations of near-

ground free convection can also be seen in thelisgadnd data quality analysis of EC

data obtained in an Alpine valley in Switzerlandg#iller et al., 2008), although these
authors did not address these events. FollowinggtBtudies, the main objective of this
thesis is to investigate in general the occurresfcECCs over complex terrain and its
impact on ABL characteristics. For this purposdadsd the three month field campaign
of the Convective and Orographically induced Prgaijon Study (COPS, e.qg.

Waulfmeyer et al., 2011) in summer 2007 were maudgd. The experiment took place
over a heterogeneous low-mountain region typicaldentral Europe, i.e. the Vosges
Mountains and the Black Forest. These low-mountainges are well known to induce
thermally driven orographic wind systems (e.g. Koasn and Fiedler, 2000; Kalthoff

et al.,, 2000; Barthlott et al., 2006; Meil3ner et ab07), which can be expected to
trigger free convective situations similar to Magel. (2008).

Complex terrain also has an impact on turbulenge fheasurements, e.g. on the EC
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measurements as used in this thesis. It is a wetlwk phenomenon that, in
micrometeorological field experiments conducted rogemplex terrain, the energy
balance cannot be closed (e.g. Oncley et al., 2B6Ken, 2008b). Theoretically, the
input of energy at the surface by net radiatieQs() must balance the sum of the

sensible Qu), latent Qg), ground Qg) and storage heat fluAQg):
_Q;:QH +QE+QG+AQS 3

The sum ofQy and Qg was found to only amount to about 70-90% of thailakle
energy {Qs-Qg-AQ9) at the surface (e.g. Aubinet et al., 2000; Wilsnal., 2002;
Mauder et al., 2006; Franssen et al., 2010). Conti@ that, in landscapes without
heterogeneities, a closure of the energy balancereported (e.g. Heusinkveld et al.,
2004; Mauder et al., 2007; Foken, 2008b). For tleason, it is concluded that the
landscape heterogeneity plays an important roletlier non-closure of the energy
balance. It is recognized that the missing flux ponents are transported within large-
scale eddies caused by the landscape heterogdreajtyFoken, 2008b, Foken et al.,
2010; 2011). These large-scale eddies cannot deredpby a single-point EC station,
as they are organized above the EC tower, are-gtegynary in space or have a longer
wavelength than the usual 30 min averaging perioth® EC fluxes. Indeed, strong
indications exist that the residual over complaxaia is transported within advective
and low-frequency flux contributions (e.g. Sakaakf 2001; Finnigan, 2003; Malhi et
al., 2004; Foken et al.,, 2006; Mauder and Foke®6P@nd within quasi-stationary
circulations (e.g. Kanda et al., 2004; Inagakilet2006; Steinfeld et al., 2007; Huang
et al., 2008; Foken et al., 2010; Stoy et al., 20TBese secondary circulations are
mainly buoyancy-driven due to differences in thdrhaating of the land surface.
Consequently, to partition the residual accordmthe buoyancy flux ratio, as proposed
by Charuchittipan et al. (2013), seems to be amogpjate approach to close the energy
balance.

Based on the theoretical background introduced @bthe overarching goal of this
thesis is the investigation and description of FQfetected at the height of EC
measurements~( 2 m) over complex terrain. Major points of intdreme the

identification of the (micro-) meteorological angnsptical conditions which lead to

these free convective events, the frequency ané tintheir occurrence and their
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impact on boundary layer properties. Moreover, tihiesis aims to investigate the
impact of complex terrain on turbulence flux measuents and on the energy balance
closure.

Regarding the manuscripts attached to this thEgggnmann et al. (2009, Appendix B)
introduces the method for the detection of FCCahviaC flux measurements and
investigates their occurrence using data obtaimethé Kinzig valley in the Black
Forest during the COPS experiment. This study atikiresses the impact of FCCs on
ABL properties by analyzing ABL profiling measuremte in the Kinzig valley and
studying the spectral characteristics of the tieboé during FCCs.

Within the COPS field campaign, an energy balaretvork was operated (see Sect.
2.1). This network consisted of sixteen individd&C stations distributed over the
complex terrain of the COPS region. Different typefs land use and different
topographical features (valleys and mountaintop®rewprobed. Energy balance
measurements in the COPS region were already dayuewithin the REKLIP project
(e.g. Wenzel et al., 1997), although this projeadd b more climatological focus. These
earlier investigations revealed a significant dejegrte of the energy balance
components on the altitude and on the land-usestypthe COPS area (Kalthoff et al.,
1999; Wenzel and Kalthoff et al., 2000). Thus, sthedy of Eigenmann et al. (2011,
Appendix C) aims at comparing the flux measuremehtained during COPS with the
results of the REKLIP project. Moreover, this sturdculates and discusses the energy
balance closure at the COPS stations with regarth@¢osurrounding heterogeneous
terrain. Also, the occurrence of FCCs within thairenCOPS region in relation to
different land-use types and topographical featig@svestigated.

In order to demonstrate that FCCs can also be tetegithin different settings of
complex terrain besides the study area of COP&ta skt of Nam Co station on the
Tibetan Plateau (see Sect. 2.2) is further invatd) in this thesis (see Zhou et al.,
2011, Appendix D). The dominating land-use typep(Aé¢ steppe) at Nam Co station is
rather homogeneous and the terrain in the immediatmity is flat. However,
heterogeneity in this study is given by a land-lakeface and by frequently changing
heating differences during cloud cover periods.sehgurface heating differences during
cloud cover periods are enhanced on the Tibetaled&lacompared to lowland sites as
diffuse radiation components are strongly reducechigh altitudes. A numerical
simulation of the ABL flow characteristics at Nano Gtation by Lu et al. (2008)

recently indicated the occurrence of a thermaliyedr land-lake circulation system.
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A further main objective of this thesis is to adapLES model (see Sect. 2.3) to the
heterogeneous terrain of a segment of the Kinzilgyasing COPS data (Brotz et al.,
2013, Appendix E). The aim of the model is to siatellthe exchange processes in the
ABL during the observed FCCs. Especially, the omgmtion of turbulence in the
convective mixed layer, crucial for further vertit@nsport of the convectively released
surface layer air masses, is studied. Thereforeuylations of the flow transition from
the free covective low wind speed situation tofth®wing period of along-valley wind
are performed. An initial stable stratificationtime early-morning hours is considered.
The model provides the opportunity to estimate Hawsurface layer air masses are
transported upwards within convective structuresnduthe observed FCCs.
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2 Experimental data sets and the LES model

The results presented in the studies of Eigenmanred. 2009, Appendix B; 2011,
Appendix C) are based on data sets obtained wiitlgiriramework of the COPS project
(Sect. 2.1). The publication of Zhou et al. (20Appendix D) uses a seven month data
set of measurements at Nam Co station on the Tildet@eau provided by the project
partners involved in this specific study (Sect.)2ia the LES study of Brotz et al.
(2013, Appendix E), data of the COPS project wexeduas boundary conditions of the
model (Sect. 2.3).

2.1 The COPS field campaign
The Convective and Orographically induced Predipoita Study (COPS) was an

international field campaign (Wulfmeyer et al., 8)@mbedded within the German 6-
year Priority Program SPP 1167 “Quantitative Priggijpn Forecast PQP
(Praecipitationis Quantitativae Predictio)” of terman Science Foundation (DFG).
The field campaign was carried out from 1 JuneltA8gust 2007 in a low-mountain
area in southwestern Germany and eastern Franeging\the Vosges Mountains, the
Upper Rhine valley, the Black Forest and the SwaMauntains. It was organized into
different Intensive Observation Periods (IOPs), ahbbserved specific convective
situations with a synergy of meteorological instents in order to identify the physical
and chemical processes responsible for the defigsnn Quantitative Precipitation
Forecast (QPF) in low-mountain regions (Wulfmeyealg 2011). The investigation of
the initiation of (moist) convection was a maintpafrthe research efforts (e.g. Aoshima
et al., 2008; Kottmeier et al., 2008; Kalthoff & 2009, 2011; Behrendt et al., 2011;
Bennett et al., 2011, Corsmeier et al., 2011). muCOPS, a large number of state-of-
the-art meteorological instrumentation, combiningyamergy of in situand remote-
sensing systems (e.g. radar and lidar systems),opasated (see Wulfmeyer et al.,
2008, 2011). Measurements were obtained from n&bswsee Sect. 2.1.1; Eigenmann
et al.,, 2011, Appendix C; Hauck et al., 2011), raific(e.g. Kiemle et al., 2011) and
satellites and were intensified at specific sitagpérsites). In the following, only the
data sets of the COPS campaign used in this thvsise introduced.
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2.1.1 Surface energy balance and turbulence network

Under weak synoptic forcing, spatial heterogengitiésurface characteristics result in
heterogeneities of turbulent fluxes of heat andstuoe into the ABL and hence may
determine if and where convection is initiated (&gttmeier et al., 2008; Kalthoff et
al., 2011). Moreover, land surface exchange presessodulate thermally induced
orographic flow systems, which in turn influencee thnitiation of convection (e.g.
Barthlott et al., 2006; Meil3ner et al., 2007, Kaftret al., 2009). Therefore, a surface
energy balance and turbulence network (Eigenmarah.,e2011, Appendix C) was set
up during COPS. Data of high-quality surface flurasurements as well as standard
surface micrometeorological measurements was stardtle World Data Center for
Climate (WDCC) in Hamburg, Germany. This providedadis further used within the
COPS community for the forcing and validation of #pplied mesoscale models.

The surface network consisted of sixteen statiopsraied by five collaborating
institutes (Table 1). The EC measuring technique wapplied in order to provide
surface turbulent flux data of momentum, sensilnié Etent heat, expect at one site
where scintillometer measurements were used. Ldteat flux was only measured at
nine sites. At most of the sites, the remaining ponents of the surface energy balance
were obtained by additional soil (Hauck et al., POand radiation measurements. The
instrumentation of the soil and radiation measurdgmds listed in Table V in
Eigenmann et al. (2011, Appendix C). Heterogenieitthe COPS region exists due to
orography and due to a patchy land-use structurerefore, measuring sites included
locations in the valleys (Murg, Kinzig and Renchlley and on mountaintops
(Hornisgrinde, lgelsberg) of the Black Forest, lomas in the Upper Rhine valley and
locations on the eastern edge of the Black Fohsteover, the turbulent fluxes were
measured over different types of land use, maimhsgland and agricultural fields.
Table 1 summarizes all above-mentioned informatidh.some of these stations,
Sodar/RASS instruments were also operated forlprgfwwind components and virtual
temperature. In this thesis, only the Sodar/RASSesy installed in the Kinzig valley is
used (Eigenmann et al., 2009, Appendix B; Brotalet 2013, Appendix E). More
details about the experimental setup can be loakedn Metzger et al. (2007) and
Eigenmann et al. (2009, Appendix B; 2011, Apper@)x
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Tabelle 1: Turbulence measuring sites of the COPS$eld campaign. The column ‘Code’ abbreviates
the responsible institute: UBT (University of Bayreith), IMK (Karlsruhe Institute of Technology),
MF (Météo France), UV (University of Vienna), UBN University of Bonn). Also given are the
coordinates and the altitude above sea level (a.».0f the sites as well as the applied instrumentsf
the EC system (sonic anemometer, hygrometer - CSAT8onic anemometer by Campbell Scientific
Inc., USA; USA-1. sonic anemometer by METEK GmbH, @&rmany; Solent R1012: sonic
anemometer by Gill Instruments Ltd., UK; Young 810®: sonic anemometer by R. M. Young
Company, USA; Solent HS: sonic anemometer by Gillnistruments Ltd., UK; KH20: krypton
hygrometer by Campbell Scientific Inc., USA; LI-75®: open-path CG/H,O gas analyzer by LI-
COR Biosciences, USA). The station UV1 used the Qgal Energy Balance Measurement System
(OEBMS1) with a Scintillometer SLS20 system by Sctec AG, Germany. The column ‘Land use’
indicates the target land-use type: grassland (Gynaize (M), strawberry (S), fallow (F) and wheat
(W). The column ‘Location’ sorts the stations by tkeir location: valley (V) sites, mountaintop (T)
sites, Upper Rhine (R) valley sites and sites in ¢hlee (L) of the Black Forest. Table taken from

Eigenmann et al. (2011, Appendix C), modified.

Code Site Coordinates Altitude Land Sonic Hygrometer Location
(lat., long.) use anemometer

UBT1 FulRbach | * 48° 227.82' 178 M CSAT3 LI-7500 \Y
8° 12117

UBT2 FuRbach Il 48° 22.88', 180 F USA-1 - Vv
8° 1 16.68

UBT3  Fischerbach* 48° 167.40, 226 G CSAT3 KH20 Y
8° 7 56.28

UBT4 Hagenbuch * 48°16 54.59, 245 G CSAT3 LI-7500 Vv
8°1216.81

IMK1  Hornisgrinde * 48°36'12.95’, 1158 G  Solent R1012 LI-7500 T
8°12'4.88'

IMK2 Baden Airpark * 48°46 40.51', 120 G  Solent R1012 LI-7500 R
8°4'25.20'

IMK3  Linkenheim * 49°8'9.24', 96 W  Young 81000 - R
8°2332.21

IMK4 Sasbach 48°39 4.20', 133 G  Solent R1012 - R
8°5'19.53

IMK5 Oberkirch 48°31'19.19, 203 S Solent R1012 - Vv
8°5'54.00'

IMK6  Bad Rotenfels 48°49 29.35, 127 G Solent R1012 - \Y,
8°17 30.58'

IMK7 Igelsberg 48°31'40.85, 770 G Solent R1012 - T
8°2550.35

IMK8 Burnhaupt 47°42 33.52, 299 M  Solent R1012 - R
7°9'16.07

MF1 Niederrott *  48°26' 34.40/, 155 M Solent HS LI-7500 R
7°32 38.36'

MF2 Nordfeld * 48°2758.22', 156 M Solent HS LI-7500 R
7°3222.3%8

UVl Deckenpfronn* 48°3821.12, 574 G - - L
8°497.86’

UBN1 Deckenpfronn* 48°3821.12, 574 G CSAT3 LI-7500 L
8°497.86’

* Additional measurement of radiation and soil caments.
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2.1.2 Post-processing and quality control of the turbulene data

In order to receive a data set of high-quality tebt fluxes, a post-processing and
guality control scheme was consistently applie@dltdurbulence stations. This allows
for a high comparability of the surface fluxes beén different sites. The scheme
included the processing of the turbulence raw ddth the software package TK2
(Mauder and Foken, 2004; Mauder et al., 2008) dsase footprint analysis (Géckede
et al., 2004, 2006) and a check for internal bountyers (Raabe, 1983; Jegede and
Foken, 1999) at each site. Detailed informationudtioe individual post-processing and
quality control steps and the corresponding refegsrof the applied methods are given
in Eigenmann et al. (2011, Appendix C). In this lpzdiion, also the application of the
data quality control scheme for the selection afadzan be looked up. The applied
methods are in agreement with the recent recomnienday Foken et al. (2012).

2.2 Data set of Nam Co station

The data set of Nam Co station on the Tibetan &latesed in the study of Zhou et al.
(2011, Appendix D) was provided by the project pars involved in this research and
covers a time period of seven month from 21 Mar@d72to 21 October 2007. Nam Co
station was established by the Institute of TibdRateau Research, Chinese Academy
of Sciences in August 2005. Besides standard nwdtepcal, radiation and soil
measurements, flux measurements were carried éltani EC system. The turbulence
data was processed in a similar way as the CORS(ske¢ Sect. 2.1.2). More details are

given in Zhou et al. (2011, Appendix D).

2.3 LES model

In the framework of this thesis, a LES model was by the DFG project partners to
simulate turbulent exchange processes in a segofetite Kinzig valley. The used

numerical model was the multiscale geophysical ffmlver EULAG (Smolarkiewicz et

al., 1997; Prusa et al., 2008). Among the broadyeaof application documented in
literature, EULAG was also successfully appliedhte ABL (see Smolarkiewicz et al.,
2007; Piotrowski et al., 2009). A realistic topggng was implemented into the model.
The boundary conditions were chosen according & GOPS observations in the
Kinzig valley at Ful3bach (see Table 1). A detailescription of the model and the
setup of the simulations can be looked up in Beital. (2013, Appendix E). The

objectives of the model application in respecthis thesis are formulated in Sect. 1.
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3 Results

3.1 Turbulent fluxes and energy balance closure over coplex terrain

The COPS data set (see Sect. 2.1.1) allowed arstigagon of the influence of land
use and topographical location on the turbulentetuof sensible and latent heat. Fluxes
were found to differ strongly between differentégpof land use (see Eigenmann et al.,
2011, Appendix C). In the afternoon, the oasisatffe.g. Stull, 1988) caused negative
values of sensible heat over highly evapotranspgdand-use types (e.g. maize), while
over others (e.g. grassland) this effect did nauacHowever, flux differences could
also be observed between sites with the same tiytend use. This was because of
varying surface characteristics even over the stype of land use due to different
times of mowing of the grassland sites or due ftedint stages of the vegetation
development in general. It became clear that opexiic day the flux values were
strongly determined by different types of land asd surface characteristics, while the
effect of altitude (mountaintop or valley) playsnénor role. Interpreting these findings
within the scope of the COPS project, which death e initiation of convection over
complex terrain, it can be concluded that on cotivecdays with weak synoptic
forcing, the spatial distribution of land-use clwegistics may be decisive if and where
convection is initiated. Hot spots of increaseaspaort of heat or moisture intioe ABL
may form over certain patches of land use. Howeiteshould be mentioned that
thermally driven wind systems, which frequently wcan the Black Forest (e.g.
Kossmann and Fiedler, 2000; Kalthoff et al., 20B&rthlott et al., 2006; Meil3ner et al.,
2007) may redistribute the surface-initiated hewt moisture distribution in the ABL
and thus may modulate the local forcing of theiatitn of convection by surface
fluxes.

To study the effect of altitude on flux differencéise fluxes over one type of land use
(here: grassland, as most frequently measured) ewzeaged over the entire COPS
period (see Eigenmann et al., 2011, Appendix Cg a@heraging minimized temporal
flux differences due to mowing and vegetation depalent. Higher Bowen ratios were
found at the top of the mountains and lower valogbe valleys. This is in accordance
with the former findings by Wenzel et al. (1997)daKalthoff et al. (1999) in the
framework of the REKLIP project. These authors dtsmd an increase of the Bowen

ratio from the Rhine valley tthe top of the Black Forest within a one year data
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Figure 1: Bar plots of the mean of (a)Qu, (b) Qe and (c) the sum of both normalized with the
available energy (Q*s —Qg) for the periods with FCCs and for the first 2 hoursof the following
along-valley wind periods with no FCCs. Averagingd done for the 23 days with FCCs at the
Fubach 1 site in the Kinzig valley (see Fig. 2). Ab shown are the 95% confidence intervals which
indicate significant differences in the mean valuefr (a) and (c). The storage heat flux in the uppe
soil layer is included inQg. From Broétz et al. (2013, Appendix E), modified.

A standard investigation of the energy balancewmsat the COPS sites was carried out
by Eigenmann et al. (2011, Appendix C). The avensgedual for the entire COPS
measurement period at the individual sites wasddonrange between 17% and 36%.
This is comparable to the range reported by e.gudda et al. (2006) for different
agricultural sites (residual: 20-30%) during th&'EASS-2003 experiment (Beyrich
and Mengelkamp, 2006).

According to the introduction (see Sect. 1), thigsis aimed at the detection and
investigation of near-ground free convection caondd (FCCs) with the help of the

stability parametet’ using COPS data. In the Kinzig valley, periodshw#CCs in the

morning hours were detected on 23 days of the thmeeth COPS field campaign in
summer 2007, which means that FCCs occured on @&8atof all days (see also Fig.
2 in Sect. 3.2). For these observed periods wit@$;Ghe energy balance closure was
further investigated. Regarding average conditidasng the periods with FCCs, the
energy balance was found to be closed (Fig. 1cyvéier, in a comparable time period
in the following along-valley wind period directlgfter these FCCs (no FCCs), a
residual of 16% was found on average (Fig. 1c)sNalue is close to the average
residual of 21% found during the entire COPS camgpat this site (see Eigenmann et
al., 2011, Appendix C). According to Fig. 1a andthe relative flux contributions
missing in the period with no FCCs compared topeod with FCCs have exactly the
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proportions of the buoyancy flux ratio, which woutlistribute about 85% of the
residual toQp and 15% tdQg for a typical Bowen ratio of about 0.45 in the absel
early-morning situations. As such, Fig. 1 supptitessuggestion of Charuchittpan et al.
(2013) to rather correct the energy balance acogrdo the buoyancy flux ratio
approach than with the usually used approach byé@wt al. (2000) which distributes
the residual according to the Bowen ratio. The mg$lux components in the period
with no FCCs are assumed to be transported withinydncy-driven secondary
circulations not captured by the EC measuremeets §ect. 1 and e.g. Foken, 2008b).
The transfer of the missing energy into these s#ggncirculations mainly happens at
significant surface heterogeneities which can mdoover complex terrain. Advection-
dominated processes (also not captured by the &d) tb the transport of the missing
energy to these heterogeneities. As wind speedgaishing in the periods with FCCs,
the landscape heterogeneity becomes less impostarthat no missing energy is
transferred into secondary circulations and thegnbalance is closed in this period.
However, landscape heterogeneity becomes more iergoin the period of along-
valley wind (no FCCs) leading to missing advectix components and thus to the
observed residual in this period. However, the mecstudy of Leuning et al. (2012)
gives some hints that advective fluxes alone caenptain the energy imbalance at
half-hourly time scales indicating that the surfarergy imbalance problem is still a
micrometeorological issue and some further reseiarobcessary.

Moreover, the energy balance closure was investigat situations of the oasis effect.
It was found that, with the onset of the oasisaf&hortly after midday, the residual of
the investigated maize field strongly increasee (Egenmann et al., 2011, Appendix
C). In this case study, the increase of the resiclua also be ascribed to an increase of
missing advective flux components during the oa#fsct which transport sensible heat

towards the evaporating surface.
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3.2 Near-ground free convection conditions (FCCs) ovezomplex terrain
The stability parametef is used in this thesis to identify situations @@@s at the
height of EC measurements 2 m) (see Sect. 1). According to the theory (sgel;
vanishing wind speedsu( —» 0) and positive buoyancy quxes(v('—HV')o >0) are the
conditions for the occurrence of free convectiofh<(-1), i.e. the dominance of

buoyancy versus shear-driven turbulence. A threshadl (wev')o >20 Wm? was

introduced into the detection routine (see Zhowlet2011, Appendix D), which is

defined by the accuracy of EC fluxes nowadays aelike (Mauder et al., 2006). This
procedure was applied to the EC turbulence meagsiias in the COPS region, which
were set up over different land-use types and@igmphically different locations (see
Sect. 2.1.1). Two IOPs were selected: IOP 8b (1%2007) and IOP 9c (20 July 2007).
These IOPs are exemplary for two totally differéarid most frequent: see Kottmeier et
al., 2008) cases of initiation of convection ane arell understood and intensively
investigated in the COPS community (e.g. Kalthafak, 2009; Barthlott et al., 2010;

Corsmeier et al., 2011). IOP 8b was a high pressitmation with high solar radiation,

weak synoptic forcing and locally initiated convent while IOP 9c was characterized
by convection near convergence lines or frontalegomhe main findings were (see

Eigenmann et al., 2011, Appendix C):

At all sites in the Kinzig, Rench and Murg valley the Black Forest, a
thermally driven valley wind system, characterizsdup-valley winds during
the daytime and down-valley winds at night (> 4Jnsvas observed during IOP
8b. During the reversal of the valley wind systeonf down- to up-valley winds
in the morning, wind speeds vanished in the enakey (as observed by the
Sodar) and FCCs were detected. No FCCs occurréagdi®@P 9c at these sites.

» At the mountaintop sites (Hornisgrinde, Igelsbeff}Cs were not observed on
both I0Ps. Enhanced wind speeds at the exposed taiotops resulted in

mainly neutral conditions during the daytime.

* In the Upper Rhine valley, FCCs occured duringehg@re daytime in IOP 8b.
During IOP 9c, FCCs were only detected before thsspge of the frontal
structure in the morning hours. Vanishing wind siseeere responsible for the

detection of FCCs. The reasons for these situatwascomplex and probably
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bound to an interaction of mesoscale flow featusmsl local circulation
structures which break down and re-establish.

* FCCs which occured during midday and afternoorhenWpper Rhine valley in
IOP 8b were found to depend on the underlying laseltype. FCCs were only
detected at stations over grassland, while statomres maize did not show
FCCs. That was because of the negative sensibtdltbeauring the occurrence

of the oasis effect over the highly evapotranspigataize fields (see Sect. 3.1).

Focusing on a certain site — FulBbach | in the Kinalley — the occurrence of FCCs
during the entire COPS period following the stuflfEmenmann et al. (2009, Appendix
B) shall now be highlighted (see Fig. 2). The pasiovith FCCs are indicated by red
lines. 23 days with FCCs were identified during theee month field campaign. The
FCCs were mainly detected in the morning hours wWithmean time of occurrence at
08:15 UTC and a standard deviation of one hourveaigk strongly related to the times
of onset of the up-valley wind direction. The disatof FCCs (mean: 84 min, standard
deviation: 57 min) is strongly determined by theige of low wind speeds during the
reversal of the valley wind system. A slight adpsht of the times of FCCs to the
seasonal change of sunrise is obvious in the iddalimonths indicating that a certain
time of insolation is required until the valley wlirsystem is reversed in the morning
hours. During the reversal from up- to down-valleyds in the evening, buoyancy

fluxes are already very small or even negativehad FCCs were not detected.
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Figure 2: Onset and cessation times of the up-vajlewind direction and the corresponding periods
with FCCs at the FuBBbach | site in the Kinzig vallg for the entire COPS period. Also depicted are
the times of sunrise and sunset. From Eigenmann at. (2009, Appendix B).
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The data set of EC measurements at Nam Co statidheoTibetan Plateau (see Sect.
2.2) was used to adapt the detection routine faC$-@lso to another study area and to
investigate the occurrence of FCCs within thiset#ht setting of complex terrain (see
also Sect. 1). Two types of generation of FCCs vigeatified (see Zhou et al., 2011,
Appendix D). It was found that FCCs were detectedif the morning during the
reversal of a thermally driven diurnal land-lakendicirculation system or (2) during
the whole daytime due to the adaption of the lakelwind circulation system to
surface heating differences in combination withudia@over periods. The first type is
similar to the observations during COPS (see Eigammet al., 2009, Appendix B),
while the second type is typical for Nam Co statibne to the high altitude of Nam Co
station, diffuse radiation components are stromgljuced compared to lowland sites
causing a strong cooling of the land surface dudlogid cover periods. During these
periods, the land-lake circulation is weakenedewersed, dependent on the temperature
gradient between the land and the lake. The adaptat the land-lake breeze to the
alternating situation of heating difference leamlperiods of vanishing wind speeds and
thus to FCCs. The distribution of FCCs regarding ehtire measurement period in Fig.
3 indicates that FCCs can be mainly attributed @sec(1) during the non-monsoon
period, while FCCs are generated by both mechan{é¢nad 2) during the monsoon
season. The second peak in the afternoon duringoooncan be related to cloud cover
frequency of high clouds, which was found by Fuimat al. (2005) to be higher in the
afternoon than in the morning in the latitudinaheavhere Nam Co station is located.
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Figure 3: (a) The distribution of FCCs during the entire measurement period at Nam Co station

and (b) the corresponding frequencies in the coursef the day as a histogram. From Zhou et al.

(2011, Appendix D), modified.
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3.3 Convective structures in the boundary layer duringFCCs

Observations in the Kinzig valley (see Sect. 2.Wwé&je combined with LES (see Sect.
2.3) in order to study the impact of the observe€d’E (see Sect. 3.2) on the turbulence
structure in the boundary layer.

The scale of turbulent eddies at the height ofE@emeasurements during periods with
FCCs was investigated by applying spectral analystthods to the EC data (see
Eigenmann et al., 2009, Appendix B). Figure 4 shaw<COPS IOP 8b (15 July 2007)
the normalized wavelet power spectra of the vdrtisand speed and the sonic
temperature from 05:00-13:00 UTC. This day is edamnygfor all 23 days with FCCs
(see Fig. 2). During the period with FCCs (07:35408UTC, black dotted vertical
lines), a strong gain of significant areas of emeanspectral power within turbulent
scales of a few minutes (maxima from 4 to 13 nmsn)bvious. These time scales can be
related to the presence of large coherent versitraictures (e.g. plumes or updrafts)
with a spatial extent in the order of the boundager height, which are known to be
responsible for the majority of the transport wititthe CBL (see e.g. Stull, 1988;
Chandra et al., 2010). The occurrence of thesailemb scales in the grousithsed EC
data indicates that air very close to the groundbie to be transported upwards very
efficiently by non-local large-eddy transport preses during FCCs. With the onset of
the up-valley wind, these turbulent scales disapfrean the data indicating that the
vertical transport of near-ground air becomes ééfective.
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Figure 4: Normalized wavelet power spectra of (a)he vertical wind speed and (b) sonic
temperature from 05:00-13:00 UTC (480 min) for COPSOP 8b (15 July 2007) at the FuRbach |
site in the Kinzig valley. The period with FCCs (0735-08:40 UTC) is indicated by the black dotted

vertical lines. From Eigenmann et al. (2009, Apperig B).
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Indeed, strong updrafts could be frequently obskmehe valley boundary layer by the
Sodar/RASS system during FCCs. The morning evaiubiothe vertical wind speed is
exemplarily shown for COPS IOP 15b (13 August 20@7ig. 5 (lower panel). It can
be seen that during FCCs — especially from 07:500t80 UTC — vertical wind speeds
are strongly enhanced with values of locally mdi@nt0.8 ms (10 min average value).
Such values can also be found within other studs&iag boundary layer profiling
techniques (e.g. Barlow et al., 2011; Kiemle et2011). Moreover, the corresponding
profiles of virtual potential temperature in Fig.(&pper panel) give insight into the
stratification of the valley boundary layer. As egped, at times of strong coherent
updrafts (Fig. 5b and d), the stratification is @pmately neutral or slightly unstable.
However, in the short period of interruption ofostger updrafts at 09:10 UTC (Fig. 5¢),
stable stratification becomes evident with a peoimilar to that observed before the
period with FCCs (Fig. 5a). This indicates thatsolg of the updrafts the valley
atmosphere is still stably stratified and that ¢thserved updrafts deeply penetrate into
the stably stratified valley boundary layer durfF@Cs.
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Figure 5: Upper panel (a-d): profiles of the virtud potential temperature measured by the

Sodar/RASS in the morning hours of COPS IOP 15b (18ugust 2007) at Ful3bach. The times of the
profiles are marked in the lower panel. Lower panel corresponding Sodargramm of the vertical

wind speed in colour from 05:00-13:00 UTC. The bldcdashed vertical lines indicate the period
with FCCs (06:30-10:30 UTC). From Brotz et al. (203, Appendix E), modified.
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To answer the question how these coherent updiafttsres get organized during
FCCs in the boundary layer of the Kinzig valleye thES model was adapted to the
conditions of the Kinzig valley (see Brotz et @013, Appendix E). Flux differences
between different types of land surfaces were foimmbe negligible in the observed
earlymorning periods with FCCs (see Eigenmann et 8lL12 Appendix C). Orography
was assumed to mainly determine the convectivectsires in the valley in these
periods. Indeed, the application of an ensembletiamel mean analysis (see Brotz et al.,
2013, Appendix E) of the vertical wind speed regdathat the complex orography
imposes the valley flow coherent convective motiahspecific locations during FCCs
(see Fig. 6). Their persistence relative to the main ridges is in contrast to the
changing locations of coherent structures in a ©Bér flat homogeneous terrain. The
quasi-stationary patterns of up- and downdraftshm valley are shown in Fig. 6 at
about 130 m above the valley floor (300 m a.sIifjis pattern resembles the typical
spoke patterns known for CBLs with zero mean wimetesl (e.g. Schmidt and
Schumann, 1989). Regarding the location of the oreasent site indicated in Fig. 6, it
can be seen that it lies within an area of prefeo@herent updraft during FCCs. Thus,
the simulations support the observations of stugodyafts by the Sodar/RASS (see Fig.
5) during FCCs. An analysis of probability densitynctions of the simulated and
measured vertical wind speed as described in Bebtal. (2013, Appendix E) also
showed that the site is located preferably in afraip area during FCCs.

The situation of turbulent transport in the valthyring FCCs was further analysed by
means of LES. The simulated TKE budget terms (3ge &in Brotz et al., 2013,
Appendix E) showed that the boundary layer is bnoyadriven during FCCs. A strong
transport of TKE from the lower half of the vallepundary layer into upper regions
can be seen in the simulations. However, the siedléollowing along-valley wind
period with no FCCs showed that the quasi-statypspoke patterns during FCCs are
dissolved and irregular streak-like patterns becewident (see Fig. 5 in Brotz et al.,
2013, Appendix E), typical for shear-driven bourydiayers (e.g. Moeng and Sullivan,
1994; Weckwerth et al., 1997; Drobinski et al., 89Brobinski and Foster, 2003). The
TKE transport term in the along-valley wind sitwatis much weaker compared to the
period with FCCs.
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Figure 6: Ensemble and time mean of the simulatedevtical wind speed in ms" at 300 m a.s.l. in the
Kinzig valley during FCCs (color-coded). Black sofil lines mark the orography in steps of 50 m.
Grey contours indicate the intersection with the oography. The red frame represents the section of
the valley used for Fig. 7. The location of the masarement site is marked by the black circle. From
Brotz et al. (2013, Appendix E).
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Figure 7: (left panel) Simulated vertical profilesof the gradient of the potential temperature and
(right panel) of Qy (normalized) during FCCs. The solid line shows thealues for all points in the
valley (see red frame in Fig. 6), while the dotteddashed) line shows the profiles for the updraft
(downdraft) areas in the valley. The contribution b Qy from the sub-grid model is shown in the

right panel as dash-dotted line. From Brotz et al(2013, Appendix E), modified.
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To further highlight the effective vertical transpauring FCCs, Fig. 7 shows the
simulated profiles of the flux of sensible heat déimel corresponding vertical profiles of
the gradient of the potential temperature for thdey area (see red frame in Fig. 6).
The mean total profile and the mean profiles for apd downdraft areas are depicted
separately. Regarding the total flux of sensiblat ve the valley, it can be seen that the
flux is counter to the temperature gradient in¢bater of the valley between about 0.4
z and 0.8z. The total heat flux is mainly determined by thexfwithin the updraft
areas. Regarding the updraft areas, the heat tilgws the (unstable to neutral)
temperature gradient up to a height of 0z65A counter-gradient flux remains above
this height up to about 04 Counter-gradient fluxes are a common featurerbuient
flows (e.g. Schumann, 1987) and can also be fourtkinvforest canopies (see e.g.
Denmead and Bradley, 1985). The described coumaelignt flux is a very effective
transport mechanism for surface layer air massestigs to reach higher altitudes in the
stably stratified valley. For illustration, Fig. ghows for the vertical wind and the
temperature stratification an instantaneous veértstiae through the model domain
during FCCs. Strong convective updraft structuras ©e seen within the valley
penetrating through the stably stratified valleyn@sphere up to approximately the
height of the surrounding mountains. The simulatedical counter-gradient transport
in the valley agrees well with the Sodar/RASS olmons shown in Fig. 5.
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Figure 8: Instantaneous situation of the simulated vertical wid speed in m& (color-coded) shown
in a vertical cross section perpendicular to the d@s of the valley during FCCs. Black lines are
isolines of potential temperature in steps of .2 K. Intersection with the orography is shaded in
grey. From Brotz et al. (2013, Appendix E), modifid.
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4 Conclusions

The following conclusions related to free convettamd turbulent fluxes over complex

terrain can be drawn:

(i)

(ii)

(iii)

High effort was put into a uniform processing angilgy control of the

surface turbulent flux measurements conducted xdeesi stations during
COPS (Eigenmann et al., 2011, Appendix C). Thisveadd for a high

comparability of the measurements as methodicderdifices could be
excluded. Differences in flux values on days witkak synoptic forcing

were found to be strongly determined by varyingllaarface characteristics.
The role of altitude plays a minor role, althougtsl@ht increase of the
Bowen ratio from the valleys to the mountaintopssimilar to former

experiments in this area (Wenzel et al., 1997; hdftet al., 1999) — could
be found. From this it can be concluded that onngle day with weak

synoptic forcing, the initiation of convection cée forced locally by the
spatial distribution of land surface charactersstic

Values of the nowlosure of the energy balance typical for agrimalt sites

were found at the sites of the COPS field campaiggarding average
conditions. The landscape heterogeneity causingmeatsurable advective
and low-frequency flux components is assumed tadsponsible for the
observed residual. This hypothesis is reinforcedheyfact that the residual
was found to increase with the onset of the oaffecte Moreover, in the

observed low wind speed situations with free cotisacconditions (FCCs)
— characterized by a more vertically oriented tiebtexchange regime —
the residual was found to vanish on average. Du¢héomore vertical

orientation of the exchange regime during FCCs, tlamdscape

heterogeneity at a single measurement site is ofomimportance and
missing advective flux components are strongly cedu With the onset of
the wind after the periods with FCCs, the hetereggrof the surrounding
landscape becomes again more important and adeefitix components
and other heterogeneity effects lead again to atosed energy balance.

It was shown that the relative contributions of skble and latent heat
missing in the considered periods with no FCCs cexb to the periods
with FCCs have exactly the proportions of the bwmayaflux ratio. This
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(iv)

(v)

(vi)

finding supports the theory (e.g. Foken et al. 2)00Bat the missing flux
components are transported within buoyaddyen secondary circulations
which develop over heterogeneous terrain. Moreotles finding also
supports the recent suggestion of Charuchittipaal.e{2013) to use the
buoyancy flux ratio approach for the correctiontltd energy balance. The
usually used approach by Twine et al. (2000) tdribiste the residual
according to the Bowen ratio seems to be not apiatep

FCCs could be frequently observed in situationsveék synoptic forcing
during COPS. This finding confirmed the initial gtien of this thesis based
on the work of Mayer et al. (2008) whether FCCsuonan general over
complex terrain. As the occurrence of FCCs is botmdanishing wind

speeds (. — 0) and simulataneously enhanced positive valueshef t

buoyancy flux (WHV')O >20 Wm?), FCCs were observed in all probed

valleys of the Black Forest during the reversaltted valley wind system

from down- to up-valley winds in the morning houf$wus, the occurrence
of FCCs is mainly controlled by the adaption ofrthally driven orographic

or local wind systems to heating differences owsnlex terrain. However,

also the surface characteristics with their impactthe resulting turbulent
fluxes may control the occurrence of FCCs. Foraneg, it was shown that
the negative values of sensible heat during this ediect inhibit FCCs.

With the data set of Nam Co station on the Tib&kateau, the conclusions
drawn in (iv) could be confirmed. However, FCCs ev@nore frequently

observed in the afternoon in combination with claum/er periods at this
site. As diffuse radiation components are stromghjuced at the altitude of
the Tibetan Plateau compared to lowland sites, dbed cover periods

caused a strong cooling of the land surface withishort time. Thus, the
adaption of the land-lake breeze at Nam Co statidhe changing situation
of heating differences led to more periods of Vainig wind speeds and thus
to more FCCs in combination with cloud cover pesiasbmpared to the
COPS region.

A spectral analysis of the turbulent scales andaaalysis of the vertical

wind speeds measured by the Sodar/RASS revealexittence of coherent

updraft structures in the Kinzig valley during FCCEhe Sodar/RASS
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(vii)

(viii)

measurements further showed that these updraftstrpém into the stably
stratified valley boundary layer indicating thatrfage layer air mass
characteristics can be effectively injected intgh@r regions of the valley
boundary layer during FCCs. It can be assumedlieae fluxes in the early
morning hours are crucial for the preconditionirfgtee CBL for a further
development of moist convection in the course & day. However, the
experimental design of COPS — contrary to the tiga® measurements in
the study of Mayer et al. (2008) which tracked &@wf surface layer trace
gases up to a mountain summit — was not able wearsuch questions. An
experiment similar to that of COPS, but focusecarertain segment of e.g.
the Kinzig valley, should be considered in fututans of boundary layer
experiments.

The application of the LES model confirmed thatti@asurement site in the
Kinzig valley is located preferably in an updraggion during FCCs. This
was demonstrated by an ensemble and time meansanalfythe vertical
wind speed in the valley, which showed that the glem orography forces
the valley flow to form coherent convective struetl at spatially fixed
locations relative to the surrounding mountain eslgThis is in contrast to
the random locations of convective structures isecaf a CBL over flat
homogeneous terrain.

Simulated profiles of the sensible heat flux showeat the total flux out of
the valley is mainly determined by the flux withiinese coherent updraft
structures during FCCs. The total heat flux wasitbto be a flux counter to
the temperature gradient in these early-morningasins. This finding
underlines the observations summarized in (vi) aface layer air mass
properties can be effectively transported into arghegions of the stably
stratified valley boundary layer during FCCs. Adiog to the simulation,
these updrafts reach up to approximately the heajhthe surrounding
mountains. From this, it can be concluded that wbeically transported
surface layer air mass properties during FCCs can hbrizontally
translocated with the above-valley or large-scédevfand can also alter

ABL characteristics elsewhere.
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Appendix A: Individual contributions to the joint p ublications

The results presented in this cumulative thesigwbetained in collaboration with other
scientists. Thus, many authors contributed to thidipations listed in the appendices B
to E in different ways. This section is to speatfy own contributions to the individual

manuscripts.

Appendix B

Eigenmann, R.Metzger, S., Foken, T., 2009. Generation of fteavection due to

changes of the local circulation system. Atmosmgh@&hemistry and Physics, 9:
8587-8600.

» The data used in this publication were obtainednduihe COPS field campaign
and include the measurements of one energy baktéurbulence station and
a nearby Sodar/RASS system. Thelgetand maintenance of the instruments
and the routinely performed data quality contralinly the experiment involved
many people of the Department of Micrometeorology Serafimovich, L.
Siebicke, K. Staudt, J. LUers, J. Olesch). S. Matzgas mainly responsible for
the on-site data collection and continuous opematiaring the three month field
campaign. | also supported the field work of S. et during a two weeks

stay.

» | alone was responsible for the post-processinghefeddy-covariance, low-
frequency soil and radiation measurements and tdarfRASS data. The
innovative data analysis procedure for the detectad near-ground free
convection conditions (FCCs), the analysis of gpéatharacteristics of the
turbulence during these situations and the anabfsise Sodar/RASS data was
performed by myself. W. Babel supported me withkmewledge about spectral

analysis methods. | alone wrote the complete tetlt@manuscript.

* B. Brotz contributed with many fruitful discussioasd comments, especially in

the review process of the publication.

 T. Foken supervised this work and contributed witany helpful ideas and

discussions.
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Appendix C

Eigenmann, R.Kalthoff, N., Foken, T., Dorninger, M., Kohler,.M_egain, D., Pigeon,

G., Piguet, B., Schittemeyer, D., Traulle, O., 2(8drface energy balance and
turbulence network during the Convective and Orplgieally-induced
Precipitation Study (COPS). Quarterly Journal oé tRoyal Meteorological
Society, 137: 57-609.

» This publication is an overview over the post-pssteg and quality control of
the turbulence data of all sixteen stations of sheface energy balance and
turbulence network during COPS. The network coadisbtf five different
institutions (Department of Micrometeorology, Unisiy of Bayreuth; Institute
for Meteorology and Climate Research, Karlsruhetitite of Technology;
Meteorological Institute, University of Bonn; Depaent of Meteorology and
Geophysics, University of Vienna; CNRM-GAME, Meétderance). Each
institution conducted the field work during the erment independently.
Responsibilities for the field work of the Deparmhef Micrometeorology were
already mentioned with the publication above. Mostitutions provided the
results of the processing of the turbulence rava adth the software package
TK2. For the University of Bonn and for our depaetity the processing of the

data with TK2 was done by myself.

* My contribution was the development of a consistembulence data post-
processing scheme applied to all sixteen meassiteg. | alone did the quality
control of the turbulence data, including a foatpranalysis and a check for
internal boundary layers. For this purpose, eadhitution provided land use

data for the corresponding sites.

* | myself performed the data analysis about someaygeatures of turbulent
flux data and the occurrence of FCCs within therenCOPS region. | alone

wrote the text of the manuscript including some ownts of the coauthors.

e My supervisor T. Foken contributed to this publieat through many
discussions and initiated the scientific exchangetwben the different

institutions involved.
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Appendix D

Zhou, D., Eigenmann, RBabel, W., Foken, T., Ma, Y., 2011. Study of rgayund
free convection conditions at Nam Co station onTibetan Plateau. Theoretical
and Applied Climatology, 105: 217-228.

 The data used in this publication were providedthyy Institute of Tibetan
Plateau Research, Chinese Academy of Sciencednwtitd framework of the
scientific collaboration of this study originateg . Foken and Y. Ma. This
study aimed at demonstrating the applicabilitynaf method for the detection of
FCCs also in another investigation area with aedifit setting of heterogeneity

(land-lake surface).

* I myself, W. Babel and T. Foken introduced D. Zlto the post-processing of
the turbulence data, including the usage of TK2 faotbrint analysis tools, and
into the investigation and relevance of FCCs at Naorstation.

* D. Zhou performed the processing of the data unliese instruction of myself

and W. Babel. D. Zhou also wrote a first versionha manuscript.

* | myself intensively revised and rephrased thdahihanuscript version of D.
Zhou before submission.

* T. Foken, W. Babel and Y. Ma contributed to thegoess of the manuscript in

several discussions.

Appendix E

Brotz, B., Eigenmann, RDdrnbrack, A., Foken, T., Wirth, V., 2013. Earherning

flow transition in a valley in low-mountain terrainBoundary-Layer

Meteorology, submitted.

 B. Brotz was responsible for the performance of Hmplied large-eddy
simulations (LES) under the guidance of V. Wirtld & Dornbrack.

» The observational data from COPS, necessary foadaption of the model to
the complex terrain of a segment of the Kinzigemliwere provided by myself
and T. Foken.
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The scientific content of this study was intenspvdiscussed in many fruitful

meetings of the coauthors. Each of them contributigdl ideas on data analyses
in manifold ways. The study aimed at investigating convective structures in
the valley during the observed FCCs responsiblettier transport of surface
layer air masses into higher regions of the bountlarer. Simulated data was
compared with the observations. A great number etéphone conferences
between myself and B. Broétz refined the conterthefmanuscript and led to its

final version.

The text was written in close cooperation with nifyaed B. Brotz considering
many helpful comments of the supervisors. | myselfinly wrote the
introduction of the observational data (Section),2the interpretation of the
modification of the energy balance closure duri@CE (Section 3.1) and the
interpretation of the observations and the simahetiwith respect to the vertical
transport situation during FCCs (Section 3.3). Ariibrack strongly supported
the writing in the part of the description of thedel (Section 2.2).
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Abstract. Eddy-coariance and Sodar/RASS experi-
mental measurementlata of the COPS (Conwective and
Orographically-inducedPrecipitition Study)field campaign
2007 are usedto investigate the generationof nearground
freecorvectionconditiongFCCs)in theKinzig valley, Black
Forest,SouthwestGermarny. The measurecigh-qualitytur-
bulent flux datarevealedthat FCCs are initiated nearthe
groundin situatbnswheremoderateo high buoyangy fluxes
anda simultaneoushpccurringdrop of thewind sped were
present. The minimum in wind speed- obsenable by the
Sodameasurementthroughthe wholevertical extensionof
the valley atmosphere- is the consequencef a thermally-
inducedvalley wind system,which changests wind direc-
tion from down to up-valley winds in the morning hours.
Buoyang/ thendominate®ver sheamwithin theproductionof
turbulencekinetic enegy nearthe ground. Thesesituations
aredetectedy the stability paramete(ratio of the measure-
mentheaght to the Obukhov lengh) whenthe level of free
convection, which startsaborve the Obukhov length, drops
below thatof thesonicanemometerAn analysisof thescales
of turbulent motionsduring FCCsusing wavelet transform
shows the occurrenceof large-scaleturbulence structures.
Regarding the entire COPSmeasurment period, FCCsin
themorninghoursoccuronabout50%of all days Enhanced
surfacefluxes oflatentandsensble heatarefound on these
days.

1 Intr oduction
The COPS(Conwective and Orographically-inducedrecip-

itation Study) field campaignwas undertalen from 1 June
to 31 August 2007 within the low mountainrangeof the

Correspondence to: R. Eigenmann
(rafael.eigenmann@uni-bayréude)

Black Forest, the VosgesMountainsand the Swabian Jura
with the Rhinerift valley asa prorouncedtopographidow-

land plain in between(Wulfmeyer et al., 2008. Rainfall in

the COPSareais charactdeed by subgrid-scaleorvection
initiation (CI) proceses,e.g. orographicallyor thermally-
inducedlocal circulationsystemstriggeredby the comple

terrain,thuscomplicatingtheexactmodelingandforecasting
of precipitationevents(Meif3neretal., 2007, Barthlottetal.,

2006. The problemsof modeling convective clouds and
precipitation— its time, amountandlocation— arethe pre-
matureinitiation of corvection,the simulaton of corvective

precipitationeventsasbeingtoo spatiallywidespreadndthe
overestimatiorof precipitationonthewindwardcomparedo

the lee sideover low-mountan rangesg.g.the Black Forest
(Schwitallaetal., 2008.

The interadion of the land surfacewith the overlying at-
mospherecrucially affectsthe enegy andwater cycle over
mary temporaland spatialscales(Bettset al., 1996. The
spatialdistribution andpatchines®f individual land useele-
mentscanhave astrongimpactonthe atmospheriboundary
layer (ABL) evolution andits thernmodynamicstructure,as
changeof the surfaceenegy budgetdirectly influencethe
surface turbulent fluxes of moisture,momentumand heat,
which act asthe link betweenthe atmospherend the un-
derlying soil-vegetationsystem(Pielke, 2001). Dynamical
phenomenan the ABL canbe relatedto changhg surface
characteristicssincegradientsn sensibleneatflux produced
by evapotranspirabn, albedoand soil property discontinu-
ities induce local or secondarycirculation systems(Segal
andArritt, 1992. Togethewith diurnalmountainwindsde-
veloping over mountainougerrain (Whiteman 1990, land
surface-atmospheiateractionandtherelatedphysicalpro-
cessewvithin comple terrainarethe key to the local occur
renceandtiming of theinitiation of corvection,cloudforma-
tion and precipitation(Hanesiaket al., 2004 Pielke, 200%,
Chenand Avissar 1994 Rabinet al., 1990 Bantg 199Q
1984 RaymondandWilkening 1980. Besidedand-surace
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interactionsand orograply, mesoscaleand synoptic scale
featuresareimportantfor cornvecive processe§Wulfmeyer
etal.,, 2007). Kottmeieretal. (2008 discusseseveralmech-
anismgrelevantfor Cl in the COPSregion.

Thepresenstudyaimsatthedetectionrandthedescription
of neargroundfree corvedion conditions(FCCs)by using
eddy-cwariance(EC) measurementg-CCscanbe detected
at the height of the EC measuremengfseeSect.2.1) close
to the groundwith the help of the stability parameter(see
Sect.3.2) and occurif the buoyang/ term dominatesover
thesheatermwithin theturbulencekinetic enegy equation.
In the caseof detectionof FCCsnearthe grourd, corvec-
tive elementsare closelyrelatedto groundsourcesand can
more effectively transportquantites of moisture,heatand
tracegasesenhancedn neargroundregionsinto the ABL.
Moreover, following Shenand Leclerc (1995, the dimen-
sionsof our targetedland usetype (corn field) of the EC
measuremeniseeSect.2.1) arelargeenough(>250m) that
thesurfacefluxesareableto exertamajorinfluenceon ABL
thermodynamicandturbulencestructure.

Recently Mayer et al. (2008 found that FCCsdetected
closeto the bottomof avalley resultin a strongandsudden
ozonedecreasatamountainsummit(Hohenpeissenbg)in
the morning hours. In their study the FCCsare triggered
by a simultaneouly occurringwind speedminimum, which
reducesshearand leadsto a dominanceof buoyang. On
abouthalf of the daysthesewind speedminimacouldbeat-
tributedto theonsetof Alpine Purnrpingin the alpindforeland
(Lugauerand Winkler, 2005 associatedvith a chang of
wind direction causinga drop of the horizontalwind speed.
Hence, other mesoscaleor local circulation systemsiniti-
atedby comple terrain— e.g.thewell known slopeandval-
ley windsin the Black Forest (KossmanrandFiedler, 200Q
Kalthoff etal., 2000 — areexpectedo trigger FCCs.

For thatreasonthefocusof thepresenstudyis to demon-
stratethe applicability of the EC methodto the detectionof
FCCsin experimentaldataobtaired during the COPSfield
campaignin the Kinzig valley (Black Forest), which was
found in earlier studes (e.g., MeiBneret al., 2007 to es-
tablisha pronounceddiurnal thermally-inducedralley wind
system.Moreover, the processedurbulentflux datapassing
through a detailedquality assurancend control effort are
usedto selectanddescribehese FCCsin detalil.

2 Materials and methods
2.1 Sitedescription and experiment set-up

During the COPSfield campaign,a network of 17 enegy
balanceand turbulence stationswas set up ower the en-
tire COPSregion (Wulfmeyer et al., 2007). The enegy
balanceand turbulence station under investigation in the
presentstudyis locatedin the Kinzig valley nearFuf3bach
(48°227.8"N, 8°1'21.2' E, 178m a.s.l)on thewesternedge

Atmos. Chem.Phys.,9, 8587-860Q 2009
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Fig. 1. Landusemap(1x1 kmz) at the FuBbactsite with the lo-
cationof the eddy-cwariancestationindicatedas a black crossin
the middle of the map above the target land usetype (corn). The
additionalred crossmarksthe positionof the Sodar/RASSystem.
Fetchdistancef the eddy-cwariancesystemdependingon wind
sectorcanbeobtainedrom Table 1.

of the Black Forest,SouthwesGermary. TheKinzig valley
atFuRbachs orientedin aN-S direction,thusspecifyingthe
main winddirection,andhasavalley width of about1.3km.
Mountaincrestdn theimmediatevicinity of theFul3bactsite
reachmaximalvaluesof about450m a.s.l. The targetland
usetypewasa cornfield (length: 260 m, width: 140m) lo-
catedwithin the patcly, agriculturalland useof the Kinzig
valley (seeFig. 1).

In this study dat@ of an EC tower and a nearby So-
dar/RASSsystemare used. The EC systen (measuremen
height: 2.29 m, samplingrate 20Hz) measuredurbulent
fluxes of momentum,sensibleand latent heat as well as
carbondioxide (COy) abore the corn field usinga CSAT3
(CampbellScientific,Inc.) sonicanemometefor recording
thewind vectorandthe sonictemperaturd’s anda LI-7500
(LI-COR Biosciencesppen-pathgasanalyserfor waterva-
por (H20) andCO; concentrationsTheSodar/RASSystem
consistedf aphasearrayDopplerSodarDSDRA.90-64with
a1290MHz RASSextensio by MetekGmbHandprovided
vertical profilesof wind velocity componentswind direction
and acoustictemperaturewith a vertical resolution of 20m
andatemporalresolutionof 10min. More detailedinforma-
tion aboutthe measuringsd-up andbackgrounddatacanbe
obtainedfrom Metzgeretal. (2007).

2.2 Quality control effort

TheECflux datameasuredttheFul3bachsitewasprocessec
andquality controlledapplyingthe latestmicrometeorologi-
cal post-fielddataprocessig standardge.g.,Mauderetal.,

2006 in orderto obtain a dataset of the desiredquality
andaccuray, which canbe utilized for further fundamental

www.atmos-chem-pfs.net/9/8587/2009
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researchAccordingly, the turbulent flux raw datarecorded
with the EC methodwas post-processedith the compre-
hensve softwarepackagel K2 developedatthe Universityof

Bayreuth(MauderandFoken, 2004, which comprisesstate
of the art flux correctionsand pog-field quality control in-

cludingtestson the fulfillment of integral turbulencecharac-
teristicsand stationaity (Foken andWichurg 1996 Foken

etal., 2004.

Theoreticalassumpgbns actually restrict the EC method
to homogeneouterrain, but the increasingrequirementor
continuousmonitoringof flux data(Aubinetetal., 2000 Bal-
docchietal., 200]) forcedthe applicationof the EC method
within highly structurederrainsuchasthatin the COPSre-
gion. Thisstepis supportedy thedevelopmenbf asiteeval-
uationand characterisatiopproach(Gockedeet al., 2004
2006, which combinesthe flux dataquality approach(Fo-
kenetal., 2004 with a forward Lagrangiarfootprint model
(Ranniket al., 200Q 2003. The approachis ableto iden-
tify site-specificspatialquality structuresandthe spatialrep-
resentvity of the measuredlux datain the contet of the
underlyingland usedistribution and hasbeenrecentlyem-
ployed on sitesof the CarboEwope network by Rebmann
et al. (2005 and Gockede et al. (2008. In this study it
is used— togetherwith an intemal boundarylayer evalu-
ation procedure— in order to obtain target land use type-
representadie turbulent flux datasetsof the requiredhigh
quality usablefor further analyses. The checkfor possi-
ble internalboundarylayers,which form asa consequence
of changesof the underlyingsurface characteristicsis im-
plementedby using the following fetch-heightrelation to
roughly estimatethe height of the new equilibrium layer
8 dependingon fetch x (Raabe 1983 Jegedeand Foken,
1999 neglecting weak stability effects (Savelyev and Tay-
lor, 2005:

zg<d8= 03\/; (1)

Theaerodynamianeasuremertieightz, shouldbelower
thans in orderto guaranteehatthe EC measurementakes
placewithin the new equilibriumlayerestablifing over the
targetlandusetype.

2.3 Spectral analysis

Spectralanalysismethodsareusedin this paperto studythe
temporalscalesof the turbulenceduring the periodof FCCs
(seeSect.3.2. Methodsusedare the cortinuouswavelet
transform(CWT) andthecomputatiorof power spectrapoth
appliedto thetime seriesof EC raw dataof theverticalwind
speedthe horizantal wind speedcomponentsad the sonic
temperaturérom 05:00to 13:00UTC.

To preparedatafor the CWT, the time serieswereblock
averagedfrom the original 20Hz raw datato a sampling
frequeny of 0.5Hz in order to drasticallyreducecompu-
tational time of the CWT without altering the resultssig-
nificantly (e.g., Thomasand Foken, 2005 as the decisve
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scalesrangein the order of several secondgo a few min-
utes.Subsequentall block averagedime seriesapartfrom
the vertical wind speed(no trend removal necessaryhave
beendetrendedising polynomialregression. The resulting
high-pasdilteredtime seriesis obtainedby substractinghe
fitted polynomialfrom the block averagedime series. The
residualtime seriesis usedfor the calculationof the CWT
usingthe Morlet wavelet. The CWT andplotting routine of
thenormalizedwvaveletpower spectravasdoneby usingthe
software packagesowas(softwarefor waveletspectralanal-
ysisandsynthesisMaraunand Kurths 2004 Maraunetal.,
2007 implemened in the statisticalcomputingsoftware R.
Resultsof a pointwise significancetest (significancelevel:
0.95) performed by Monte Carlo simulations(1000 realiza-
tions) are indicatedby black solid lines in the plots of the
normalizedwaveletpower spectra.

The calculationof the power spectraof detrended(by
polynomialregressionjandtapered20Hz time seriesof the
vertical wind speed the longitudinalwind speedand sonic
temperaturebefore, during and after the period of FCCs
within thetimerangefrom 05:00to 13:00UTC wasrealized
by applyinga fastFourier transform(FFT) to the computed
autocorrelatioriunction. Smoothingof theraw periodogram
was performedusing a modified Daniell smoothemwindow
technique.

3 Resultsand discussim
3.1 Quality control of the turb ulent flux measurements

Thissectionpresentssomeresultsof thedetaled quality con-
trol effort adgted to the eddy-cwarianceflux dataas de-
scribedin Sect.2.2

Processeturbulentfluxes ofsensibld Q ;) andlatentheat
(QE), friction velocity u, aswell asthe CO, netecosysterr
exchangeNEE aredepictedn Fig. 2 asHovmagllertypeplots
wherethecolorba ontheright siderepresentthecalculated
valueswith white areasndicatingdatafailure (9.9%for each
flux).

Furthermore footprint analysis(seeSect.2.2) were per
formedaccordingto the site evaluationandcharacterisatior
approactof Gockedeetal. (2004 2006. To gaininsightinto
theaveragelux contribution overtheentiremeasuremerge-
riod of the targetland usetype “corn” asa function of dif-
ferentwind sectorsand stability classesappropriatesorted
datahave beenindividually processedvithin the footprint
analysisprocedure.Theresultsarelistedin Table1 andre-
veal good averageflux contritutions of more than 92% for
all wind sectorsduring unstableor neutralcases.However,
for stablestratificationeasterlyandwesterlysectorshave to
be consideredritically, asflux contritutionsbelowv 80%can
be found, with the minimum (67%) in the 240" wind sec-
tor. Admittedly, the latter finding hasto be regardedwith
theknowledgethatthe densiy of availabledatais low in the

Atmos. Chem.Phys.,9, 8587-860Q 2009
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Table 1. Averageflux contribution [%] from the target land usetype “corn” dependingon wind sectorand stability classat FuR3bach.
Moreover, the internalboundarylayer evaluaion procedurefor averageconditionsover the entire measuremenperiodis depicted. The
internalbourdarylayerheighté calculatedaccordng to Eq. (1) with fetchx arelistedin dependencef the 12 wind sectordistinguided.

Wind sectorswvheres falls belon the averageaerodynamieneasuremenheightz, =

2.29m areflaggedby “X".

3 60° 9 12¢¢ 15¢° 18¢°

210 24 270 3000 33 360°

Averageflux contribution from target lard usetype“corn” in %:

Stable 92 77 82 86 86
Neutral 98 - 99 97 97

Unstable 99 100 100 100 100 99

86 67 73 69 84 89
96 94 92 95 97 99
99 99 99 99 99 100

Internalboundarylayerevaluation:

x[m] 141 83 68 84 113 102
8 [m] 356 273 247 275  3.19
2a [M] 229 229 229 229 229

89 59 49 66 101 162
3.03 2.8 2.30 2.10 2.44 3.01 3.82
2.29 2.29 2.29 22y 2.29 2.29 2.29

friction velocity [ms"]

0
01/06 10/06 19/06 28/06 07/07 16/07 25/07 03/08 12/08 21/08 30/08

sensible heat flux [Wi]
- +240

+180
+120

) H
01/06 10/06 19/06 28/06 07/07 16/07 25/07 03/08 12/08 21/08 30/08

latent heat flux [Wm?]
+700
+525
+350

0 =
01/06 10/06 19/06 28/06 07/07 16/07 25/07 03/08 12/08 21/08 30/08

CO, net ecosystem exchangprholm?s™]

24 +100
20 +2

16-- ~ 2=, 0
124 = -2
8 = -4
44 -160
n.

0 V.
01/06 10/06 19/06 28/06 07/07 16/07 25/07 03/08 12/08 21/08 30/08

Fig. 2.  Friction velocity u. [ms‘l], sensible heat flux

Oy [Wmfz], latent heat flux Qf [Wmfz] and CO, NEE

umolm=2s~1| for the entire COPS measurementperiod at

FuBbach. X-axis representghe day of the year Y-axis the time
of the day [UTC] andthe attachedcolor barthe calculatedvalues,
wheren.V. indicatesdatafailure.

easterlyandwestery wind sectorsasthesedo not lie within
themain winddirection,thuswealeningits influenceon the
overallassessment.

The resultsof the internal boundary layer evaluation of
the eddy-cwarianceflux dataasdescibed in Sect.2.2 are

Atmos. Chem.Phys.,9, 8587-860Q 2009

alsodepictedin Tablel, andareillustrative of averagecon
ditions over the entire measuremenperiod and for the 12
wind sectorsdistinguished. Referringto Table 1, the 270
sectorshows a greateraerodynamianeasuremertieight z,
comparedo the heightof the new equilibrium layer §, thus
indicatingthatthe flux measuementswithin this sectorcan-
notbeassociateavith thetargetlandusetype“corn” regard-
ing averageconditionsover the entire measuremenperiod.
Also the dah of the 240° sectorshouldbe discardedass is
in the samerangeasz, indicatingdisturbedconditions.

The closure of the surface enegy balancewas also
checledfor the FuRbactsite by plotting the sumof the tur-
bulentfluxes Oy and Qg of eachhalf-hourly measuremen
againstthecorrespondingvailableenegy (- Q% — Q¢) val-
ues,where— Q7 is the netradiationand O thegroundheat
flux. The heatstoragein the uppersoil layer for the calcu-
lation of Qs wasconsideredpplyingthe “simple measure-
ment” methodafter Liebethaland Foken (2007). A regres-
sion analysisrevealedan averagenon-closureof 20.4%for
the period of the entire COPSfield campaign. The imbal-
ancecanprimarily beattributedto thelandscapéeterogene
ity assignableto the COPSregion inducing unconsiderec
low-frequeny flux contritutionsand adective flux compo-
nents(Foken, 20083 Fokenetal., 2006. Indeed large-eddy
simulationstudiesrecentlyrevealedthatturbulentorganized
structuregKandaetal., 2004 Steinfeldetal., 2007 andsec-
ondarycirculations(Inagaki et al., 2006 have aninfluence
onthesurfaceenegy balane closure.

3.2 Generation of freeconvectionat COPSIOP8b

Themeasuremertf high-qudity surfaceturbulentfluxesled
to the detectionof nearground free corvection conditions
(FCCs)in themorninghours,notonly atthesiteunderinves-
tigationin this study(FuRbach)but also at othersitesof the
COPSenepgy balanceandturbulencenetwork (Eigenmann

www.atmos-chem-pfs.net/9/8587/2009
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2008. Preiminary graphicsproducedin combinationwith
routinedataquality controlduringthe COP Sfield phasecon-
solidatedrecentlyobsenred indications(Mayer et al., 2008
that thermally-driven circulation systemamay trigger FCCs
in the morning hours,at timeswhenthe existing circulation
systemchargesits previously prevailing wind direction. In
theKinzig valley apronouncedalley circulationsystemcan
frequentlybe obsenedto be generatedn high-pressureit-
uationswith high solarradiationandweaksynopticforcing.
At COPSIOP8b (15 July 2007) — outlined in this section
asa paradigmfor the geneation of FCCsat FuR3bach- the
Sodagrammof the wind directionin Fig. 3a illustratesthe
cessatiorof the down-valley, southerlywindswhich prevail
at night andthe onsetof up-valley, northerlyblowing winds
at about08:30UTC nearthe ground. During this transition
period, a strongdrop of the horizontalwind speedthrough
thewholevertical extensbn of thevalley atmospheréasting
from 06:50until 08:50UTC in the morninghours,with val-
uessmallerthan1.5ms™1, is evident from Sodarmeasure-
ments(Fig. 3b).

The occurrenceof FCCscanbe detectedby the EC flux
measurementby calcuating the stability parameterz ac-
cordingto thefollowing equatio:

ZKk-8- (w’é‘{))
2 0
- = 2
(= i )
where z denotesthe measuremenheight, L the Obukhov
length,u, thefriction velocity, ¢ theacceleratiomlueto grav-

ity, 6, the meanvirtual potentialtemperaure, (w/%)o the

buoyang flux atthe surface andx the von-Karman constant
(x ~0.4). FCCsareindicatedfor ¢ < —1 (Foken, 2008h as
accordingto Arya (2001),¢ is equalto the flux Richardson
numberR ¢ duringunstabé stratification(R s < 0), whichin
turnis the quotientof the buoyangy term(B)

_ﬁ Y;
B= (w 9v)o 3)
to theshearterm(S)
o
S=—ww = 4
az

of the turbulencekinetic enegy equaion. Consequently
¢ < —1indicatesthatbuoyang createdurbulencedominates
over shearcreatedtiurbulenceandthat FCCsoccurnearthe
ground. The shearterm S is the productof the momentum
flux u’w’ andthe wind sheardu/dz. Regardingthe equa-
tion of ¢ (Eq. 2), low valuesof u, andhigh buoyang fluxes
will supportthe occurrenceof FCCs. In the Kinzig valley,
a powerful triggermechanisnfor the occurrenceof FCCsis
providedby thechangeof thevalley circulationsystemin the
morning (Fig. 3a), which leadsto a drop of the wind speed
(andu, by implication) nearthe ground(Fig. 3b) andthusto
thedominationof B over S andto ¢ <—1.
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In Fig. 4a, the stability parameter is depictedfor COPS
IOP8b,wherethe averagingperiodof the EC flux measure-
ments(Fig. 4a-4f) was reducedfrom the standard30min
to 5min in orderto enhancehe temporalresolution. Data
quality is goodduring the periodof FCCswith quality flags
after Foken et al. (2009 rangingfrom 1 to 3 within the
30min data, 100% flux contritution from the target land
usetype “corn” and no disturbancedue to internal bound-
ary layers. Referringto Fig. 4a, FCCswith low valuesof
¢ at07:35-07:40TC correspod exactly to a 5min dura-
tion local minimum of u, (0.04ms™1) in Fig. 4c trigger
ing the FCCs. Another period of FCCs,which canbe de-
tectedirom 08:10-08:40UTC, shawvs stability parameteval-
uesup to ¢ = —1.4 and aso coincideswith a local mini-
mum of u, (0.09ms™1). Simutaneously moderatevalues
of Qg (Fig. 4d) are found aroundthe times of the FCCs
(54.7Wm—2 at 08:25UTC). Lower friction velocitiesu, in
generaloccurbetween06:50and 08:50UTC explaining the
generallysmall valuesof ¢ andthe occurenceof FCCsdur
ing the periodfrom 07:35to 08:40UTC (black dottedlines
in Fig. 4a—h). In addition, Fig. 4h depictsthe available en-
ey atthe ground(— Q% — Q) for the portioninginto Qi
(Fig. 4d) and Qg (Fig. 4d), which canbe expressedasthe
Bowenratio Bo (Fig. 4f). Bo hasits highestvalues(0.59at
06:35UTC) shatly beforethe period of FCCsdemonstrat:
ing a preferredtransformationof the available surface en-
ey (310Wm~2 during the periodof FCCs)into Q. The
loweredvaluesof ¢ at about18:00UTC (seeFig. 4a) can-
not be relatedwith FCCsasvaluesof Qy arearoundzero
(-10<Qy < 10Wm~2, seeFig. 4d) anddataquality is very
low (notshawn).

Otherparametersuchastheratio of the Deardorf veloc-
ity w, (Deardorf, 1970ab)

8°3i 13
W, = [ = (w’@,j)o:| (5)

v

to the friction velocity u, confirm their capability to de-

note FCCs(seeFig. 4e), wherethe depthof the boundary
layer z; is determinedby visual inspectionof a secondary
maximumin the reflectvity profiles of the Sodarmeasure-
ments(Beyrich, 1997). Generaldifficultiesin z; determi-
nationwithin comple terrain(Staudf 2006 Kalthoff etal.,

1998 Kossmanretal., 1998 andthe high backgroundhoise
of the nearbystreetat the FuBbachmeasuremengite com-
plicate the evaluationof the Sodardata. On mostdays,no

clear secondarymaximum of reflectvity can be found for

thedaytimebounday layerevolution, thusmakingthedeter

minationof z; aroughesimateratherthananexactdetermi-
nation. However, Fig. 3c shavs the measuredeflectvity of

the Sodar/RASSomple, togethemwith thedeterminedvo-

lution of z; in the morninghoursbetween04:00-11:40TC

indicatedasblackpoints,thusenablingthe calculaton of w,

andthe subsequentisplayof w, -u; ! in Fig. 4e atthe same
time.
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Fig. 3. Sodagrammsof thewind direction[o] (a), horizontalwind speec{msfl] (b), reflectvity [dB] (c) andverticalwind speet{msfl]

(d) for COPSIOP8bat FuRbachAlso plottedarethe verticalwind speec{ms—l] for COPSIOP15a(e) andCOPSIOP15hb(f) at FuBbach.

Theblackdashedinesin eachfigure indicatethe periodsof FCCsin the morninghours: 07:35-08:40JTC at IOP8b(seeFig. 4a), 07:45—
10:35UTC at IOP15aand 06:30-10:38JTC at IOP15b The black pointsin (c) representhe evolution of the boundarylayer depthz;
betweerD4:00and11:40UTC determinedy visualinspectionof asecondarynaximumin thereflectvity profile.

Moreover, theratio B - S~ — calculatedaccordingto Eq.
(3) and (4) — can be useal directly to detect FCCs (see
Fig. 4g). The wind sheardu/dz, necessaryor the calcu-
lation of S, wasdeterminedwith the wind speedsat 4 and
9m a.g.l. measurewith the cup anemometersf an addi-
tionally installedprofile mastat the cornfield. Considering
a canopy heigh of 2.31m at COPSIOP8bresultsin aero-
dynamicmeasuremertieightsz, of 2.46m and7.46m, re-
spectvely. Theremarkableminimain Fig. 4g atthetimesof
the FCCs(07:35-0840UTC) underlineghattheturbulence
is mainly drivenby buo/ang (B) ratherthansher (S). The
thresholdof —3 (reddashedine in Fig. 49) is choseraccord-
ing to Stull (2000, which statedavourableconditionsfor the
generatiorof free corvectionfor |B| > |3- S|.

Sofar, parameterindicatingthe occurrencef FCCsnear
the groundhave beenpresentedbut the impacttheseFCCs
exert on boundarylayer thermodynamicsnd structurehas
not beendiscusseget.

Atmos. Chem.Phys.,9, 8587-860Q 2009

A measurdor cornvective actvity in the ABL canbe pro-
vided by our datasetby the vertical wind speedmeasurec
with the Sodar/RASSomple (Fig. 3d-f). At COPSIOPS8b,
no increasedupward verticd wind speedscan be found in
the ABL duringthe periodof FCCs(07:35-08:4QTC, see
Fig. 3d), but the onsetof the first enhancedupward verti-
calwind speedg$0.2—0.6ms 1) canbe obseredcloseto the
groundup to 140m. However, this finding hasto be con-
sideredwith the knowledgethat plume-like structuresf ris-
ing air massesarea local phenomenorsurroundecy areas
of downdrafts (Stull, 1988. As the EC and Sodar/RASS
measuremerdystemsarespatially separatethy about170m
overdifferentland usetypes(seefig. 1) andthe SodafRASS
comple itself hasa limited spatialandtemporalresolution
(10min), it is clearthat enhancedvertical wind speedsan-
not be detectedduring eachperiodof FCCs. On otherdays,
however, theperiodsof FCCsdetectedtloseto thegroundin
themorninghours canberelatedto increasd upwardvertical

www.atmos-chem-pfs.net/9/8587/2009
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Fig. 4. Stability parametet [—] (a), wind direction¢ [O] (b), ux [msfl] (c), Qg andQp [Wmfz] (d), B-S~1[-] (a),availableenegy

-0%—-0¢ [Wm—z] (b), wx -u,jl [—] (c) and Bo [—] (d) for COPSIOP8bat FulRbach.The blackdottedlinesin eachgraphindicatethe
periodof FCCsin themorninghours(07:35UTC to 08:40UTC) detectedy the low values of¢.

wind speedsithin thewholeverticalextensionof the ABL.
As anexample,the Sodagrammsof the verticalwind speed
at the high-pressuresituationsCOPSI10P15a (12 August
2007) and IOP15b (13 August2007) are shawvn in Fig. 3e
and3f, respectiely, which bothshav strongerhancedverti-
calwind speed®f locally morethan0.8ms~1 within the 10
min averagedvaluesduringthe periodsof FCCs.
Furthermorethe coherenstrucure of plume-like upward
motionsat COPSIOP8hcanbeassumedvhenregardingthe
turbulenttime seriesof verticd wind speed sonictempera-
ture, humidity and carbondioxide (not shavn) asvisualin-
spectionof themduring the periad of FCCsclearly reveals
ramp-like structuregypical for coherenturbulentexchange
(e.g.,Gaoetal., 1989 Bergstidom andHogstiom, 1989.

www.atmos-chem-p¥s.net/9/887/2009/

To explicitly investigate the turbulence structure during
the periodof FCCsat COPSIOPS8b,spectralanalysisof the
measuredhigh-frequeng turbulenttime serieqseeSect.2.3)
is utilized to reveal the scalesof inherentturbulent eddies.
Therefore, Fig. 5a and 5b shav the normalized wavelet
power spectraof theverticalwind speedandsonictempera-
ture, respectiely, where the temporalsectionon the X-axis
rangesfrom 05:00to 13:00UTC (480min). It is obvious
from the normalizedwavelet power spectrumof the verti-
cal wind speed(Fig. 5a), that during the period of FCCs
(07:35-08:40JTC) — marked by the black dotted vertical
lines— a clearshift of significantareasof enhancedpectral
power from high-frequeng turbulencescalesowardsscales
of lower frequeng occurs.In partiaular, scalesn therange

Atmos. Chem.Phys.,9, 8587-860Q 2009
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Fig. 5. Normalizedwavelet power spectraof the vertical wind speed(a) and sonictemperaturgb) from 05:00-13:00JTC (480min) for
COPSIOP8bat FuRRtach. The periodof FCCsin the morninghoursfrom 07:35-08:4QJTC is indicatedby the black dottedvertical lines.
The resultsof a pointwisesignificancetest (significancelevel: 0.95) performedby Monte Carlo simulations(1000realizations)are also
shavn in the plotsmarkedby blacksdid lines. Theconeof influenceis visible asa blackcurvedline in theupperpartof both plots.
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Fig. 6. Pawer spectraf theverticalwind speeda—c), longitudinalwind speed d—f) andsonictemperaturég—i), before(05:00-07:33JTC),
during(07:35-08:4QTC) andafter(08:40—-13:00JTC) the periodof FCCsfor COPSIOP8bat FuRbachThechosertime periodscoincide
with thosedistinguishedn Fig. 5 by theblackdottedverticallines. Thegray solid linesindicatethe —5/3, —1 and—1/3 power laws.
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of 1to 7min experienceanenormougjain in spectralpower
duringthe periodof FCCs. Thesetime scalescanbe associ-
atedwith thetime, it takesfor air in plumesor thermas to
cycle oncebetweerthebottomandthetop of themixedlayer
whichis siated,e.g.in Stull (1988, to rangein theorder of 5
to 15min in the caseof awell developead corvective bound-
ary layer (CBL). Consideringthe time of occurrenceof the
periodof FCCsearlyin the morning hourswithin a growing
CBL (seeFig. 3c) whichinhibitslargercirculationstructures,
ourfindingsseento bein goodaccordancavith thetextbook
values.In our case the averagetime scalet, = z; - w;l dur-
ing theperiodof FCCs(07:35—-08:4QTC) — calculatel with
an averagez; of 285m (seeFig. 3c) andan averagew, of
0.75ms 1 (seeFig. 4c and 4e; valuesof w, in the orderof
1to2ms~ ! aregiven,e.g.in Stull, 1989 —amountgo 7, =
6.3min.

Figure5b alsodepictsthenormalizedvavelet powver spec-
trum of the sonic temperaturewhich shaws a slightly dif-
ferentbehaior comparedo that of the vertical wind speed
(Fig. 5a) discussedbove. Spectralpower during the period
of FCCsis alsoenhancedvithin scalesin therangeof 1 to
7 min (a secondmaximumcanbe found at around13 min),
but high-frequeng turbulent scalesare still presentduring
the periodof FCCscontraryto thefinding in the normalized
wavelet power spectrumof the vertical wind speed.A pos-
sible explanationmight be that the highly fluctuatingtem-
peraturefield closeto the strongly heatedsurface causesa
non-correlatiorbetweerthewind andtenperaturefield and,
consequentlya different turbulent regime within the high-
frequeng partof theverticalwind speedandthetemperature
duringthe periodof FCCs.

Spectrakcharacteristicsf theturbulenceduringtheperiod
of FCCsat COPSIOP8b are further exanined by plots of
the computedpower spectra(seeSect.2.3) of the vertical
wind speedFig. 6a—c),thelongitudnal wind speedFig. 6d—
f) and the sonic temperature (Fig. 6g—i), before (05:00—
07:35UTC), during (07:35-08:4QTC) and after (08:40—
13:00UTC) the periodof FCCs.All depictedpower spectra
clearly shav Kolmogora/'s —5/3 powver law (Kolmogoro,
1941 within a subsetin the inertial subrange.However, at
lower frequencies, towards productionscales,the shape of
thespectrashoulddependnatmospheristabilityasdemon-
stratede.g.in Monin and Yaglom (1975 Chap.8), with ex-
perimentalresultsof Gurvich (1960 1962 and Zubkovskii
(1962, whofoundthatwind velocity spectrasatisfythe —5/3
powerlaw overacertainregion, but shav acleardependence
on different valuesof the Richardsomnumberat the lower
limit of the inertial subrange.Similar experimentalresults
have been reportede.g.by Kaimaletal. (1972, whoshaved
that normalizedvelocity and temperaturespectracorverge
within theinertial subrangecorrespondingo Kolmogoro's
power law, but spreadout dependingon ¢ at the lower fre-
queny part of the spectra. In accordanceo the studies
mentionedabove, our computedpower spectra,especially
that of the vertical (Fig. 6a—c) and longitudinal (Fig. 6d—f)

www.atmos-chem-pfs.net/9/887/2009/
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wind speedexperienceanappreciablgain of spectrapower
within time scales greaterthan0.5min during the period of

FCCscomparedo the power spectrébeforeandafterthe pe-
riod of FCCschaacterizedby nearneutralconditions. It is

ohbviousthatthe scaleof maximalspectralpower of the ver

tical wind speedduring the period of FCCs(Fig. 6b), which
is found at abou 4min, coincides with the time scaks of
maximal power obsenred in the normalizedwavelet power
spectrunof the verticalwind speedFig. 5a). Moreover, the
studyof Katul etal. (1995 is usedto gain moreinsightinto

the spectralcharacteristicsvithin the low-frequeng part of

our power spectraconcerninga possibleexistenceof a —1

power law andits deviation dueto buoyang. Katul et al.

(1995 reporteda —1 pawver law evidentin the vertical ard

longitudinalwind speedandin the temperaturgpower spec-
tra during nearneutralatmosphericstratificaton, which can
moreor lessbe confirmed consideing our power spectrebe-
fore andafterthe periodof FCCs(Fig. 6a, c,d, f, g, i) where
neutralconditionsarepresentlt hasto bementionedhatthe
existenceof a —1 pawer law for the vertical wind speedin

the neutralcasewasfound by Katul etal. (1999 to be only
of limited extent (in accordancewith our findings) and its

existences alsoconsideredo be controversialin thediscus-
sionof KatulandChu(1998. Consideringnow thebehavior

of the low-frequengy spectralcharacteristicgluring the pe-
riod of FCGs, it is naticeablethat the existenceof a —5/3
power law in the inertial subrangen the caseof the vertical
(Fig. 6b) and longitudinal (Fig. 6e) wind speedcanbe ex-

tendediowardsthe productionscaleswhichis alsostatedby
Katul et al. (1995 for the free corvection stability regime.
In the caseof the temperatue power spectrumKatul et al.

(1995 referredto the existenceof a —1/3 power law which
canonly be confirmedfor alimited region, consideringour
temperaturgower spectrum(Fig. 6h). Finally, it is worth-
while to point out that our definition of the free corvection
regime (¢ < —1) differs from that (¢ < — 2) usedin Katul

et al. (1995, so that the power laws correspondingo the
caseof moderatelyunstableconditions (0.14<¢ < —1.3) in

the senseof Katul et al. (1995, i.e.a—-2,a—-1anda -1

power law for the longitudinaland vertical wind speedand
thetemperatire power spectrarespectrely, mayalsobe ap-
plied to our data,as averagestability valuesduring our pe-
riod of FCCs(¢ = —1.3) may also be associatedvith the
upperedgeof the moderatelyunstableregime of Katul et al.

(1995. Neverthelessto summarizeour findings, the effect
of FCCson the spectra characterics of the turbulenceis
clearlyvisible in our study

3.3 FCCsduring the entire COPSmeasurementperiod

Having outlined the generatiorof FCCsdueto a changeof
thevalley wind systemin detailfor COPSIOP8bwithin the
previous section the entiremeasuremerperiodshouldnow
be regarded. At Fubach,23 days, which male up 25% of
the 92 daysobsenred in the COPSfield campaign,can be

Atmos. Chem.Phys.,9, 8587-860Q 2009
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Table 2. Meanonsetandcessatiorimes[UTC] of theup-valley wind directionandthemeantimesof FCCsof thosedaysclassifiedas“event
days”, with standarddeviation (SD), andnumber(n) for the individual months(June,July, August)andfor the whole COPSmeasuremen

periodat FuRbach.

Onsetof up-valley wind direction

Cessatiorof up-valley wind direction

FCCs

Period Mean SD n Period Mean

SD n Period Mean SD n

08:01
08:03
09:06
08:29

01:14 8
00:37 5
00:46 10
01:02 23

June
July
August
whole

17:36
17:23
17:56
17:42

June
July
August
whole

00:55 7
01:35 5
01:10 10
01:10 22

07:33
08:14
08:48
08:14

01:08 8
00:51 5
00:42 10
01:01 23

June
July
August
whole

01/09/2007

x onset
+ cessation 1

—FCCs

- - sunrise
09/08/2007

[ — -sunset 1

17/07/2007

24/06/2007

01/06/2007 : :
00:00 06:00 12:00 18:00 00:00

Time [UTC]

Fig. 7. Onsetand cessatiortimes of the up-valley wind direction
andthecorrespondingeriodsof FCCsin themorninghoursatdays
classifiedas“eventdays” regardingthe entire COPSmeasurement
periodat FuRBkach. Also depictedarethe timesof sunriseandsun-
set.

classifiedas “event days” coinciding with the paradigmof
thegeneratiorof FCCsat COPSIOP8boutlinedin Sect.3.2
Furthermore;19 days(21%) canbe denotedas“intermittent
days”,asthey donotexhibit a deardiurnal,persistentvalley
wind circulation. FCCsoccurbut canonly be attributedto
brief duration— severalminutesup to afew hours— changes
from down-valley to up-valley winds during the day, these
sometimesot even reachinga full wind rotation of 18C°.
Despitethe factthatmostof the FCCsof these'intermittent
days” seemto be triggeredby short changesf wind direc-
tion of varying duration,it wasdecidedo separat¢he“inter-
mittent” from the “eventdays”in orderto have similar flow
patterngnitiating the FCCsandthusaclearlystructureddata
set. Thereasorfor theintermittenceof thevalley windsis a
decreasef the solareregy input, e.g.dueto cloud shad-
ing. Finally, 37 days(40%)at Ful3bactcanbe characterized
as“non-eventdays”,asFCCsdo not appear Thirteendays
(14%) cannotbe evaluateddueto datafailure.

Figure7 shovsall daysclassifiedas“evert days”(23) with
the onsetand cessatiortimes of the up-valley wind direc-
tion, the periodsin which FCCsoccurredandthe times of

Atmos. Chem.Phys.,9, 8587-860Q 2009

sunriseand sunse during the entire COPScampaign. The
meanonsetandcessatiortimesof the up-valley wind direc-
tion ard the meantimesof FCCsof thosedaysclassfied as
“eventdays”,with standad deviation andnumber arelisted

in Table2 for theindividual monthsandthe whole measure-
mentperiod. Remarkablds the adjustmenif the onsetof

theup-valley wind directionand of the FCCsto theseasona
changeof sunrisesvidentin the meanvalues of theindividual

months.Themeandurationof theperiodsin whichFCCsoc-

cur—depictedn Fig. 7 —is 84 min with a standardleviation

of 57min.

To clarify thedifferenceof “event” and“intermittentdays”
asrelatedto thediurnal valley wind system persistenceal-
ues P were calculatedfrom the west-@st and south-north
componentgu andv, respectiely) andthe horizontalwind
speedv;, of theEC sonicanemaneterfollowing Lugauerand
Winkler (2005:

NMOREEION
vy (1)

wherethetemporalvectormeanof thehorizontalwind speed
is divided by the arithmetic mean of the horizontal wind
speedat every time of theday P canadoptvaluesbetween
0 and1, wherel meanghatevery day at thattime thewind
blew from the samedirection. Figure 8a depictsthe calcu-
lated persistenceP for all days,“eventdays”, “intermittent
days”and“non-eventdays”. Two pronounceceye-catching
minima canbe foundthe “eventdays”,i.e. oneat the times
the up-valley winds start(at about08:00UTC) and another
at the timesthe up-valley winds rotatebackto down-valley
winds (atabout18:00UTC), indicatinghighly variablewind
directionsduring thesetimes. The P valuesabore 0.75for
therestof thetime point to a quasi-identicaflow patternon
the 23 selected'event days” at FuRbach.The small persis-
tencevaluesof the “intermittent days” between06:00 and
18:00UTC can be attributed to the non-persistencef the
up-valley winds, asbriefly lastingup-valley winds areinter-
ruptedby frequentrotationsbackto the original wind direc-
tion dueto adecreasef thesolarenergy input(throughcloud
shading)which otherwiseustally drivesconstantlyblowing
up-valley winds.

P(t)= (6)

www.atmos-chem-pfs.net/9/8587/2009
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Fig. 8. Persistenc® [—] (a) andmeandiurnaltrendsof the stability parameter [—] (b), friction velocity u [ms—l] (c), sensibléheatflux

On [Wmfz] (d), global radiation[Wm*Z} (e) andlatentheatflux Qg [Wmfz] (f) for all daysof the COPSmeasurementeriod(92),

daysclassifiedas“eventdays” (23), “intermittentdays” (19) and“non-eventdays” (37) at FuBbach.Thirteendayscannotbe classifieddue
to datafailure.

Mean diurnal trendsof ¢ (Fig. 8b), u, (Fig. 8c), Ox canbe explainedby the non-persistencef the valley winds
(Fig. 8d), globalradiation(Fig. 8e) and Q ¢ (Fig. 8f) of the resultingin a continuousdrop of the horizontalwind speed.
individually classifieddayscanbeappliedto characteriz¢he Above-averagevaluesof Q y andglobalradiation(Figs 8d
FCCs.Themearvaluesof ¢ indicatetheoccurrencef FCCs and8e) canbefoundonthe“eventdays”,thusindicatingthe
in the morninghoursat about08:00UTC on both “intermit- preferredoccurenceof FCCsin clear undigurbedweather
tent” and “event days”. After this distinct minima of ¢ at situationswith high solarradiationdriving the valley winds,
about08:00UTC (until about12:00UTC), the “intermittent ~ which act asthe trigger mechanisnfor FCCsby providing
days”shaw slightly lower valuesof ¢, indicatingthatthein- the necessaryminimum of u, in the early morningtransi-
termittenceof the valley wind systemcausesnorefrequent  tion period. Moreover, about100Wm~—2 higher Oz values
triggeringof FCCs. A cleardifferencein the magnitude of (Fig. 8f) canbe obsered on the “event days” comparedo
u, comparing‘event” and“non-eventdays” (seeFig. 8c) at the “non-eventdays”, which also contrikute, dueto density
about08:00UTC underlinesthat the drop of u, causedby effects,to thedestabilizéion of neargroundair masses.
thevalley wind reversalin the morninghourstriggersFCCs.

The generallylower valuesof u, onthe “intermittentdays”

www.atmos-chem-p¥s.net/9/887/2009/ Atmos. Chem.Phys.,9, 8587-860Q 2009
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4 Conclusions

A comprehensie quality assuranceand control effort, in-
cluding footprint analysisanda checkfor internalboundary
layers,was adaptedto the EC turbulencemeasurementat
FuRRbachn orderto obtainhigh-quality surfaceflux dataus-
ablefor thedetection(¢ < — 1) anddescriptiorof FCCsin the
Kinzig valley. FCCswerefoundto betriggeredby a change
of thelocal valley circulationsystemfrom down to up-valley
windsin themorninghoursandoccurrel onabouthalf of the
total 92 COPSdayssummingup daysclassifiedas “event”
and“intermittent days”. This frequentoccurrenceof FCCs
confirmsthe assumptionof Mayer et a. (2008 that other
regions shaving compl terrain— besideshe alpinefore-
land investigated in their study— might facetrigger mecha-
nisms,suchaslocal or mesoscaleirculation systemdead-
ing to the corvective releaseof neargroundair massesnto
the ABL. FCCsinitiated by a changeof the valley winds
were also found by Hiller et al. (2008 in an alpine val-
ley in Switzerlandfollowing their stability and dataquality
analysis. Unfortunatey, theseauthorsdid notaddresshese
events.Thelarge-eddyscalecharacteof theturbulencenear
the groundduring periodsof FCCscould be confirmedby
applyingspectralanalysismethodgseeFigs. 5 and6), thus
suggestinghat plume-like coherentstructuresof rising air
masseemege from the detected=-CCs. Theselarge-scale
structurescan more effectively transportquantitiesof heat
andmoistureenhancedn neargroundregionsinto the ABL.
As enhancedsurface fluxes oflatentandsensilie heatwere
foundonthe“eventdays”comparedo “non-evernt days”(see
Fig. 8) aswell asincreasedupward vertical wind speedsn
the Sodarmeasurementduring FCCs(seeFigs. 3e and3f),
a clear effect of the deteted FCCson the thermodynamic
structureof the ABL is olbvious. To sumup, FCCsare likely
— in additionto other orographicor landscapesffects— to
have anon-ngligible impacton ABL temperatur@andmois-
ture profilesandto play arole for Cl processes.

In orderto directly simulatethe impactof FCCson ABL
thermodynamicsand on possiby subsequentloud forma-
tion, a large-eddysimulation (LES) model will be applied
for furtherinvestigations.
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Appendix C: Eigenmann et al. (2011)

Surface energy balance and turbulence network during the
Convective and Orographically-induced Precipitation Study

(COPS)
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1.

A network of surface energy balance and turbulent flux
measurement stations was set up during the comprehensive

Introduction

Experimental data of the energy balance and the turbulence network installed
during the Convective and Orographically-induced Precipitation Study (COPS)
field campaign of 2007 are presented in this study. The network aims at providing
continuous surface flux and other surface micrometeorological data of the required
high accuracy and quality for further fundamental research. An overview of the
turbulence data processing and data quality control, including footprint analysis
and a check for internal boundary layers, is given. The consistently applied approach
allows for a high comparability of the turbulent flux data of sensible and latent
heat. The reaction of surface fluxes during the observed frontal passage during the
Intensive Observation Period (IOP) 9¢ (20 July 2007) is presented. As surface fluxes
were measured over different land-use types and at different locations within the
COPS area, the effect of land use and orography on turbulent fluxes is discussed
with the help of IOP 8b (15 July 2007). The flux differences between individual sites
due to varying surface characteristics are often larger than the flux differences with
changing altitude. The oasis effect observed for the highly evapotranspirating maize
fields is found to increase the residuum of the surface energy balance. At all sites and
during both IOPs the occurrence of near-ground free convection conditions (FCCs)
is investigated. During the oasis effect, FCCs do not occur. Copyright (¢) 2011 Royal
Meteorological Society

Key Words:  eddy-covariance; turbulent fluxes; energy balance closure; residuum; oasis effect; near-ground
free convection conditions
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Convective and Orographically-induced Precipitation Study

(COPS) field campaign (Wulfmeyer ef al., 2008). The

Copyright (©) 2011 Royal Meteorological Society

campaign took place in southwestern Germany and
eastern France from 1 June to 31 August 2007. It was
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organized into Intensive Observation Periods (IOPs), which
observed specific convective situations with a synergy
of meteorological instruments (Wulfmeyer et al., 2011).
The aim of the COPS energy balance and turbulence
network was to provide information about the temporal
and spatial heterogeneity of high-quality turbulent flux
values of sensible and latent heat for individual IOPs.
This is important, since under weak synoptic forcing
spatial inhomogeneities of surface characteristics result in
inhomogeneities of turbulent fluxes of heat and moisture
into the atmospheric boundary layer (ABL) and hence may
determine if and where convection is initiated (e.g. Aoshima
et al., 2008; Kottmeier et al., 2008, Behrendt et al., 2011;
Bennett et al., 2011; Weckwerth et al., 2011). An analysis
of flux measurements with a more climatological focus
was already performed in the COPS area within previous
studies (Wenzel et al., 1997). These investigations revealed
a significant dependence of the energy balance components
on the altitude and on the land-use types in the area of the
Upper Rhine valley and the Black Forest (Kalthoffet al., 1999,
Wenzel and Kalthoff et al., 2000). The turbulence network of
the COPS campaign is comparable to that of the LITFASS-
2003 experiment (Mengelkamp et al., 2006), where turbulent
fluxes were measured within an area of 20 x 20 km?* over
all relevant land-use types and were area-averaged by means
of a tile approach (Avissar, 1991). The aggregated surface
fluxes showed good agreement with area-integrated fluxes
from long-range scintillometer and airborne measurements
(Beyrich et al., 2006). However, not all existing land-use
types were covered with turbulence measurement stations
in the case of the COPS network. Therefore, an area-
averaging of fluxes based on measurements is impossible
for the COPS period. More important for the COPS set-up
are flux differences between the Upper Rhine valley and
the mountaintops and valleys of the Black Forest and flux
differences between different land-use types. Flux differences
between different land-use types mainly occur due to
altering surface characteristics such as albedo, emissivity,
leaf area index (LAI), canopy height and structure (e.g.
Munn, 1966; Oke, 1987). Different stages of vegetation
development and mowing of grassland sites also lead to
temporal variations of surface characteristics at a single
location. The turbulent fluxes at individual locations are
also influenced by differences in altitude. (Wenzel et al.,
1997) give theoretical considerations for the dependence
of the Bowen ratio (Bo) on altitude. They showed that
an increase or decrease of Bo with altitude depends on
the air temperature and the relation of the temperature
and humidity gradient. Observations of both an increase
or decrease of Bo with altitude were made (e.g. Kessler,
1985). Accordingly, the first objective of this study is the
investigation of flux differences due to different locations
and land-use characteristics and the presentation of the data
processing and quality control of the flux data. The influence
of the surface fluxes on the ABL conditions and on the pre-
convective environment is investigated in detail in the study
of Kalthoff et al., (2010). Using some stations of the COPS
turbulence network, the authors focused on the relationship
between soil moisture, surface fluxes, ABL conditions and
convective indices. It was found that the convective indices
depend on ABL conditions, which in turn are influenced by
the energy transformation at the Earth’s surface. However,
due to a weak correlation between the surface fluxes and the
ABL conditions, especially over the Black Forest, the authors

Copyright (© 2011 Royal Meteorological Society
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Figure 1. Topographic map of the turbulence measuring sites of the COPS
field campaign (see also Table I).

concluded that advective processes also determine the ABL
characteristics over the complex terrain of the COPS area.

The second objective of the present study is the
investigation of the non-closure of the surface energy
balance. A residuum of 10-30% is often found in
micrometeorological field experiments (e.g. Foken et al.,
2010, Oncley et al, 2007) and at FLUXNET sites
(Wilson et al, 2002). An overview of the energy
balance problem is given in Culf et al. (2004) and
Foken (2008b). The main reason for the residuum
is assumed to be the landscape heterogeneity causing
advective and low-frequency flux components (Foken et al.,
2006) and secondary circulations (Inagaki et al., 2006),
which are not caught by the standard eddy-covariance
measurements and which transport the surplus of energy.
The imbalance has important consequences for the use
of surface turbulent flux data for ground truth and
model validation. As the energy balance is, by definition,
closed in most of the applied models, the residuum
has to be considered when comparing modelled and
measured flux values (e.g. Kracher et al, 2009). As a
first guess it is a common procedure to distribute the
residuum according to the Bowen ratio (Twine ef al,
2000).

Moreover, the present study extends the investigation of
the occurrences of near-ground free convection conditions
(FCCs) of Eigenmann et al. (2009) in the Kinzig valley
of the Black Forest to all sites in the COPS region. FCCs
occur during situations of high buoyancy fluxes which
coincide with very low wind speeds. Buoyancy-driven
turbulence then dominates over shear-driven turbulence
near the ground, which results in an effective vertical
transport mechanism of heat and moisture, enhanced in
near-ground regions, into upper parts of the ABL. As the
dimensions of the target land-use types of most of the COPS
sites are large enough (> 250m) that the surface fluxes
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Table I. Turbulence measuring sites of the COPS field campaign. The column ‘Code’ abbreviates the responsible institute
(UBT: University of Bayreuth; IMK: Karlsruhe Institute of Technology; MF: Météo France; UV: University of Vienna;
UBN: University of Bonn) followed by a running number. Also given are the coordinates (latitude, longitude), the altitude
(metres a.s.l.) and the EC set-up (sonic anemometer, hygrometer — CSAT3: sonic anemometer by Campbell Scientific Inc.,
USA; USA-1: sonic anemometer by METEK GmbH, Germany; Solent R1012: sonic anemometer by Gill Instruments Ltd.,
UK; Young 81000: sonic anemometer by R. M. Young Company, USA; Solent HS: sonic anemometer by Gill Instruments
Ltd., UK; KH20: krypton hygrometer by Campbell Scientific Inc., USA; LI-7500: open-path CO,/H,O gas analyzer by
LI-COR Biosciences, USA). The station UV1 used the Optical Energy Balance Measurement System (OEBMS1) with a
Scintillometer SLS20 system by Scintec AG, Germany instead of the EC measuring technique. The column ‘Land use’
indicates the target land-use type: grassland (G), maize (M), strawberry (S), fallow (F) and wheat (W). The column
‘Location’ sorts the stations by their location: valley (V) sites, mountaintop (T) sites, Upper Rhine (R) valley sites and sites
in the lee (L) of the Black Forest.

Code  Site Coordinates  Alt. Landuse Sonic Hygrometer Location
(lat., long.) anemometer
UBT1  FuflbachI? 48°22'7.82",8°1' 21.17" 178 M CSAT3 LI1-7500 \%
UBT2  Fuflbach II 48°22'0.88”,8° 1 16.68” 180 F USA-1 - \Y
UBT3  Fischerbach? 48° 16/ 57.40”, 8° 7' 56.28" 226 G CSAT3 KH20 \%
UBT4 Hagenbuch?® 48° 16’ 54.59”,8° 12" 16.81” 245 G CSAT3 LI-7500 \%
IMK1  Hornisgrinde ? 48° 36/ 12.95”,8° 12" 4.88" 1158 G Solent R1012  LI-7500 T
IMK2  Baden Airpark ? 48° 46’ 40.51”, 8° 4’ 25.20" 120 G Solent R1012  LI-7500 R
IMK3 Linkenheim ? 49° 8/ 9.24” 8° 23/ 32.21” 96 W Young 81000 - R
IMK4  Sasbach 48° 39/ 4.20”, 8° 5 19.53” 133 G Solent R1012 - R
IMK5  Oberkirch 48° 31 19.15”, 8° 5’ 54.00” 203 S Solent R1012 - \Y%
IMK6  Bad Rotenfels 48° 49" 29.35”,8° 17 30.55” 127 G Solent R1012 - \Y%
IMK7  Igelsberg 48° 31" 40.85”, 8° 25’ 50.35” 770 G Solent R1012 - T
IMK8  Burnhaupt 47° 42 33.52",7° 9" 16.07” 299 M Solent R1012 - R
MF1 Niederrott ? 48° 26/ 34.40", 7° 32" 38.36" 155 M Solent HS LI1-7500 R
MEF2 Nordfeld ? 48° 27 58.22",7° 32" 22.35” 156 M Solent HS LI1-7500 R
UVl Deckenpfronn®®  48° 38 21.127,8°49' 7.86" 574 G - - L
UBN1  Deckenpfronn ? 48°38'21.12",8° 49’ 7.86” 574 G CSAT3 LI-7500 L

2 Additional measurement of radiation and soil components.
" Not included in the data analyses of section 4 for comparability reasons.

are able to influence the structure of the ABL (Shen and
Leclerc, 1995), the detected FCCs may have a strong impact
on ABL characteristics and hence on the pre-convective
environment in the COPS region. An impact of FCCs on
vertical wind speeds (Eigenmann et al., 2009) and on ozone
concentrations (Mayer ef al., 2008) in the ABL was recently
demonstrated.

Two IOPs are selected in the framework of this study: IOP
8b (15 July 2007) and IOP 9c¢ (20 July 2007). These IOPs
are chosen because the processes of convection initiation
(CI) are intensively investigated and well understood (e.g.
Kottmeier et al., 2008; Kalthoff et al., 2009; Barthlott et al.,
2010). The mechanisms leading to CI are very different on
both days. According to Kottmeier et al. (2008), convection
during IOP 8b is locally initiated, which means that surface
fluxes and valley winds play an important role for CI,
while convection during IOP 9c occurs near prefrontal
convergence zones.

The article is organized as follows. Section 2 outlines the
experimental set-up. Section 3 describes the processing
and quality control of the turbulence data as well as
the determination of the energy balance closure and the
detection of FCCs. Section 4 shows and discusses the effect
of land use and location on flux measurements, the energy
balance closure and the occurrence of FCCs. In section 5 a
summary and conclusions are given.
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2. Experimental set-up

The surface energy balance and turbulence network
consisted of sixteen stations set up within the heterogeneous
landscape of the COPS area (see Figure 1 and Table I). The
eddy-covariance (EC) measuring technique was applied
in order to provide high-quality and continuous surface
turbulent flux data of momentum and sensible and latent
heat. Additionally, soil (Hauck et al., 2011) and radiation
measurements as well as standard surface meteorological
data were recorded at most of the sites. Heterogeneity
in the COPS region exists due to orography and due to
a patchy land-use structure. Therefore, measuring sites
included locations in the valleys (V) and on mountaintops
(T) of the Black Forest, locations in the Upper Rhine (R)
valley and locations in the lee (L) of the Black Forest (see
Table I and Figure 1). Conversely, the turbulent fluxes were
also measured over different land-use types (see Table I):
grassland (G), maize (M), strawberry (S), fallow (F) and
wheat (W). Mainly grassland sites (nine stations) and maize
fields (four stations) were probed. The typical EC measuring
set-up consisted of a sonic anemometer and a fast-response
hygrometer according to Table I. The measurement height
of all stations was in the range of 1.8—10 m, and the sampling
frequency of the EC raw data amounted to 10, 20 or
32Hz. The time stamp used was UTC (Universal Time
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Table II. Flux contributions from the target land-use type (grassland), in %, dependent on wind direction sector and

stability class for the station Hagenbuch (UBT4, see Table I). Average flux contributions over the entire COPS period are

shown. Moreover, the internal boundary layer evaluation procedure for average conditions over the entire COPS period

is presented for Hagenbuch. The height of the new equilibrium layer, &y, is calculated with the fetch, x, according to

Eq. (1). Both variables are listed for different wind direction sectors. The flagging scheme of Table III is applied with an
aerodynamic measurement height of z, = 2.0 m.

Wind sector: 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
Flux contributions, in %, from the target land-use type (grassland):

Stable 78 85 89 94 93 91 83 83 96 97 97 91
Neutral 94 97 95 98 99 98 96 95 99 99 100 96
Unstable 100 100 99 100 100 100 100 97 100 100 100 100
Internal boundary layer evaluation:

x (m) 95 105 97 101 84 115 44 48 95 247 239 101
8o (m) 2.9 3.1 3.0 3.0 2.8 3.2 2.0 2.1 2.9 4.7 4.6 3.0
Flag 0 0 0 0 0 0 1 0 0 0 0 0

Coordinated). All data were transformed into a common
data format and transferred to the COPS data base operated
by the World Data Center for Climate (WDCC) in Hamburg,
Germany.

3. Turbulence data processing

3.1.  TK2 processing

The EC flux data of the COPS turbulence network were
processed and quality-controlled with the software package
TK2 developed by the Department of Micrometeorology,
University of Bayreuth (Mauder and Foken, 2004; Mauder
et al., 2008). Following Mauder et al.(2006), the processing
steps and flux corrections listed below are applied to the EC
raw data while running TK2.

e Calculation of averages, variances and covariances
for an averaging interval of 30min and taking
into consideration the time delays between different
sensors and excluding physically invalid values and
spikes (Vickers and Mahrt, 1997).

e Cross-wind correction of the sonic temperature if
necessary (depending on sonic anemometer type).

e Correction of oxygen cross-sensitivity for krypton
hygrometers (Tanner et al., 1993, van Dijk et al,
2003).

e Planar fit coordinate rotation (Wilczak et al., 2001).

e Correction of spectral loss due to path-length
averaging, spatial separation of the sensors and the
frequency dynamic effect of signals (Moore, 1986).

e Conversion of buoyancy into sensible heat flux
(Schotanus et al., 1983, Liu et al., 2001)

e Correction for density fluctuations (WPL correction)
to determine fluxes of the scalar quantities H,O and
CO,; (Webb et al., 1980; Fuehrer and Friehe, 2002;
Liebethal and Foken, 2003, 2004).

The impact of these processing and flux-correction steps
on flux estimates and energy balance closure is discussed in
Mauder and Foken (2006).
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Quality tests implemented in TK2 consist of a stationarity
test and a test on the fulfilment of integral turbulence
characteristics (ITC) for each turbulent flux (Foken and
Wichura, 1996; Foken et al., 2004). According to Foken et al.
(2004), the final quality flag (1-9) is assigned to a specific
half-hourly turbulent flux value by combining the quality
flags for stationarity and ITC. Classes 1-3 can be used for
fundamental research, classes 4—6 for general use such as
continuously running systems and classes 7-8 for a rough
orientation. Turbulent flux values marked with a quality
flag of class 9 should be rejected. This information is also
provided in the COPS data base at the WDCC (see section 2)
as well as the information on the footprint modelling results
(section 3.2) and the internal boundary evaluation (section
3.3), as described below.

3.2. Footprint modelling

In order to evaluate the spatial representativity of the
measured turbulent flux data in the context of the underlying
land-use distribution, a footprint model was applied to all
EC flux sites of the COPS turbulence network. Following the
approach of Gockede et al. (2004, 2006), the flux data-quality
flagging scheme of Foken et al. (2004) is combined with the
Thomson (1987) three-dimensional Lagrangian stochastic
trajectory model of Langevin type (Wilson and Sawford,
1996). The parametrization follows the flow statistics and the
effect of stability on the profiles used in Rannik et al. (2003).
The approach of Gockede et al. (2004, 2006) allows the
determination of the footprint climatology in relation to the
land use (spatial representativity) and the spatial distribution
of quality flags (spatial quality structure) as well as the
calculation of the flux contribution of the target land-use
type to the total flux measured for each half-hourly turbulent
flux value. Recently, this flux data-quality evaluation
approach was adapted to the sites of the CarboEurope
network by Rebmann ez al. (2005) and Gockede et al. (2008).

As an example, Table II shows the flux contribution
from the target land-use type at the station Hagenbuch
(UBT4, see Table I) for different wind direction sectors and
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stability classes. The entire COPS measurement period is
considered. As expected, flux contributions from the target
surface increase from stable towards unstable conditions.
The main wind directions (120, 150, 270 and 300°) with the
highest data density (not shown) show flux contributions
over 93% even under stable conditions. The lowest flux
contributions are found in sectors with low data density,
e.g. 78% in the 30° sector during stable conditions. Overall,
the measured turbulent flux data at Hagenbuch are highly
representative of the target land-use type.

3.3. Internal boundary layers

All measurements at each EC station of the COPS turbulence
network were checked for the existence of internal boundary
layers (IBL), which form as a result of changes in ground-
surface characteristics adjacent to the tower. The exchange
of energy and matter over the target land use is affected
by neighbouring areas when measuring above the IBL. The
following equation was used to estimate roughly the height of
the new equilibrium layer, &y, depending on the fetch, x, for
each 30° wind sector (Raabe, 1983; Jegede and Foken, 1999):

Zy < 8y = 0.3/x. (1)

The aerodynamic measurement height, z,, is defined as
the geometric height minus the zero-plane displacement.
The latter can be determined with two-thirds of the canopy
height (e.g. Foken, 2008a). In order to guarantee that the
measurement takes place within the new equilibrium layer
that establishes over the target land-use type, z, should be
lower than §y. Above &, the measurement cannot be related
to the target land-use type:

zy > 81 = 0.5/x. (2)

Between 8y and &, a transition area is assumed. A weak
effect of stability on Jy; is neglected (Savelyev and Taylor,
2005).

For the outcome of the IBL evaluation procedure, a
flagging scheme was defined depending on the relation of z,
to 8g and & (see Table IIT). This scheme was applied to each
half-hourly turbulent flux value. Flux values flagged with 1
should be considered with care and flux values flagged with
2 should be rejected in any case, as the measured flux cannot
be ascribed to the target land-use type.

As an example, Table II shows the results of the IBL
evaluation procedure for average conditions over the entire
COPS measurement period for the station Hagenbuch
(UBT4, see Table I). The height of the new equilibrium
layer, 8o (see Eq. (1)), and the fetch, x, are both given
for different wind direction sectors. It can be seen that
in the 210° sector the aerodynamic measurement height,
z, = 2.0 m, equals the height of the new equilibrium layer,
8o = 2.0. This indicates that the flux measurement takes
place at the lower edge of the transition area of the IBL and
thus is flagged with 1 (see Table III).

Table III. Flagging scheme for the internal boundary layers.

Condition Flag Description

z, < & 0 Measurement below &g
80 <z, <8 1 transition area

Za > 61 2 Measurement above §;
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3.4. Data selection

For the results shown in section 4, the following data
selection criteria were applied; these result from the data-
quality tests described in sections 3.1, 3.2 and 3.3. Only
turbulent flux data with

e TK2 quality flags < 6 (see section 3.1),

e flux contributions from the target land-use type
> 70% (see section 3.2) and

e flags of the IBL evaluation procedure < 1 (see section
3.3)

are considered further for data analysis. Due to the high
landscape heterogeneity at the COPS measurement sites, we
decided to allow turbulent flux data with flux contributions
from the target land-use type > 70% instead of > 80% as
was recommended by Gockede ef al. (2008) as a reasonable
value for representative measurements in his study above
tall vegetation.

The resulting data availability after the application of
these data selection criteria is shown in Table IV. Overall,
most of the sites reach an adequate data availability of more
than 50%. However, six stations also show very low data
availability below 30%. This can be mainly attributed to data
rejection due to low flux contributions from the target land-
use type, either identified by the applied footprint model
or by the IBL evaluation procedure. Unfavourable fetch
conditions were present at these sites, as they were closely
situated at the boundaries of the target land-use types, which
results in an increase of the influence of neighbouring areas.
At the station Linkenheim (IMK3) the large measurement
height of 10 m is responsible for the failure of the IBL criteria
and thus for data rejection.

3.5.  Energy balance closure

A possible residuum, res, of the surface energy balance
can be evaluated at all measuring sites of the turbulence
network where additional radiation and soil measurements
were carried out and both turbulent fluxes of sensible heat,
Qu, and latent heat, Qg, were measured (see Table I). At the
surface, the net radiation, Qf, is transformed into Qy and
Qr and into the ground heat flux, Qg:
—Q% = Qu + Qg + Qg + res. (3)
The storage of heat in the upper soil layer is included in this
study within the value of Qg and was calculated according
to the ‘simple measurement’ method after Liebethal and
Foken (2007). Other storage terms (plants, air, etc.) and

photosynthesis can be neglected as they are usually very
small (Foken, 2008b).

3.6.  Near-ground free convection conditions

Near-ground free convection conditions can be detected
with the EC measurements by calculating the stability
parameter, ¢, which is the quotient of the measurement
height, z, and the Obukhov length, L:
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Table IV. Number of cases, in %, for each EC station that fulfil the applied data selection criteria: flux contribution from

the target land-use type (AOI = area of interest) to the total flux measured > 70%, flags of the IBL evaluation procedure

< 1, quality flag of the friction velocity u, < 6, quality flag of the sensible heat flux Qg < 6 and quality flag of the latent heat

flux Qg < 6. Also given is the data availability (DA) in %, after the data rejection according to the previously mentioned

criteria for the turbulent fluxes of u,, Qu and Qg. The column ‘Class’ abbreviates the locations and land-use types of the
sites according to Table I.

Station AOI IBL flag flag flag

code Class > 70% flag <1 U, <6 Qu <6 Qg <6 DA u, DA Qu DA Qg
UBT1 M,V 96 100 90 94 92 89 90 89
UBT2 E,V 74 93 91 87 - 65 61 -
UBT3 G,V 73 99 74 83 82 63 62 62
UBT4 G,V 100 100 80 90 88 80 90 88
IMK1 G,T 81 64 98 94 89 59 57 50
IMK2 G,R 86 95 96 88 86 82 74 72
IMK3 W,R 54 0 90 89 - 0 0 -
IMK4 G,R 71 29 92 84 — 26 24 -
IMK5 S,V 54 44 96 90 - 27 26 -
IMK®6 G,V 59 13 96 85 - 12 12 -
IMK?7 G,T 89 100 95 87 - 87 78 -
IMKS8 M,R 67 81 98 87 - 66 60 -
MF1 M,R 10 22 93 90 88 10 9 9
ME2 M,R 100 100 84 90 88 84 90 87
UBN1 G,L 53 29 91 88 87 23 22 22

Here, u, is the friction velocity, g the acceleration due
to gravity, 6, the mean virtual potential temperature and
(w/_%) o the buoyancy flux at the surface. The von Kdrmédn
constant amounts to x = 0.4. FCCs occur for { < —1, as
buoyancy-driven turbulence then dominates over shear-
driven turbulence near the ground (e.g. Stull, 1988; see also
Eigenmann et al., 2009).

4. Results and discussion

First, the difference in the net radiation, Qf, available for
the transformation into Qy, Qg and Qg at the surface
(see Eq. (3)) will be highlighted for the two selected
IOPs (8b and 9c¢, see section 1). Figure 2 shows the net
radiation for IOPs 8b and 9c averaged according to the
different locations distinguished in Table 1. Averaging is
done arithmetically, as is the case for all averages shown
below. For IOP 8b, a bell-shaped course of Qf is visible at
the valley (V), the Upper Rhine (R) valley and mountaintop
(T) sites, thus indicating a clear and sunny day with no
disturbance due to cloud shading at these sites. Only the
station Deckenpfronn in the lee (L) of the Black Forest
shows a decrease of Q¢ between 1430 and 1600 UTC, which
can be related to convective clouds observed during IOP 8b
in this area (Kalthoff et al., 2009). In contrast, the reaction
of the radiation components for the observed passage of
a frontal structure during IOP 9c (see Kottmeier et al.,
2008) is clearly visible in Figure 2(b). QF is reduced by
more than 250 Wm™2 between 0830 and 1200 UTC at all
locations.

4.1.  Impact of a frontal passage on surface fluxes

The frontal passage observed during IOP 9¢ has a strong
influence on the surface turbulent fluxes. However, the effect
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differs depending on the location of the station. Figure 3
compares averaged values of Qp and Qg of the valley (V) sites
with those of the non-valley sites (T, R, L) for IOP 9c. Data
availability at Deckenpfronn in the lee (L) of the Black Forest
is very low, as many data are rejected due to the applied data
selection criteria (see Table IV). In general, non-stationarity
during the passage of the front increases data rejection during
IOP 9¢ compared with other days with more stationary
conditions (e.g. IOP 8b). Regarding the temporal evolution
of the decline in Qg (Qg cannot be evaluated due to data
rejection), it can be seen that the surface fluxes first diminish
in the Upper Rhine (R) valley, then in the valleys (V) of the
Black Forest and lastly at the mountaintop (T) sites. This
corresponds with the observed direction of propagation
of the front from southwest to northeast during IOP 9c
(Kottmeier et al., 2008). The above-mentioned temporal
order can also be seen in Qg (Figure 2(b)), where the further
propagation of the front towards the northeast is also visible,
as Q¢ reaches its minimum half an hour later in the lee (L)
of the Black Forest compared with the other locations. A
strong decrease of Qy of more than 100 W m™2 is visible
at all sites during the frontal passage. The R sites show the
lowest values of Qg and Qyy, followed by the T and V sites.
The reason for the highest values of Qf and Qp during the
passage of the front at the V sites can be attributed to the
fact that the radiative energy input by incoming long-wave
radiation (not shown) is enhanced at the V sites compared
with the other sites due to additional long-wave radiative
fluxes from the valley sides. After the frontal passage, Qu
increases most slowly at the R sites. This can be attributed to
the fact that some precipitating clouds still remain over the
Upper Rhine valley, while the Black Forest area is already
nearly cloud-free (see Figure 19 of Kottmeier et al., 2008).
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Figure 2. Surface net radiation Qg during (a) IOP 8b and (b) IOP 9c, averaged according to different locations: valley (V) sites, mountaintop (T) sites,
Upper Rhine (R) valley sites and sites in the lee (L) of the Black Forest (see also Table I).
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Figure 3. Surface turbulent fluxes of (a) sensible heat Qy and (b) latent heat Qg during IOP 9¢, averaged over all valley (V) sites, mountaintop (T) sites,
Upper Rhine (R) valley sites and sites in the lee (L) of the Black Forest (see also Table I).

4.2, Effect of land use and location on surface fluxes

The effect of land use and location of the sites on surface
turbulent fluxes is investigated in this chapter. For this
purpose, IOP 8b has been chosen as this day is a typical
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situation with weak synoptic forcing and a (nearly) spatially
uniform radiative energy input (see Figure 2(a)). This allows
for an optimal comparison of the influence of land use and
orography on surface turbulent flux values at different
sites.
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Figure 4. Surface turbulent fluxes of latent heat Qg (panels (a) and (c)) and sensible heat Qy (panels (b) and (d)) during IOP 8b. For daily courses (a)
and (b), averaging is according to location (valley sites: V; mountaintop sites: T; Upper Rhine valley sites: R; sites in the lee of the Black Forest: L); only
grassland (G) sites are considered. For daily courses (c) and (d), averaging is according to the target land-use type (G: grassland; M: maize); only valley
(V) sites are taken into account.
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Figure 5. Same as Figure 4 but for the entire COPS measurement period.

Figure 4 shows the daily courses of Qp and Qy during
IOP 8b averaged according to different locations (V, T, R,
L) and to different target land-use types (G, M). Only target
land-use types where both turbulent fluxes were measured
are taken into account. In order to guarantee that the
effect of land use and location is clearly separated, the daily
courses averaged according to their location only consider
grassland (G) sites. This type of land use is available at all
locations (see Table I). Conversely, for the daily courses
averaged according to their target land-use type only valley
(V) sites are considered. However, it has to be mentioned
that even the fluxes over the same type of land use are
not comparable on a specific day, due to different surface
characteristics (e.g. the grassland sites in Fischerbach and
Hagenbuch were mown on 14 July). Therefore, we will
also show the daily courses of Qr and Qg in the same
way as Figure 4 but averaged over the entire COPS period
(Figure 5). Daily flux differences due to changing surface
characteristics within the class of grassland sites (mainly
due to mowing events) are minimized by averaging over
the entire COPS period, allowing the effect of orography to
become visible.

Regarding Figure 4(c) and (d), the occurrence of the
oasis effect (e.g. Stull, 1988) is obvious for the maize
field during IOP 8b (canopy height: 2.5m). The strong
evapotranspiration results in latent cooling near the ground,
while the air above the surface is still warmer. This leads
to negative values of Qg as early as around 1200 UTC (see
M in Figure 4(d)). The oasis effect is a frequently occurring
phenomenon. It was observed on about 46% of the days at
the maize field in the Kinzig valley and on about 55% of
the days at the maize fields in the Rhine valley. The oasis
effect can also be expected over different land-use types,
although it will not be as pronounced as over the highly
evapotranspirating maize fields. The flux differences during
IOP 8b between different locations (Figure 4(a) and (b))
are smaller than those that can be found for different land-
use types (Figure 4(c) and (d)). However, as mentioned
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above, the effect of orography on flux values is barely
visible on any specific day as varying surface characteristics
within the same class of land-use type also have to be
considered.

Therefore, Figure 5 also presents the daily courses of Qg
and Qp averaged over the entire COPS period. Figures 5(c)
and (d) show that in a long-term view the fluxes of Qg
and Qp hardly differ between grassland and maize. Also,
for the three-month COPS period values of the Bowen
ratio (Bo = Qu/Qg) can be determined, which would not
make much sense for a single day like IOP 8b with the
occurrence of the oasis effect. The Bowen ratio at the
grassland sites (Bo = 0.26) is slightly higher than that for
maize (Bo = 0.23). This can be attributed to the enhanced
evapotranspiration of maize during the growing period in
June and July. For other land-use types, however, totally
different values of Bo can be expected. The effect of altitude
on the daily courses of Qg and Qy can be seen in Figure 5(a)
and (b). The highest values of Bo can be found at the
mountaintop (T) sites (Bo = 0.56) followed by the Upper
Rhine (R) valley sites (Bo = 0.36), the valley (V) sites
(Bo = 0.26) and the site in the lee (L) of the Black Forest
(Bo = 0.23). An increase of Bo from the Rhine valley to
the top of the Black Forest was also found by Wenzel et al.
(1997) within a one year dataset. In general, the observed
values of Bo in our study are in good agreement with those
found in previous studies within this area (see also Kalthoff
etal., 1999).

To sum up, on a specific day the flux values of Qg
and Qp are strongly determined by different types of
land use and surface characteristics, while the effect of
altitude plays a minor role. The spatial inhomogeneity of
the transformation of radiative energy at the surface into
Qr and Qy can be strongly influenced by the heterogeneity
of surface characteristics. Therefore, on convective days
with weak synoptic forcing, land-use characteristics may
be decisive if and where convection is initiated. Hot
spots of increased transport of heat or moisture into
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Table V. Average residual 1 — b (%), intercept a (W m~2), R? and the number of available half-hourly measurements
of the linear regression analyses Qu 4+ Qg = a + b(—Qf — Qg) at each EC station with additional radiation and soil
measurements (see Table I). Also given are the sensor types for the radiation and soil heat flux measurements — CM24,
CM14: pyranometer/albedometer by Kipp & Zonen, the Netherlands; DD-PIR: double direction precision infrared
radiometer by Eppley Laboratory, Inc., USA; CNR1: net radiometer by Kipp & Zonen, the Netherlands; CG3: pyrgeometer
by Kipp & Zonen, the Netherlands; HFP01SC, HFPO1: heat flux plates by Hukseflux Thermal Sensors, the Netherlands;
RIMCO HP3: heat flux plate by McVan Instruments, Australia; CN3: heat flux plate by Carter-Scott Design, Victoria,

Australia.
Station code  Class  Residual  Intercept R>  Numberof cases  Radiation sensor(s)  Soil heat flux plate
UBT1 M,V 21 52  0.86 3322 CM24/DD-PIR HFP01SC
UBT3 GV 30 —3.6 0.82 1705  CNRI RIMCO HP3
UBT4 GV 17 11.6  0.89 3206 CNRI1 HFP01SC
IMK1 G, T 24 30.3 0.86 1290 CM14/CG3 CN3
IMK2 G,R 26 120  0.88 1929 CM14/CG3 CN3
MF1 M,R 36 11.0  0.87 106 CNRI1 HFPO1
MEF2 M,R 24 174 0.89 1073  CNRI1 HFPO1
UBN1 G,L 26 13.1 093 622  CNRI1 HFPO1
@ 6007 | hize (M) ® 07:00 - 11:00 UTC (b) 600 grassland (G) ® 07:00 - 11:00 UTC
O 12:00 - 16:00 UTC O 12:00 - 16:00 UTC
400 400 -
200 200 .:l
T o] mm [ = m | ¢ /] = =
= =
—200 —200
~400 - ~400 -
—600 —600
QH QE QG QS* res QH QE QG QS* res

Figure 6. Sensible heat flux Qy, latent heat flux Qg, ground heat flux Qg, net radiation Q¢ and the residuum, res, of the surface energy balance (see
Eq. (3)), at stations (a) Fuflbach I and (b) Hagenbuch (see Table I) for IOP 8b. Average values for the time periods from 0700-1100 UTC (black) and
1200-1600 UTC (grey) are given. The target land-use types at Fu8bach I and Hagenbuch are maize (M) and grassland (G), respectively.

the ABL may form. However, it should be mentioned
that slope and valley winds, which frequently occur in
the Black Forest (Kossmann and Fiedler, 2000; Kalthoff
et al., 2000), as well as secondary circulations (Barthlott
et al., 2006) may redistribute the surface-initiated heat
and moisture distribution in the ABL and thus may
modulate the local forcing of convection initiation by surface
fluxes.

4.3.  Energy balance closure

Regarding the entire COPS measurement period, the
residuum of the surface energy balance (see section 3.5)
ranges between 17% and 36% at the sites within the
COPS region (see Table V). This is comparable with
the range reported by e.g. Mauder er al. (2006) for
different agricultural sites (residuum: 20-30%) during
the LITFASS-2003 experiment. The residuum of 36%
at the station Niederrott (MF1) should be considered
with care, as only 106 half-hourly measurements were
available for the determination of the residuum (see Table
V).

Furthermore, it is found that the oasis effect at the maize
fields during IOP 8b has important consequences for the
daily course of the non-closure of the surface energy balance.
To make this finding clear, two stations of the Kinzig valley
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(Fulbach I: UBT1 and Hagenbuch: UBT4; see Table I)
are selected to investigate the residuum, res, of the energy
balance (see Eq. (3)) over the target land-use types maize
(UBT1) and grassland (UBT4). At the chosen maize field the
oasis effect appears to be very strong, with negative values
of Qq shortly after midday (see Figure 4(d)). Therefore,
a strong influence of the oasis effect on res can also be
expected. Moreover, the two selected stations are located
within the same orographic feature (Kinzig valley), are
comparable in field size and show similar average residuals
during the entire COPS period (see Table V). The latter
suggests a similar heterogeneity of the local landscape at
both sites, which is assumed to be the main reason for the
observed residuum (see section 1). All the above-mentioned
reasons result in an optimal comparison of the two sites
and allow a proper investigation of the effect of land use
on the residuum on a specific day (IOP 8b). For two
time periods of equal length before (0700-1100 UTC) and
after (1200-1600 UTC) midday (maximum net radiation at
1130 UTC: see Figure 2(a)), average values of Qu, Qg, Qg, QF
and res are calculated. Figure 6 shows the results for Fuf$bach
I and Hagenbuch with the target land-use types maize (M)
and grassland (G), respectively. The two time periods appear
to be comparable, as the average value of Q available for
transformation into Qy, Qg and Qg only differs by about 3%
between the two time periods at both sites. The oasis effect
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is clearly visible at the maize field, as it shows positive values
of Qu before midday and negative values after midday. At
the grassland site, however, the same positive value of Qp is
found during both time periods and no oasis effect occurs.
The difference between the values of Qg before and after
midday is 2.5 times higher at the maize field (93 W m™~2)
than at the grassland site (37 W m™2), indicating enhanced
evapotranspiration. At the maize field, Qg is 1.5 times higher
before midday compared with the time period after midday,
while at the grassland site Qg is equal in both periods. The
lowered values of Qg at the maize field after midday may
partly be attributed to the oasis effect, during which the
energy for the enhanced evapotranspiration is provided not
only by a negative Qp but also by a reduced Qg. Also, the
applied correction of the measured soil heat flux with the
heat storage between the heat flux plate and the ground
according to Liebethal and Foken (2007) may contribute to
an enhancement of the values of Qg at the maize field before
midday. The soil temperature gradient between just below
the surface and the depth of the installed heat flux plate
are used for the correction. As soil temperatures at larger
depths react more slowly to radiation, the soil temperature
gradients (and thus Qg) are larger in the morning than in
the afternoon. Although the maize field had a canopy height
of 2.5m, the spacing between individual plants was large
enough that radiation could still easily reach the ground.
However, at the ground of the maize field there was bare soil,
in contrast to the grassland site, which was characterized by
a much denser vegetation structure. This leads to higher soil
temperature gradients and thus to higher values of Qg at
the maize field before midday. The residuum, res, can be
seen to increase by 82% from 56 W m™2 before midday to
101 Wm~™2 after midday at the maize field. This contrasts
with the grassland site, which shows 38% lower values of the
residuum after midday (44 W m~2) when compared with
the period before midday (71 W m™2).

The enhanced residuum after midday at the maize
field may be explained by an intensification of advection
during the oasis effect. The strong latent cooling of the
surface leads to more advective flux components directed
towards the target land-use type. As these advective flux
components are not caught by the EC system, the residuum
increases. Following the idea of Foken (2008b) and Foken
et al. (2010), energy transported by advection over a
heterogeneous landscape can also be transferred to energy
within larger eddies, not seen by the EC system, at significant
heterogeneities and roughness changes of the land surface.
The higher residuum before midday at the grassland site may
be explained by enhanced advective flux components due to
stronger temperature gradients between adjacent land-use
types and the grassland in the morning hours, which are
reduced in the time period after midday.

4.4.  Free convection conditions

On both selected IOPs (see section 1), the EC measurements
at the different sites were investigated with regard to the
occurrence of FCCs (see section 3.6). The following points
can be made.

(1) Similarly to (Eigenmann et al., 2009), FCCs occur
during IOP 8b at all valley (V) sites in the morning due
to a change of the valley circulation system. IOP 8bis a
day with undisturbed incoming radiation (see Figure

Copyright (© 2011 Royal Meteorological Society

(2)

(3)

(4)

(5)

2(a)). Accordingly, at all sites in the Kinzig, Rench
and Murg valleys, strong thermally induced up-valley
winds can be found on this day (not shown). During
the period of wind direction change from down- to up-
valley winds in the morning hours (0600-0930 UTC),
the friction velocity u, (and also shear) is significantly
reduced, while the buoyancy flux, (w’—%) 0 is already
large enough. Referring to Eq. (4), low values of u,
and simultaneously large values of (w’—e‘ﬁ)o will lead to
¢ < —1 and to a dominance of buoyancy over shear.
These are the situations in which FCCs are detected
close to the ground at the measurement height of the
EC system. As might have been expected, no FCCs
are observed during IOP 9c at the valley (V) sites.
Thermally driven valley winds do not occur during
IOP 9c¢ (not shown), thus inhibiting periods of low
shear during the change of valley wind direction in
the morning hours. Moreover, stronger wind speeds
(not shown) are generally present during IOP 9¢ due
to the frontal passage leading to an enhancement of
shear and to the non-occurrence of FCCs on this day
at the valley (V) sites.

At the mountaintop (T) sites of the Black Forest
(Hornisgrinde and Igelsberg), no FCCs are observed
on both days under investigation (IOP 8b and
9¢). Enhanced wind speeds at the mountaintops
(not shown) are the reason for the mainly neutral
conditions near the ground at these two sites during
the entire daytime period.

In the Upper Rhine (R) valley and in the lee (L)
of the Black Forest (Deckenpfronn), FCCs occur in
the morning hours during both IOPs. A reduction of
u, and shear and a dominance of buoyancy can be
observed during periods of low wind speeds. Even in
IOP 9c¢, FCCs occur before the passage of the frontal
structure. The reasons for the low wind speed periods
are complex and probably bound to an interaction of
local and mesoscale flow features.

For IOP 8b only, FCCs are also detected in the Upper
Rhine (R) valley and at Deckenpfronn (L) during
midday and in the afternoon due to periods of low
values of u, (not shown). These periods may be
attributed to local circulations, which break down and
re-establish. During midday and in the afternoon, no
FCCs occur in the valleys (V) and at the mountaintop
(T) sites of the Black Forest due to enhanced wind
speeds.

The statement about the occurrence of FCCs during
midday and afternoon in the Upper Rhine (R) valley
made under point (4) is restricted to stations with
grassland (G) being the target land-use type (Sasbach,
Baden Airpark). The maize (M) fields in the Upper
Rhine (R) valley (Niederrott, Nordfeld and Burnhaupt
le Bas) do not show FCCs at these times. This can
be explained by the appearance of the oasis effect
in the early afternoon at the maize fields, leading to
negative values of Qp (e.g. Figure 4(d)). Figure 7
shows the daily course of the stability parameter, ¢,
from 0700-1600 UTC during IOP 8b averaged over
the maize (M) fields and over the grassland (G)
sites in the Upper Rhine (R) valley. It can be seen
that ¢ is occasionally lower than —1 for both land-use
types in the morning hours until 1030 UTC. However,
from 1100 — 1600 UTC ¢ only reaches —1 over the
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grassland sites, where the oasis effect does not occur.
Consequently, a stronginfluence of the target land-use
type on the occurrence of FCCs is evident.

5. Summary and conclusions

A comprehensive data set of surface turbulent fluxes was
collected during the COPS experiment of summer 2007.
Uniformly applied data processing and quality-control steps
allow for a high comparability of the flux data measured
over different land-use types and locations within the COPS
region. In the present study, IOPs 8b and 9c are chosen in
order to highlight some typical features of turbulent fluxes.

The turbulent fluxes of sensible heat, Qy, and latent
heat, Qg, strongly decrease during the passage of a frontal
structure during IOP 9c. Although data rejection is enhanced
because of non-stationary conditions on this day, the decline
of Qp due to a reduction of the net radiation, Qg is visible
at different locations. The times of the decrease of Qy at
different locations follow the direction of propagation of the
observed front.

IOP 8b is used to study the influence of the location and
land-use type on surface turbulent fluxes. On a specific day
with weak synoptic forcing, flux differences of Qy and Qg
between different land-use types but also between sites with
the same type of land use are found. For the latter, different
surface characteristics, e.g. due to mowing of the grassland
sites or different stages of vegetation development, are
relevant. Flux differences of Qy and Qg between individual
sites due to different surface characteristics are often larger
than the flux differences with changing altitude. Therefore,
the spatial distribution of land-use characteristics and thus
the spatial inhomogeneity of turbulent fluxes of heat and
moisture into the ABL may be strongly decisive if and where
convection is initiated on a specific day with weak synoptic
forcing. A modulation of the atmospheric temperature and
moisture fields by thermally driven wind systems in the
complex terrain of the Black Forest has to be considered.
Averaging the fluxes over the entire COPS period minimizes
temporal flux differences due to mowing and vegetation
development within the class of grassland sites, allowing the
effect of altitude to become visible. Higher Bowen ratios are
found at the top of the mountains and lower values in the
valleys.

—e— grassland (G)
maize (M) B

5+ i

I I I
12:00 14:00 16:00

Time (UTC)

I I
08:00 10:00

Figure 7. Stability parameter ¢ from 0700-1600 UTC during IOP 8b
averaged over the maize (M) fields and over the grassland (G) sites in the
Upper Rhine (R) valley (see Table I).
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The oasis effect, which frequently occurs over the highly
evapotranspirating maize fields, is found to influence the
non-closure of the surface energy balance. With the onset
of the oasis effect shortly after midday, the residuum of a
certain maize field in IOP 8b increases by 82%. Enhanced
advective flux components during the oasis effect not caught
by the EC measuring system are assumed to be the reason
for the increase of the residuum.

During the oasis effect, near-ground free convection
conditions cannot be observed. Nevertheless, FCCs are
found at all sites of the Rench, Murg and Kinzig valleys
in the Black Forest in the morning hours during IOP 8b.
Recently, Eigenmann et al. (2009) showed for the Kinzig
valley that FCCs can be found on about 50% of the days
in the COPS period. Furthermore, the present study reveals
that FCCs do not occur at the mountaintop sites of the Black
Forest during IOPs 8b and 9c¢, but that FCCs are detected
during both IOPs at the Upper Rhine valley sites.
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Abstract This study investigates the near-ground free
convection conditions (FCCs) based on eddy covariance
(EC) measurements at Nam Co station near the Nam Co
Lake on the Tibetan Plateau (TP). The spatial and temporal
structure of EC measurements at this station is evaluated by
using the comprehensive software package TK2 together
with a footprint model. The obtained high-quality turbulent
flux data are used to study the occurrence of FCCs, which
can be detected with the EC system by calculating the
stability parameter. Two types of generation of FCCs can be
identified. (1) During the wind direction change of a diurnal
thermally forced land-lake circulation system in the
morning, strongly reduced wind speeds and simultaneously
high buoyancy fluxes lead to a period of dominance of
buoyancy over shear, and hence, to the occurrence of FCCs.
(2) On days with the appearance of clouds, the land-lake
circulation is weakened or reversed, dependent on the
temperature gradients between the land and the Nam Co
Lake. During the period of adaptation of the land-lake
breeze to the alternating situation of heating differences,
wind speeds decrease and buoyancy again dominates over
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shear near the ground. These are the situations where FCCs
are also detected during the entire day at Nam Co station.
The investigation of FCCs regarding the whole measure-
ment period shows that FCCs can be mainly attributed to
case (1) during the non-monsoon period, while FCCs are
generated by both mechanisms (1 and 2) during the
monsoon season. An impact of the FCCs on the near-
ground profiles of air temperature and humidity is demon-
strated. The FCCs are assumed to play an important role for
the land surface-atmosphere exchange processes and the
atmospheric boundary layer (ABL) conditions on the TP by
providing an effective transport mechanism of near-ground
air mass characteristics into upper parts of the ABL.

1 Introduction

The Tibetan Plateau (TP) is the largest and highest plateau
in the world. Because of the topographic feature of the TP,
the underlying surface absorbs a large amount of solar
radiation and undergoes dramatic diurnal and seasonal
changes of surface heating and water fluxes. Such energy
and water cycles on the TP play an important role in the
Eastern Asian Monsoon circulation (e.g., Ye and Gao
1979). Several large field experiments such as GAME-
Tibet and CAMP-Tibet were carried out to investigate the
land surface-atmosphere exchange processes on the TP,
whose findings are reported in many studies (e.g., Yang et
al. 2002, 2004; Ma et al. 2002, 2005; Zuo et al. 2005). The
terrain on the TP consists of a lot of different land use types
such as lake, glacier, alpine steppe, bare soil, and wetland
with different scales. As a consequence, there are complex
interactions between different types of land use and the
atmosphere, which affect the development of thermally
induced circulations and water and energy cycles (Whiteman
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1990; Segal and Arritt 1992; Li et al. 2006; Lu et al. 2008),
and the occurrence of large thermal convective cells
(Chen et al. 2002). In general, land surface-atmosphere
interactions are highly decisive for the local occurrence
and timing of the initiation of convection, cloud formation,
and precipitation (e.g., Hanesiak et al. 2004; Chen and
Avissar 1994; Rabin et al. 1990; Banta 1990; Raymond
and Wilkening 1980).

Following the study of Eigenmann et al. (2009), the
present study aims at the investigation of near-ground free
convection conditions (FCCs) in experimental data at Nam
Co Station for Multisphere Observation and Research,
Chinese Academy of Sciences (hereinafter Nam Co
station). FCCs observed at ground level may result in an
effective, vertical transport of near-ground air mass charac-
teristics into upper parts of the atmospheric boundary layer
(ABL). An impact of the FCCs on the vertical wind speeds
in the ABL measured with a Sodar and on ozone
concentrations at a mountain summit was recently demon-
strated by Eigenmann et al. (2009) and Mayer et al. (2008),
respectively. Both authors detected FCCs with the help of
an eddy covariance (EC) system by calculating the
stability parameter from directly measured turbulent flux
data. In the present study, the same approach will be
applied to detect FCCs at Nam Co station. As the EC data
are used for the detection of FCCs, this study will also give
a short introduction in the EC data processing and EC data
quality including footprint analysis at Nam Co station. A
more detailed quality assessment of EC data at Nam Co
station can be looked up in Metzger et al. (2006). The
preconditions for the occurrence of FCCs are periods of
high buoyancy fluxes which coincide with a strong
decrease of the wind speed. Buoyancy then dominates over
shear within turbulence production near the ground. In the
case of Eigenmann et al. (2009), the drop of the wind speed
was initiated by a change of the diurnal valley circulation
system in the Kinzig valley, Black Forest, southwestern
Germany. The nighttime down-valley winds cease and up-
valley winds slowly build up in the morning, leading to the
low wind speeds during the period of wind direction change
in the Kinzig valley. Similar findings were reported by
Mayer et al. (2008). These authors found that ozone drop
events on a mountain summit in the Alpine foreland of
southern Germany can be attributed to the occurrence of
FCCs, which effectively transport ozone-free air masses
from the nearby valley towards the measuring site at the
mountain top. In their study, the low wind speed period in
the morning, which triggers the occurrence of FCCs, is
caused by a change of the wind direction of a mesoscale
circulation system known as Alpine Pumping (Lugauer and
Winkler 2005). Similar mechanisms leading to FCCs are
assumed to occur at Nam Co station on the TP. A numerical
simulation of the ABL flow characteristics in the region of
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the Nam Co station by Lu et al. (2008) recently indicated
that local circulation systems near Nam Co station include a
wind circulation between a nearby mountain range and its
foreland as well as a smaller scale circulation induced by
the inhomogeneity of thermal forcing between the large
Nam Co Lake and the grasslands. This land-lake circulation
system is expected to trigger FCCs at Nam Co station. In
general, the FCCs are assumed to play an important role for
the land surface-atmosphere exchange processes on the TP
similar to the findings in other study areas as described
above.

The article is organized as follows. Section 2 introduces
the field measurements at Nam Co station. Section 3
outlines some typical features of EC data quality by
applying a footprint model, and Section 4 presents the
findings of the investigation of FCCs at Nam Co station.
Conclusions are given in Section 5.

2 Field measurements at Nam Co station

Nam Co station (30.773 N, 90.963 E, 4,745 m a.s.l.) was
established by the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences in August 2005. The station is
located at 1 km distance southeast of Nam Co Lake, which is
the second largest saline lake on the TP (Guan et al. 1984).
Moreover, the station is situated 15 km north-northwest of a
mountain range (Nyaingentanglha Mountain) oriented from
west-southwest to east-northeast with an altitude of up to
5,700 m a.s.l. Figure 1 shows the position of the Nam Co
station and the distribution of the land use. A small inner
lake oriented from west-southwest to east-northeast is
located 300 m northwestern, and a 52-m meteorological
tower 40 m northeastern of the EC flux site. Furthermore, a
solar panel, the station main building, and another building
are located 70 m, 90 m, and 105 m about 10° west by south
of the flux site, respectively. The terrain is slightly inclined
with the altitude dropping by about 1 m on a 250-m distance
along the direction from the flux site to the inner lake. The
dominating land use class is alpine steppe, referred to as
grass(—) in Fig. 1, with a canopy height not exceeding 5 cm.
A small portion of grass is higher and denser, which is
named grass(+). To sum up, the canopy at Nam Co station
can be considered as rather homogenous.

The 52-m meteorological tower was set up to observe
the lower boundary layer with wind speed, air temperature,
and relative humidity measurements in five levels (1 m,
2 m, 4 m, 10 m, and 20 m), and wind direction measure-
ments in three levels (1 m, 2 m, and 20 m). Additionally,
pressure and precipitation were measured as well as the soil
temperature and the soil moisture content in six levels
(0 cm, 10 cm, 20 cm, 40 cm, 80 cm, and 160 cm). The
averaging interval of all these measurements was 10 min.
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Fig. 1 Position and land use
map of Nam Co station. The
land uses at Nam Co station
include short grass, referred to
as grass(—), denser grass, re-
ferred to as grass(+), water, and
settlement

31.0N B

30.3N WPEEE
90.0E

The EC flux site was equipped with a CSAT3 (Campbell
Scientific, Inc.) sonic anemometer and a LI-7500 (LI-COR
Biosciences) open-path H,O/CO, gas analyzer at a height
of 3 m. The sampling frequency was 10 Hz. Additionally,
upward and downward components of long wave (Kipp &
Zonen CG3) and shortwave radiation (Kipp & Zonen CM3)
were measured with an averaging interval of 30 min. All
measurements are available for about 7 months from 21
March 2007 to 21 October 2007. However, data failure
occurred from 20 April to 24 May due to instrument
malfunction.

3 Data processing and quality control of turbulence
measurements

The turbulent flux measurements at Nam Co station were
carried out with the EC method. This method is one of the
best measurement techniques currently available for the
determination of material and energy fluxes between the
atmosphere and the underlying surface (Moncrieff 2004),
although some general problems are still present, e.g., the
widespread shortfall of the sum of sensible and latent heat
flux measured by this method as compared to the available
energy (e.g., Aubinet et al. 2000; Foken 2008a). The EC
method has become by now a widely accepted tool for the
determination of mass and energy fluxes applied by several
flux networks such as Ameriflux, CARBOEUROFLUX
and Asia Flux, overall coordinated within FLUXNET
(Baldocchi et al. 2001). Moreover, the focus of flux
observations has shifted progressively from ideal and
homogeneous sites to sites within complex and heteroge-
neous terrain (e.g., Schmid 2002). In general, the adoption
of the EC method is based on the assumption that certain
statistical and meteorological requirements are fulfilled (e.g.,
Massman and Lee 2002; Foken and Wichura 1996) and that
the equipment is working reliably. With the development of

Nam Co Station for Multisphere
Observation and Research

"91.5E

grass(-)grass(+)water settlement

the quality control and site characterization procedure
including footprint investigations (e.g., Foken et al. 2004;
Mauder et al. 2006; Gockede et al. 2004, 2006, 2008), site-
specific spatial quality structures and the spatial representa-
tiveness of the measured fluxes can be identified, given that
the underlying land use distribution is available. This
approach improves our understanding of the flux measure-
ments and survey in complex terrain and is also applied to
the EC flux data at Nam Co station within the present study.

The turbulent flux data were post-processed with the
comprehensive software package TK2 developed at the
Department of Micrometeorology, University of Bayreuth
(Mauder and Foken 2004; Mauder et al. 2008). The
software comprises all state of the art flux corrections and
post-field quality control including tests for steady state and
integral turbulence characteristics (Foken and Wichura
1996; Foken et al. 2004). Planar fit rotation according to
Wilczak et al. (2001) was done for six periods, P1 to P6,
due to changes in vegetation structure and large-scale
meteorological conditions. The start time and end time of
these periods, and the momentum roughness length of grass
(—) derived from Monin—Obukhov similarity theory during
these periods are reported in Table 1. Here, P1, P2, and P6
are periods during the non-monsoon period, P4 and PS5
periods during the inner-monsoon period, and P3, a period
during the transition of both.

Figure 2 shows the diurnal and seasonal variations of the
sensible heat flux, the latent heat flux, the friction velocity,
u=, as well as the wind direction for the entire measurement
period at Nam Co station. The results indicate that the
sensible heat flux dominates the energy transfer from the
Earth’s surface into the atmosphere before monsoon.
However, with the start of the monsoon period in July, the
values of the sensible heat flux decrease and latent heat
dominates the turbulent energy exchange at the surface
until the retreat of monsoon in October. The friction
velocity is usually small during the night and increases in
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Table 1 The start time and end time of the planar fit periods P1 to P6 distinguished for the processing of turbulent flux data at Nam Co station in
2007. The momentum roughness length, zq,,, of grass(—) during each period is also given

Period P1 P2 P3 P4 P5 P6

Start time 22 Mar 25 May 21 Jun 29 Jul 20 Aug 18 Sept
End time 20 Apr 19 Jun 26 Jul 17 Aug 17 Sept 21 Oct
Zom (Mm) 3.9 3.8 5.3 7.3 6.0 4.0

the daytime. A diurnal circulation system present at Nam
Co station becomes visible regarding the wind direction in
Fig. 2d. Winds coming from northwest to southwest prevail
in the daytime, while easterly to southerly winds dominate
at night. During non-monsoon, the diurnal circulation is
superimposed by a southwesterly flow, while during
monsoon, an increased southeasterly component is obvious.

Footprint analyses according to Gockede et al. (2004,
2006) in combination with the data quality flagging scheme
of Foken et al. (2004) were performed with a forward
Lagrangian footprint model (Rannik et al. 2003; Gockede et
al. 2005). Detailed terrain data were used for the land use
distribution. Metzger et al. (2000) already investigated the
temporal and spatial quality distribution of turbulent flux
data at Nam Co station. Their results indicated that the
general poor data quality of the sensible heat flux might be
attributed to the occurrence of organized structures or
mesoscale flow patterns in the boundary layer at the site. In
this study, only a short overview of the results of the quality
control effort applied on the turbulent flux data shall be
given in the following.

Footprint calculations were performed in all periods, P1
to P6. The momentum roughness lengths of the lake and of
the settlement were set constant to 0.002 m and 0.5 m,
respectively, and the momentum roughness length of grass
(+) was set to double the value of grass(—) in each period as

listed in Table 1. The resolution of the land use map used
for the footprint calculations amounts to 20 m (see Fig. 1).
In the following, only the footprint analysis results of the
period PS5 are presented. The results in the other periods are
similar and not discussed within this study. Moreover, the
quality flagging scheme according to Rebmann et al. (2005)
is used for all following figures, with flags ranging from 1
(good data quality) to 5 (poor data quality). Figure 3 shows
the spatial distribution of the quality flags of the friction
velocity during the period P5 as related to the footprint
climatology. It can be seen that during unstable and neutral
stratifications, quality ratings within the 5% effect level ring
mostly consist of classes 1 and 2, which means that the data
are suitable for fundamental research. However, during
stable stratification, quality flags sometimes degrade to
class 3 or 4. In the case of the footprint analyses of the
sensible heat flux (not shown), most of the quality flags are
rated as 1 or 2 during unstable stratification, while during
neutral and stable stratifications, quality flags degrade even
to 5.

The reason for the poor quality ratings (flag 5) of the
friction velocity during the day and during the night is
obviously different. Eighty-one percent of the bad values
rated as 5 among the nighttime data can be related to bad
integral turbulence characteristics. This means that there is
a big deviation of the friction velocity from statistical

Fig. 2 The diumnal variations of
a the sensible heat flux (W m?),

-
mo

b the latent heat flux (W m 2), ¢ )
the friction velocity, u» (m s ), _g
and d the wind direction over T 12
the entire measurement period at L@’

Nam Co station. The values of
the variables are color-coded

600
200

o o

(values of the variables are gray-
coded for the printed version)

Local time
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similarity characteristics under strong stable stratification,
which might be related to the occurrence of intermittency or
gravity waves. On the contrary, 68% of the bad values rated
as 5 among the daytime data can be attributed to
stationarity problems.

Regarding the spatial distribution of quality flags, the
bad-rated measurements in the western and northeastern
upwind sector can be explained by the influence of the
station building and the meteorological tower on the
measurements. As the effect of a slightly inclined terrain
is eliminated by the planar fit rotation and the bad quality
ratings indeed do not concentrate on a certain sector, the
poor quality flags within other sectors than the western and
northeastern cannot be attributed to the local topography.
Consequently, this implies that instationarity is the reason
for the bad quality ratings in the other sectors in the
daytime, which is caused by changing mesoscale or local
flow patterns.

Moreover, the surface energy imbalance was investigat-
ed at Nam Co station. For example, the average non-closure
during the period P5 reaches 31%. This value is similar to
those found in previous studies on the TP (Tanaka et al.
2001; Yang et al. 2004). The soil heat flux in the present
study is calculated by using six layers of soil temperature
and soil moisture content and applying the thermal
diffusion equation and correction method according to
Yang and Wang (2008). In the present literature of the
energy balance closure discussion (e.g., Foken et al. 2010;
Foken 2008a; Culf et al. 2004), the landscape heterogene-
ity, which induces advective and low-frequency flux
components (e.g., Foken et al. 2006), and secondary

-400 =200 O 200 400

x (M)

0 200 400
x (m)

circulations (e.g., Inagaki et al. 2006), which may transport
the surplus of energy not caught by the standard EC
measurements, are considered to mainly cause the residuum
of the surface energy balance. In summary, the terrain
features at Nam Co station are predestinated to induce
thermally driven circulations, thus, influencing the non-
closure of the surface energy balance.

4 Near-ground free convection conditions
4.1 The detection of FCCs

FCCs occur in the atmosphere if the buoyancy term
dominates over the shear term within the turbulence
kinetic energy equation (e.g., Stull 1988). The buoyancy
term (B),

B:eiv- (w/e’v)o, (1)

consists of the product of the buoyancy parameter,
g 9771, and the buoyancy flux at the surface, w' 0;. The
buoyancy parameter is the quotient of the acceleration due
to gravity, g, and the mean virtual potential temperature,
6,. The shear term (S),

—— Ou
S = —uw - — 2
W=, (2)
is the product of the momentum flux, »'w/, and the wind
shear, 0u/dz. The quotient of B and S can also be

expressed as the flux Richardson number Rf (e.g., Stull
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1988). During unstable stratification (R, < 0), Rrequals the
stability parameter (e.g., Ayra 2001),

L 0, - ul

: 3)

where z denotes the measurement height, L the Obukhov
length, x the von-Kérman’s constant, and u« the friction
velocity. Consequently, by calculating the stability param-
eter, (, from directly measured EC turbulent flux data, free
convection conditions can be detected for ( < —1 (e.g.,
Foken 2008b). Regarding Eq. 3, the fulfillment of ( < —1
for the occurrence of FCCs requires that high buoyancy
fluxes coincide with small values of u+ at the same time.
In the following sections, the averaging interval of the
EC flux data is reduced from 30 min to 5 min in order to
get a better insight into the temporal structure of the FCCs.
Therefore, it should be kept in mind that the depicted
turbulent fluxes do not include spectral energy from eddies
of larger scales. Moreover, the investigation of FCCs is
restricted to days with no precipitation during the day and
to time periods when the sensible heat flux exceeds the
threshold of 20 Wm 2. This threshold seems to be
reasonable for the criteria of high buoyancy fluxes required
for the occurrence of FCCs according to Eq. 3. Low values
of ux occur at Nam Co station during the wind direction
change of a land-lake wind circulation system between the
Nam Co Lake and the grassland, which dominates the local
flow structure at the measuring site (see e.g. Lu et al. 2008).
Hence, the change of the thermally induced circulation is
able to cause the occurrence of FCCs at Nam Co station. Two
types of processes leading to the low wind speed periods in
combination with a wind direction change of the circulation
system, and consequently to the occurrence of FCCs, can be
distinguished and are presented in the next section.

4.2 The types of generation of FCCs

4.2.1 Generation of FCCs due to a change of the diurnal
circulation system

The first type of generation of FCCs is similar to the case
detected by Eigenmann et al. (2009) in the Kinzig valley,
Black Forest, southwestern Germany, where FCCs appear
in the morning hours during the change of the diurnal
valley circulation system from down to up-valley winds.
Typical for this type of generation of FCCs is that the drop
of the horizontal wind speed, which is together with high
buoyancy fluxes a precondition for the occurrence of FCCs
(see Eq. 3), is caused by the wind direction change of a
diurnal circulation system in the morning after sunrise. This
diurnal circulation system is forced by solar heating on fair
weather days. The low wind speeds occur during the wind
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direction change when the previously prevailed wind ceases
and winds from another direction start to build up
according to the thermal forcing.

At Nam Co station, a diurnal circulation system can be
observed on many fair weather days as shown in Fig. 4.
Regarding the wind statistics for the entire measurement
period, it can be confirmed that a thermally induced, land-
lake wind circulation between Nam Co Lake and the
grassland near the station is dominating the local wind
regime at Nam Co station (see also Fig. 1). During the
daytime (Fig. 4a), the frequent occurrence of a lake breeze
is obvious from the high frequency of winds coming from
northwestern directions (7.3%). Higher frequencies can also
be found in the west-southwestern sector. On the contrary,
during the night (Fig. 4b), a land breeze with south-
southeastern wind directions dominates the flow regime. A
diurnal land-lake wind circulation at Nam Co site was also
recently confirmed by the numerical simulations of Lu et al.
(2008).

Figure 5 gives an example for the occurrence of FCCs
on 29 June 2007. Each 5-min value, where the stability
parameter, (, is lower than —1, is marked by gray dotted
lines in Fig. 5a. It is obvious that FCCs are present during
the time from 0625 to 0740 hours local time (in this study,
local time corresponds to local solar time=Beijing time —2 h)
in the morning. At this time, after sunrise, the sensible and
latent heat flux (Fig. 5b) are already large enough, but the
friction velocity, u« (0.11 ms '), and the horizontal wind
speed are still very small (Fig. 5c), so that FCCs are
triggered according to Eq. 3. The small values of u+ and the
horizontal wind speed can be related to the change of the
wind direction (Fig. 5e) from southeast to northwest during
the onset of the lake breeze. The downward solar radiation in
Fig. 5d indicates fair weather conditions on this day, which
force the diurnal circulation system. Finally, the data quality
flags of u+, ranging from 1 (good data quality) to 5 (low data
quality) according to Rebmann et al. (2005), are depicted in
Fig. 5f for half-hour intervals. Note that the quality flags of
u« during the daytime are good (flag 1). However, during the
FCCs from 0630 to 0730 hours, the flags degrade to 3 due to
stationarity problems.

4.2.2 Generation of FCCs due to the adaption
of the land-lake wind circulation system to surface
heating differences during cloud cover

The second type of generation of FCCs is closely related to the
appearance of clouds during the entire daytime. Clouds
frequently occur during the monsoon period at Nam Co site
and decrease the direct solar radiation which reaches the
surface. As a consequence, the lake breeze between the Nam
Co Lake and the grassland at Nam Co station, which normally
builds up in the daytime on undisturbed radiation days (see
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Fig. 5d, ¢), is weakened or even a reversal can be observed.
The cloud shading leads to a strong and fast drop of the
surface temperature over the grassland, while the lake surface
temperature only experiences a small decrease due to the high
heat capacity of water. During the period of weakening or
reversal of the circulation system, horizontal wind speeds and
shear are reduced, and buoyancy dominates the production of
turbulence, thus leading to the occurrence of FCCs. If the
reversal of the circulation system (land breeze) occurs during
cloud shading, FCCs can also be triggered at the time the
land breeze shifts back again to a lake breeze shortly after the
disappearance of clouds. At these times, temperature gra-
dients and wind speeds are lowered again, buoyancy
dominates over shear and FCCs occur.

Figure 6 depicts a typical case on 23 August 2007 with
several periods of FCCs marked by the gray dotted lines in
Fig. 6a. The latent heat flux generally exceeds the sensible

heat flux on that day (Fig. 6b). The periods of FCCs coincide
with periods of small values of the friction velocity (Fig. 6¢).
The daily course of the downward solar radiation (Fig. 6d)
shows the appearance of clouds in the daytime with a
minimum of 174 Wm 2 at 1200 hours. At 1200 hours, a
reversal of the circulation system is obvious from Fig. 6e.
From 1100 to 1140 hours, the surface skin temperature and
the air temperature at 2 m height at Nam Co station
decreases by 3.5 K and 0.8 K, respectively, while the air
temperature above the lake can be assumed to show only
some small and slow changes. As a consequence, the lake
breeze circulation is weakened. Winds come from the Nam
Co Lake (western directions) until 1205 hours, shift to a land
breeze (eastern, southeastern directions) until 1425 hours,
and rotate back to wind directions coming from the lake
(north, northwestern directions) afterwards. The surface skin
temperature and the air temperature again increase by 11.1 K

Fig. 5 Daily courses of a the 1
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horizontal wind (m s "), d the > x 200
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and by 3.8 K from 1300 to 1440 hours, respectively. During
the reversal of the lake breeze to winds coming from the land
(1205 hours) and during the repeated onset of the lake breeze
(1400—1500 hours), FCCs are detected (see Fig. 6a). These
FCCs are triggered by the periods of low wind speeds and wx
(Fig. 6¢), which come along with the cessation and the onset
of the lake breeze. Furthermore, the two periods of FCCs at
0750 and 1015 hours can also be related to cloud cover
periods (see Fig. 6d) and to a weakening of the prevailing
circulation system. The quality flags of u« are shown in
Fig. 6f. During the FCCs at 0750 hours and noon, data
quality is poor (flag 3 and 5, respectively). At 0750 hours,
the poor data quality can be attributed to stationarity
problems, while at noon, stationarity problems together with
bad integral turbulence characteristics are found. During the
other periods of FCCs on this day, data quality is rather good
(mainly flags 1 and 2).

The second type of generation of FCCs is quite different
to the first type, as the appearance of clouds determines the
occurrence of FCCs during the day. On some days, FCCs
can be attributed to both types of generation. The
distribution of FCCs during the entire measurement period
is addressed in Section 4.4.

4.3 Impact of FCCs on near-ground boundary layer
conditions

The impact of the FCCs on the boundary layer conditions
near the surface is investigated with the help of the
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measurements of the meteorological tower. The results are
exemplarily shown for 29 June 2007, already described in
Section 4.2. Figure 7 shows the horizontal wind speed, the
air temperature, and the specific humidity from 0530 to
0830 hours in five levels of the meteorological tower as
well as the averaged profiles of these quantities before,
during, and after the period of FCCs. During the period of
FCCs, a strong collapse of the horizontal wind speed
(Fig. 7a) can be observed, and also, the vertical gradient of
the horizontal wind speed decreases compared to the time
periods before and after FCCs (Fig. 7b). The surface skin
temperature shows an increasing trend (Fig. 7¢). It is lower
than the air temperature until 0650 hours, but exceeds it
from 0700 hours onwards. From 0650 to 0700 hours, the air
temperature is consistent with the surface skin temperature.
Together with the vertical gradient of the air temperature
which is nearly zero during FCCs (Fig. 7d), this finding
points to a strong vertical mixing of the air temperature
during this time. The specific humidity shows an
increasing trend during the FCCs (Fig. 7e). Again, the
vertical gradient of specific humidity (Fig. 7f) is small
during the FCCs, which implies an effective transport and
mixing of specific humidity into upper parts of the ABL.

In summary, it is obvious that FCCs have an impact on
near-ground ABL moisture and temperature profiles. Heated
air masses are animated to ascend in convective pulse-like
motions, which result in vertically uniform values of the air
temperature, humidity, and the wind speed. Consequently,
near-ground air mass characteristics are effectively trans-
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ported into upper parts of the ABL. This process influences
the conditions of the ABL, e.g., temperature and moisture
profiles, and hence, plays an important role for the land
surface-atmosphere exchange processes on the TP.

4.4 The distribution of FCCs during the entire measurement
period

Regarding the entire measurement period, 67 days (39.6%)
with FCCs can be observed. Time periods with precipitation
and sensible heat fluxes below the threshold of 20 Wm ™ are
excluded (see Section 4.1). Figure 8 shows the distribution
of FCCs during the entire measurement period and the
corresponding frequencies in the course of the day as a

histogram. The results indicate that FCCs during the non-
monsoon period mainly occur in the morning hours.
Referring to Fig. 8b, the maximum value of occurrences of
FCCs (117) can be found in the time period from 0730 to
0830 hours. On the contrary, during the monsoon period, the
distribution of the FCCs is bimodal, with one peak in the
morning with 74 occurrences of FCCs in the time from 0830
to 0930 hours, and another peak in the afternoon with 70
occurrences of FCCs in the time from 1330 to 1430 hours.
The FCCs in the afternoon during monsoon have a close
relationship with cloud cover as shown in Section 4.2.
Fujinami et al. (2005) investigated the cloud cover frequency
for high clouds during the monsoon on the southern TP, and
showed that cloud cover frequency in the afternoon was
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Fig. 8 a The distribution of FCCs during the entire measurement
period and b the corresponding frequencies in the course of the day as
a histogram

higher than in the morning in the latitudinal zone where Nam
Co station is located. Such cloud cover frequency is
consistent with the mode of the distribution of FCCs in the
afternoon. To sum up, more FCCs can be triggered in the
afternoon during monsoon than during non-monsoon.

5 Conclusions

The quality of turbulent flux measurements at Nam Co
station was assessed by using the turbulence data process-
ing software TK2 together with a forward Lagrangian
footprint model. Hence, high-quality flux data sets were
obtained for the investigation of near-ground FCCs, which
can be detected by calculating the stability parameter with
EC measurements. The results indicate that during FCCs,
the quality of the turbulent fluxes is often degraded
compared to the other daytime values (see e.g., Fig. 6f).
These bad-rated data are detected by the standard quality
evaluation procedure. However, we have to bear in mind
that the poor ratings are caused by FCCs which are a
typical phenomenon within a convective boundary layer in
the daytime (e.g., Stull 1988). Consequently, the poor-rated
data should not be rejected for further analysis. In contrast,
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the quality evaluation procedure should routinely indicate
that the bad quality ratings can be related to the occurrence
of FCCs and consider them in the flag calculation.

Two types of generation of FCCs at Nam Co station are
identified. It is found that FCCs are either generated in the
morning during the reversal of a thermally forced diurnal
land-lake wind circulation system or occur during the
whole daytime due to the adaption of the land-lake wind
circulation system to surface heating differences in combi-
nation with cloud cover periods. In both cases, a low wind
speed period is induced during the change of the circulation
system, which leads to a dominance of buoyancy over
shear, and thus, to the occurrence of FCCs. The second type
of generation of FCCs, which is related to the appearance of
clouds, more frequently occurs at Nam Co station com-
pared to other sites without a nearby lake (see Eigenmann
et al. 2009; Mayer et al. 2008). As the nearby Nam Co Lake
more or less retains its surface temperature during cloud
cover periods due to the high heat capacity of water, while a
strong drop of the surface temperature over the grassland
can be observed simultaneously, a reversal of the local
circulation at Nam Co station is facilitated. The decrease of
the surface temperature over the grassland could be also
reinforced as the diffuse radiation components are reduced
compared to lowland sites due to the topographical
characteristics of the TP. Consequently, more FCCs are
generated at Nam Co station due to cloud shading periods
compared to e.g., the Kinzig valley, where FCCs are mainly
triggered in the morning due to the wind direction change
of the diurnal valley circulation system.

The distribution of FCCs at Nam Co station regarding
the entire measurement period indicates that during non-
monsoon, FCCs mostly occur in the morning, while during
the monsoon period, the frequency distribution of FCCs has
two peaks, one in the morning and another in the afternoon.
In the case of the afternoon peak, a strong relation to cloud
cover frequency is identified.

An impact of FCCs on near-ground boundary layer
conditions is obvious from the profiles of meteorological
values of a nearby tower with measurement heights up to
20 m. During FCCs, vertically uniform values of the air
temperature, humidity, and the wind speed are observed
indicating an effective, vertical transport of near-ground air
mass characteristics into upper parts of the ABL. To sum
up, an impact of FCCs on near-ground ABL moisture and
temperature profiles can be confirmed for Nam Co station.
Hence, FCCs seem to play an important role for the land
surface-atmosphere exchange processes on the TP.

In the future, the measuring setup at Nam Co station
should include boundary layer profiling as well as modeling
techniques, such as Large Eddy Simulation, in order to
further investigate the local circulation structure at Nam Co
station and the impact of FCCs on ABL conditions.
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Abstract This gudy investigates the evolution o the ealy-morning boundry layer in a
low-mourtain valley in south-western Germany during the Convedive and Orographicdly
induced Predpitation Study (COPS in summer 2007. A subset of 23 fair weaher days of
the canpaign was Eleded to study the transition d the boundxry-layer flow in the ealy
morning. Thetypicd valley atmosphere in the morning hous was charaderized by a stable
temperature stratificationand a pronourced vall ey wind system. During the reversal period -
named as low wind period - of the valley wind system (duration o 1-2 hous), the horizontal
windwasvery we& andthe condtionsfor free onvedionwerefulfilled closeto the ground
Groundbased Sodar observations of the verticd wind showed enhanced values of upward
motion, and the correspondng statistica properties differ from those observed under wind-
lessconvedive condtions over flat terrain. Large-eddy simulations of the boundry-layer
transition in the valley were conduwcted. Statisticd properties of the simulated flow agree
with the observed quantities. Spatially coherent turbulence structures are present in tem-
poral as well asin ensemble mean analysis. Thus, the complex orography forms coherent
conwvedive structures at predictable, spedfic locaions during the ealy-morning low wind
situations. These mherent updraughts - foundin bah the Sodar observations and the simu-
lation - lea to a flux counter to the gradient of the stably stratified valley atmosphere and
read up to the heights of the surroundng ridges. Furthermore, the energy balance in the
surfacelayer in the low wind periodsis closed. However, it becomes unclosed after the on-
set of the vall ey wind. The partitioninto the sensible andthe latent hea fluxes indicates that
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missng flux comporents of sensible hed are the main reason for the unclosed energy bal-
ance in the considered situations. This result suppats previously pubished investigations
onthe energy balance dosure.

Keywords Conwvedionin avalley - Coherent structures - Large-eddy ssmulation - Energy
balance dosure - COPS

1 Introduction

Turbulent fluxes of hea, moisture, and momentum in the amospheric boundxry layer are
of key importance both for the evolution o the boundxry layer itself and for the overlying
free amosphere. The acarrate knowledge of the magnitude and the verticd profiles of these
fluxes and their reli able parametrization are esential for both numericd weaher prediction
and climate simulations, respedively. Sophsticated micrometeorologicd instrumentation
and analysistechniques have succesSully been applied in order to determine fluxes over flat
and hamogeneous terrain.

However, the determination o these fluxes above complex terrain, i.e. mountainous
and/or with heterogeneity in land use, remains a dhallenging task (Foken, 2008 Mahrt,
2010. The boundry layer in complex terrain is charaderized by aographicdly (Defant,
1949 Whiteman, 199Q Whiteman, 200Q Zardi and Whiteman, 2013 or thermally induced
(Sega and Arritt, 1992 wind systems. In a convedive boundiry layer over flat surfaces
quasi-stationary turbulence structures evolve (Schmidt and Schumann, 1989. Over hetero-
geneous aurfaces (Dornbrack and Schumann, 1993 Walko et al., 1992 coherent structures
with surfacescde dependent length scdesdevel op, espedally inthe lower part of thebound
ary layer. These flow structures can paentially modify the turbulent fluxes from vall eys, thus
patentially modifying the evolution o the mountainous boundxry layer as awhole. Rotach
et al. (2008 and Weigel et a. (2007 investigated the exchange processesin an alpine vall ey
and foundstrong dependencies of the turbulent fluxes on arography and stratificationin the
mountainous boundry layer. Mayer et al. (2008 investigated an observed anomaly in the
chemica composition o air at a mourtain station. This anomaly was tracel bad to fluxes
throughthe stably stratified valley atmosphere that were released during the reversal of the
thermally driven wind system in the morning.

Over homogeneous terrain a strong influence of coherent turbulent structures, i.e. per-
sistent quasi-stationary patterns of turbulent motion, on the turbulent fluxes was hown in
severa studies (Raasch and Harbusch, 2001 Kanda € al., 2004 Inagaki et al., 2009. In
particular, the interpretation o micrometeorologicd measurements in complex terrain re-
quires the comprehensive knowledge ébou how turbulenceis organized at the observational
site end its surroundng. This leals to the guiding questions for this dudy: (i) How does
the conwvedive boundxry layer in atypicd low-mountain valey get organized in the ealy
morning hous after sunrise?(ii) How does an along-vall ey wind in the morning change the
convedive structures? (iii) To what extent is the verticd transport in the valley affeded?
(iv) How are micrometeorologicd flux measurements at a speafic locaion aff eded by com-
plex terrain? To addressthese questions, large-eddy smulations (LES) were conducted. The
results of the simulations are compared to observations.

A unigue dataset obtained duing the field phase of COPS constitutes the basis of this
study (seeEigenmannet a., 2009. Thefield campaign o summer 2007in the low-mourtain
region o south-western Germany and eastern France, i.e. Bladk Forest and VVosges mournt
tains, is well described in the literature (e.g. Wulfmeyer et a., 2011). The objedive of the
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campaignisto uncerstandtheinfluenceof the orography o alow-mountain range on predp-
itation. Several surfaceflux measurement stations were install ed throughou the respedive
region duing the campaign (Eigenmann et a., 2011, Kalthoff et al., 2011). In addition,
groundbased Sodar/RASSinstruments were installed onsome of these stations. Our study
uses data from one of these sites where afull energy balance station and a Sodar/RASS
operated simultaneously. The site FuBkad islocated in the Kinzig vall ey, whichisatypicd
low-mourtain vall ey of the regionwith a pronourced vall ey wind system developing onfair
wedher daysin summer.

In micrometeorologicd field experiments the energy balance is often na closed (e.g.
Oncley et a., 2007 Foken et al., 2010. Althoughmany urcertainties are mnneded with
the determination o the comporents of the energy balance(Mahrt, 2010, strongindicaions
exist that the residual occurs dueto transport by large-scde eddies or secndary circulations
which are not captured by the eddy-covariance method (e.g. Mauder and Foken, 2006 Fo-
ken, 2008 Foken et al., 201Q 2011, Stoy et a., 2013. Asthese secondary circulations are
mainly associated with the buoyancy flux, the partitioning o the residual acording to the
buoyancy flux ratio approacd, propacsed by Charuchittipan et a. (2013, appeasto be gpro-
priate to close the energy balance The buoyancy flux ratio approach partitions the residual
acording to the buoyancy flux ratio instead of the usually used Bowen ratio (Twine € al.,
2000. Thus, a larger fradion o the residual would be &tributed to the sensible hea flux
with the buoyancy flux ratio approach. Also the COPSenergy balance site Ful3kach of this
study shows an average residual of 21% during the entire field campaign (see Eigenmann
et al., 201).

The remainder of this article is organized as follows. Sedion 2 describes the data end
the methods applied, in particular the numericd model and its st-ups. Sedion 3 pesents
the results and the discusson o them. The conclusions are given in Sed. 4.

2 Methods and data
2.1 Observational data

The data used in this gudy were obtained by olservations condiwcted duing the COPSex-
periment in the low-mourtain terrain of the Kinzig vall ey. Turbulence datawere measured at
aheight of 2 m abowe the valley surface adfriction velocity u,, sensible hea Qu and latent
hea Qg were cdculated with the eddy-covariance method (EC) (Foken et al., 2012. An
averaging time of 30min was used for the EC. Contributions to the fluxes with atime scde
excealing these 30min canna be catured. The geographicd locaion o the site Ful3kacdh
was 48° 22 7.8" N, 8° 1/ 21.2" E, 178m asl.l. (the positionis marked in Fig. 3). The locd
time is UTC+1 hou. Details abou the site and the measurement set-up can be foundin
Metzger et a. (2007) and Eigenmann et al. (2009 2011). Close to the turbulence station, a
Sodar/RASSsystem measured verticd profiles of wind comporents and virtual temperature.
Moreover, the remaining comporents of the energy balance, net radiation Qg, and soil hed
flux Qg, were measured at the EC site. An overview of the data processng, quality control,
and flux charaderistics of the turbulent data as well asthe cdculation o the energy balance
isgiven in Eigenmannet a. (2011).

The study d Eigenmann et al. (2009 identified 23 days during the threemonth COPS
campaign with free onvedive condtions based on the EC measurements in the ealy-
morning hous. Free ®nwvedive condtions were identified by the stability parameter { =
zZL =1 for { < —1, where L is the Obukhovlength. These periods were dharacterized by low
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horizontal wind due to the reversal of the valley wind system from down-valley winds to
up-vall ey winds. The mean time of the occurrence of the free @nvedive situations on these
23 daysis0815UTC with astandard deviation o 1 hou.

The verticd wind speed w derived from the Sodar observations was analysed for the
identified low wind periods. In the remainder of the aticle this period o low wind will
be referred to as p; and the subsequent period d up-valley wind will be referred to as p,.
In order to make the individual days comparable, ead Sodar sample of w was normalized
with the Deadorff convedive velocity w, (Deadorff, 1970. The measurement height z
was normalized with the height of the boundxry layer z. Surfacebuoyancy fluxes for the
cdculation o w, were derived from the EC measurements and values of z were determined
by a secondary maximum in the refledivity profiles of the Sodar measurements as described
in Eigenmannet al. (2009 and suggested by Beyrich (1997). After that, histograms of ww; 2
were cdculated for three haraderistic heights of zz ! = 0.25,0.50and 0.75.

2.2 Simulations
2.2.1 Numerical Model

The numericd simulations were condwcted by means of the multiscde geophysicd flow
solver EULAG (Smolarkiewicz ¢ al., 1997 Prusa € a., 2008. EULAG solves the norn
hydrostatic, anelastic equations of motion, here written in an extended perturbational form
(Smolarkiewicz end Margalin, 1997:

0-(ppv) = 0, (1
Dv o' /
E__Dn'_gaJrM+D+|:—ozv, )

/
D[i = —v.-00.+# —BO. 3)
De
= _ 7 (4)

The set of anelastic equations (1)-(4) describes the anelastic mass continuity equation (1),
the three @mporents of the momentum equation (2), and the thermodynamic equation (3),
respedively. The equation (4) for the subgid-scde (SGS) turbulent kinetic energy (TKE)
e completes the system of equations. In (1)-(4), the operators [J and [J- symbadlize gradient
and dvergence while D/Dt =0 /dt + v - [ is the material derivative, andv is the physicd
velocity vedor. The vedor representing the gravitational acceerationg= (0,0, —g)" occurs
in the buoyancy term of Equ. (2). The quantities py(z) and Gy (2) refer to the basic states,
prescribed hydrostatic reference profiles usualy employed in the anelastic goproximated
equations (Clark and Farley, 1984).

In addition to the horizontally homogeneous basic state, a more general ambient (envi-
ronmental) state is denated by the subscript . The correspondng variables may vary in the
horizontal diredions and they have to satisfy Equ. (1)-(3); seePrusa & a. (2008 for adis-
cusson o ambient state and its benefits. The primed variables v/ and @’ appeaingin Equ.
(2)-(3) correspondto deviations from the environmental variables ve and @.. The quantity
M inthelineaized presaure gradient term in Equ. (2) denotes adensity normali zed presaure
deviation.

The terms propational to o and 3 denote wave asorbing devices used at the upper
boundry of the computational domain. The source terms D and .77 not explicitly stated
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in Equ. (2) and (3) symbdlize the viscous disgpation o momentum and the diffusion o
hed, respedively. F symbadlizes an additional forcing for spedfied simulations, seebelow.
The formulation d the TKE production and dsdpation term hidden in . and the goplied
parameters foll ow the description o Sorbjan (1996.

The quantity M denates metric forces due to the aurvili neaity of the underlying phys-
icd system. In the present work, a non-orthogoral terrain-following system of coordinates
(X,¥,2) = (X,y,H(z—h)/(H —h)) is used which assumes a model depth H and an irregu-
lar lower boundxry h(x,y) (Gal-Chen and Somervill e, 1975 Smolarkiewicz and Margadlin,
1993 Wedi and Smolarkiewicz, 2004). The explicit formulation o the transformed system
of equations can be foundin Prusa and Smolarkiewicz (2003 or, more recently, in Kilhriein
et a. (2012. In symbadlic form, the resulting system of motion for the prognastic variables
W =u,v,w, 0, e can bewritten as a flux-form Eulerian conservation law

a * * *

S (P W)+ 0 (vp W) =p'F¥ (5)
where p* = p, G, with G as the Jambian of the transformation. A finite diff erence gproxi-
mation o Equ. (5) is

n n+1
W+l — MPDATA (w” +05AtFY| V3, p*) +05Atp*FY 6)

where MPDATA! stands for the non-oscill atory forward-in-time (NFT) advedion transport
scheme described in Smolarkiewicz and Margalin (1998. The dli ptic equationfor pressure
is vlved iteratively with aKrylov-sub spacesolver, seeThomaset a. (2003. Both elements
are integral part of the EULAG and are fundamental for the stability of the code and the
reliability of the results.

2.2.2 Smulation strategy

Amongthe broad range of applications documented in literature, EULAG was succesgully
applied to atmospheric boundary-layer flows (see Smolarkiewicz & a., 2007 Piotrowski
et a., 2009. For the questions investigated in this paper, the set-up was chosen in the fol-
lowing way.

The numericd simulations are conducted in adomain of (Ly,Ly,H) = (7680m, 7680m,
2430m) with aregular grid size of Ax=Ay=Az=30m. For a simulation o 2.5h phys-
icd time, 30 000timesteps with At =0.3s are necessary. The height h(x,y) of the lower
boundry is taken from the ASTER digital topogaphic data set (NASA Land Processes
Distributed Active Archive Center NASA LPDAAC, 2001 in a30mx30m regular resolu-
tion. In al simulations hown here the computational domain is periodic in the horizontal
diredions. To enable this periodicity the topogaphy was snocthly relaxed within a frame
aroundthe adual region o interest. Due to the complex orography and the low inversion
layer height the width of the frame could be chosen to be 300m.

For all simulations an anelastic basic state with a badkgroundstratificationN = 0.01s1
is used acarding to Clark and Farley (1984, resulting in exporentially deaeasing py and
increasing Gy-profiles.

To investigate the guiding questions of this gudy, two diff erent simulation set-ups were
designed. First, idedized simulations of an evolving convedive boundiry layer (CBL) over
flat terrain h(x,y) =0 were condicted and they are denoted by S, and, seandy, the CBL

1 MPDATA stands for Multidimensional Positive-Definite Advedion Transport Algorithm
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Table1 Set-upsfor the smulationsin this gudy

name terran dtratificaion  z,(m)  windforcing dx (m)
below z

S1 flat neutral 800 df 20

SV flat - 0 of 20

R1 complex  neutral 800 df 30

R2 complex — 0 on(duringp? 30

was dmulated over redistic topogaphy h(x,y) and these simulations are denoted by R, see
Table 1.

All simulations were initiali zed with aresting fluid, and two diff erent ambient potential
temperature profiles @q(z) were gplied to distingush between an ealy mixed layer with a
cgopinginversionlayer at z = 800m (Simulations S1 and R1) and a stably stratified ambient
state covering the whole depth of the computational domain (simulations S2 and R2):

& for h<z<z

SimulationsSl andR1: O, = {@0 <1+%2(Z—Z)) for 7z <z<H (7

2
Simulations S2 and R2: @e:@o<1+%z> for h<z<H (8

White naise with an amplitude of 0.001ms~! was added to the initial verticd windfield in
order to initiate convedive motions. For the ensemble runs analysed in Sedion 32, eight
independent redizations were simulated using the set-up R1. For this purpose, the randam
generator was ealed differently at the initial time for ead redizaion. Becaise the three
wind comporents are zeo before adding the noise, the randam disturbanceis 100% of the
absolute value of the wind vedor. This ensures that the eght redizaions are statisticaly in-
dependent. The numericd simulations were conducted for adry atmosphere. At the surface
asensible hea flux Q4 = 0.05K ms was gedfied in al runs. The homogeneous heding
can bejustified because flux diff erences between diff erent types of land surfaces turned ou
to be negligible in the observed ealy-morning situations (seeEigenmann et a., 2011). The
effea of orographic shadingis not taken into acourt. Orographicaly-induced flows (vall ey
winds, upslope flows, etc.) are expeded to mainly dominate the properties of the CBL inthe
valley at thistime of the day.

During the night-day-transition, the dong-vall ey winds are part of amourtain plain cir-
culation between amourtain massve andan adjacent plane, in our case the Blad Forest and
the Upper Rhine Vall ey, respedively. Due to the small computational domain, the dfed of
this meso-scde drculation onthe flow in the valley is modell ed by an additional dynamicd
forcing F = (0, —vo(2) 72, 0) for the meridional wind comporent v, where T = teng — tpeg iS
the period when the forcing is applied. The reference profile for the horizontal wind speed
Vo(2z) was derived from the Sodar observations. In the simulation R2 the additional forcing
F is applied. The period fromt = 0 to tyeq represents the observed low wind period p;. The
period from tyeq to the end of the simulation represents the up-valley wind period p,. Inthe
remainder of the aticle two simulation times referred to ast; for atimein p; andt, for a
timein py are chosen in order to compare diff erences in the simulated periods p; and po.
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Fig. 1 Bar plots of the mean of the fluxes of Qu (a), Qe (b) and the sum of bath (c) hormdized with the
available energy —Qg — Qg during the low wind speed period p; andthe first 2 hous of p,. Average values
for the 23 seleded days at the Ful3kac site ae given for both periods. Also shown are the 95% confidence
intervals which indicate significant differences in the mean values for (a) and (c).

3 Results and Discusson
3.1 Modificaion d the energy balance by the valley wind

To analyse the dfed of the valley wind onthe energy balance of the EC flux measurements,
the seleded periods p; and p, are analysed separately. Figure 1 showsthe mean of the fluxes
Qn and Qe and the sum of both namali zed with the avail able energy —Qg— Qg during the
low wind speed period p; and the first 2 hous of p,. Thisinterval was chaosen in order to
make the data basis of both periods comparable. A closed energy balance means that the
ratio of the sum of the turbulent fluxes Qq + Qg andthe avail able energy —Qg— Qg is equal
to ore. Altogether, the energy balanceis closed in p;, whilein p, aresidual of 16% occurs
onaverage (seeFig. 1c). Thelatter valueiscloseto the average residual of 21% found duing
the entire COPScampaign at this ste (seeEigenmannet a., 2011).

Regarding Fig. 1a and b, the relative flux contributions missng in period p, compared
to period p; have exadly the propartions of the buoyancy flux ratio. The buoyancy flux ra-
tio would distribute ebou 85% of the residual to Qq and 13% to Qg for atypicd Bowen
ratio of abou 0.45 in the observed ealy-morning situations. As such, Fig. 1 suppats the
applicaion o the buoyancy flux ratio approach (seeCharuchitti pan et al., 2013 for the cor-
redion d the energy balance The missang flux comporentsin period p; are ssuumed to be
transported within buoyancy-driven secondary circulations not cgptured by the EC measure-
ments (e.g. Foken, 2008. The transfer of the missng energy into the secondary circulation
mainly happens at significant surfaceheterogeneiti es which can be found ower complex ter-
rain. Advedion-dominated processes (also na captured by the EC) probably lead to the
transport of the missng energy to these heterogeneities. As wind speeds vanish in period
p1, NO energy is transferred into secondary circulations and the energy balance is closed.
However, the dongvalley wind in period p, leads to missng advedive flux comporents
and thus to the observed residual in this period.
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Fig. 2 Probability densties of the normdized verticd wind speed ww; ! for three heights (zzi*l =
0.25,0.5,0.75). Histograms are derived from Sodar observations at the FuRkach site during the low wind
spedd periods p; onthe 23 seleded days, while aurves are derived from the simulation S2. The dotted curve
shows the probabilit y density function (pdf) for all pointsin the horizontal plane, the dashed curve shows the
pdf for the condtionally sampled updraught areas only.

The finding dscussed above dso suppatsthe choiceof a constant hea flux forcing for
the transient ssimulation R2 (see Sed. 2.2). The same relative forcing by Qy is acieved
for both periods p; and py by adding (for simplification) 100% of the residual to Q. In
this way, the forcing o period p; can also be used for period po. Moreover, no significant
relative flux differences of Qg exist in bah periods (seeFig. 1b). Thus, for the questions
addres=ed in this gudy;, it appeasto be gopropriate to concentrate on ary model runs.

3.2 Coherent structuresin the valley imposed by surroundng arography

In order to investigate the ealy-morning CBL evolution inside the vall ey, Sodar data from
the morning period p; of the seleded days were dhosen to creae the histograms of the
normali zed vertica windww; ! (seeFig. 2). The observed distributions of this sudy deviate
strongdy from probabilit y density functions (pdfs) observed over flat, homogeneous environ-
ments as reported by many studies (e.g. Deadorff and Willi s, 1985 Stull, 1988. In these
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Fig. 3 Ensemble andtime men of the vertica wind speed inms~1 at 300m a.s.l. for simulation R1 (colour-
coded). Bladk solid lines mark the orography in steps of 50m. Grey contours mark intersedion with the
orography. The red frame represents the sedion o the valley shown in Fig. 5. The position o the Sodar is
indicated by the blad circle.

studiesthe pdfs are right-skewed and show a negative maximum. Espedally in thelower part
of the boundxry layer (zz;l = 0.25) the maximum of the observed distribution at Ful3kach
siteis ifted towards we&k positive values insteal of the wedk negative values known from
literature. Also the observed histogram is far less &ewed at this height. To find the caise
of this behaviour, idedized simulations of a CBL are caried ou (Simulation S1 and ,
described in Sed. 2.2).

To gain confidence in the simulations the well known pds of the verticd wind in a
conwvedive boundry layer are cdculated for the ssimulated data of set-up S1. Very good
agreement with the pullished valuesis found(not shown). Moreover, the simulation results
show the well-known spoke patterns of coherent convedive motion knovn from numerous
numericd studies (e.g. Schmidt and Schumann, 1989. The data from the simulation o
set-up X is then used to crede the pdfs for a CBL with growing mixed layer, seeFig. 2
(situation more dose to observation period p1). In this st-up, spoke patterns evolve in the
simulated boundry layer that grow gdlightly in size & the inversion layer height grows in
time. A condtional samplingis applied to oktain the pdfs of the cherent updraught areas.

The resulting pd's resemble the properties of the histograms from the Sodar data (see
Fig. 2). The maximum and the skewnessof the pdfs of the condtionally sampled updaught
areas match well with those of the histograms of the observational datafor all heights. Only
the asolute numbers of the probability density do nd fully match. A possble explanation
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for thisis that the Sodar instrument averages over a cetain volume, so that the probability
density of values aroundzero getsincreased. This effed becomes larger with height.

Weinterpret thesefindings asfollows: Itiswell known that coherent convedive motions
evolvein aCBL which remain quasi-stationary in space adtime (see eg. Stull, 1988. This
means that the location where aposgble Sodar instrument is locaed will remain uncer an
updraught or a downdraught areafor alongtime. As a consequence, it is very likely that
a Sodar measurement will cepture only the statisticd properties of a part of the velocity
spedrum. The fad that the result from Fig. 2 stems from a compaosite over 23 periods with
similar overall condtions auggests the hypahesis that the Sodar instrument was preferen-
tialy locaed at an updaught region.

To verify this hypahesis, an ensemble of eight large-eddy smulations was caried ou
with redistic topogaphy at the lower boundxry (simulation R1) and dfferent initial noise
sedaling for w (seeSed. 2.2.2). Figure3 shows the ensemble and time mean of the verticd
wind speead at 300m a.s.l. (approximately 130m abowe the valley floor). Althoughwe gp-
plied bah atemporal mean and an ensemble mean to the simulated data, coherent patterns
of the CBL flow field inside the valley remain. This mean flow field has a larger amplitude
than its analogue from simulations over flat terrain. We interpret thisfinding as follows: The
surroundng ridges impose aherent convedive motions to the valley flow at spedfic loca
tions during the ealy-morning p; periods. Their positions relative to the ridges persist in
contrast to the changing locations of the awherent structuresin the flat CBL simulation. The
pasition o the observational siteis marked by ablad circlein Fig. 3 and shows that the site
islocaed in an updaugh region.

3.3 Verticd transport in the ealy-morning vall ey atmosphere

Spedral analysis of the EC measurementsin the vall ey showed an increase of spedral power
within turbulent scaes of afew minutes during the low wind speed period p1 in the morning
(see Eigenmann et al., 2009. These time scdes could be related to the presence of large
coherent verticd structures (e.g. plumes or updraughts) with a spatial extent in the order
of the boundry-layer height, which are known to be resporsible for the mgority of the
transport within the CBL (see eg. Stull, 1988 Chandra ¢ a., 2010. The occurrence of
these turbulent scdes in the groundbased EC data indicates that during the period py, ar
very close to the groundis able to be transported upwvards very efficiently by nonlocd
large-eddy transport processs. The free @nvedive condtions deteded simultaneously by
the EC measurements also suppat these findings. By the onset of the up-valley wind these
turbulent scdesdisappea from the dataindicaingthat the turbulent transport of nea-ground
air becane lesseffedive. The dfedive verticd transport in period p; isimportant becaise
air masses close to the vall ey bottom are humid, have a dharaderistic chemicd compasition,
and may passhly be pdluted. The dfed of the free @nwedive release of surfacelayer
air masses from the valley bottom on azone measurements at a mourtain-top station was
recently reported by Mayer et al. (2009.

During these free @nwedive situations in period p1, the Sodar/RASS observed strong
verticd updraughtsinto the stably stratified vall ey atmosphere. For ill ustration, Fig. 4 shows
for COPSIOP15h i.e. 13 August 2007, the morning evolution o verticd wind and vir-
tual potential temperature. In the lower panel of Fig. 4 the observed verticd windis showvn
from 0500to 1300UTC. The period o low horizontal wind speead in the morningis marked
by verticd dashed lines. The times of the profiles plotted in Fig. 4a-d are indicaed in the
lower panel. At time (a) the stable stratification is shown shortly after sunrise. In (b) the
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Fig. 4 Upper panel (a-d): Profiles of the virtual potential temperature observed by the Sodar/RASSin the
morning hous of COPSIOP15b (13 August 2007). The times of the profiles are marked in the lower panel.
Lower panel (from Eigenmann et a., 2009 modified): Verticd wind speeals in colour measured by the So-
dar/RASSfrom 0500-1300UTC. The bladk dashed verticd li nesindicate the period o vanishing haizontal
wind spedds.

profile is representative for a period o strong coherent vertica updraughts. Nealy neutral
stratificaion below 160m abowve the vall ey floor was observed in this period. A wed stable
stratification above 160m can be seen whil e the correspondng vertica wind speeds remain
pasitive. The strong updaught period is interrupted by a period o wedker verticd winds.
The profile in (c) shows that during this dhort interruption the original stable stratificaion
recovers. After this interruption the verticd wind is again positive and the profile in (d)
showsaneutral or slightly unstable profile. In thelight of the previous analysis, thisindivid-
ua sceneisinterpreted as foll ows. The convedion aganizes, influenced by the orography;,
in away that the updraught and davndraught areas remain quesi-stationary at their spatial
locaion (seeFig. 3). The immobile Sodar/RASSinstrument observed this quasi-stationary
updraught areafor a period d approximately two and a half hours (0800 urtil 1030UTC).
This period is interrupted by a short period o wedker winds at around 0920JTC, when
the quasi-stationary updraught areaslightly moves out of the view of the Sodar/RASSIn-
strument, so that the properties of an attached dovndraught area ae dso observed. In this
short period, it can be seen that the stratificaion d the valley atmosphere outside of the
updraughtsis gill stable (Fig. 4c).

To better understand the state of the boundary layer in which these observations were
made, the transient simulation R2 (see Sed. 2.2) was caried ou and analysed. In Fig. 5,
snapshats of the field of the verticd wind speed are shown for two heights and for the time
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R2 are shown for the timet; in p; (&) andfor thetimet, in p, (b). Verticd windwin ms— is colour-coded.
Blad lines are isentropesin steps of 0.2K. Intersedionwith the orographyis shaded in grey.

t1 in the low wind speed period p; and the time t, in the up-valey wind period py. Fig-
ure5a and bshow - espedally in the lower height - the typicd spoke patterns at timet; (e.g.
Schmidt and Schumann, 1989. In contrast, at time t, (Fig. 5c, d) there ae hardly any of
these regular patterns left and instead there ae now irregular stre&k-like patterns. The ais
of the stre&k-like structuresis aligned rougHy in the main wind dredion. Roll or stre-like
structures in a shea-buoyancy-driven boundry layer are awell-described phenomena in
literature (e.g. Moeng and Sullivan, 1994 Wedkwerth et a., 1997 Drobinski et al., 1998
Drobinski and Foster, 2003. The locations of updraughts and dovndraughts in the instan-
taneous gpshats at time t; in Fig. 5a and b agreewell with those foundin the ensemble
and time mean in Fig. 3. Figure 6 shows the verticd wind and the temperature stratificaion
for instantaneous verticd dli ces throughthe model domain at timet; (Fig. 6a) and at timet;
(Fig. 6b). Similar to the observations shown in Fig. 4, strongconvedive updraught structures
can be seen in period py within the valley which penetrate into the stably stratified free a-
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Fig. 7 (a) Verticd profiles of the gradient of the potential temperature and (b) normdized verticd profiles
of the hea flux Qy at timet; of the simulation R2. Only points in the valley are considered (seered frame
in Fig. 3). The solid line shows the values for al pointsin the valley. The datted lines shows the profile for
places with w > 0 (up) and the dashed line for places with w < 0 (down). The cntribution to the hea flux
from the sub-grid model is shown in (b) as dash-datted line.

mosphere up to a height of abou 600m a.s.l. Within a coherent updraught structure amore
neutral stratification is found In period p2, more neutral stratification can be seen within
the entire valley. The verticd extent of the updraught structures is confined to the neutrally
stratified vall ey atmosphere and dces not read into the stably stratified atmosphere éove.

The hea flux profiles and the correspondng verticd gradients of the patential tempera-
turein period p; areshownin Fig. 7a and Fig. 7b, respedively. The profilesare cdculated as
horizontal mean for the aeamarked with the red frame in Fig. 3. Besides the mean profiles
within the valley for all paoints, profiles for updraught and dovndraught aress are analysed
separately. In the center of the valley boundiry layer between abou 0.4z and 0.8z the flux
of sensible hed, averaged haizontally over al pointsin the valley, is courter to the temper-
ature gradient. Regarding the updraught areg the hea flux foll ows the temperature gradient
up to aheight of 0.65z due to the unstable to neutral stratification. A cournter-gradient flux
remains abowe this height up to approximately 0.9z. Counter-gradient fluxes are a @mmon
feaurein turbulent flows and are well studied (e.g. Schumann, 1987). The murter-gradient
turbulent transfer within forest canopesis discussed, e.g., in Denmead and Bradley (1985.
The total hea flux is mainly determined by the flux within the coherent upward motions.
Together with the findingsin Sec 3.2 (the orography forces the updraught areas to evolve &
spedfic locaions), this result | eals to the statement that the majority of the flux takes place
at these spedfic locations.

The dhange of the flow in the periods pl and p2 leads to a modified vertica turbulent
transport of TKE. Figure8 shows the profiles of the transport term of the TKE budggt for
both timest; andt,. At timet;, the profile of the turbulent transport of TKE shows negative
valuesin the lower half of the boundary layer and pasitive valuesin the upper half (Fig. 8a).
Due to the verticd orientation o the flow in p1, the TKE is redistributed verticdly by tur-
bulent eddies. At time t, (Fig. 8b), the profile of the turbulent transport of TKE deviates
strondy from the situation at t;. Its values are dose to zero upto a height of 0.7z. Above
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Fig. 8 Verticd profiles of the TKE budget terms of buoyancy, shea and transport for the timets in py (@)
and for thetimet, in py (b) of the simulation R2. Only pointsin the valley are mnsidered (seered framein
Fig.3).

this height positive values prevail . This means that the verticd turbulent transport of TKE
has ceased in the period py. The pasitive values abowve 0.7z originate from the production
of TKE from outside the vall ey, i.e. the areraging area(red framein Fig. 3).

The profiles for the buoyancy term and the shea term of the TKE budggt are plotted in
Fig. 8 in the same manner as the profiles described above. During the transition from t; to
t2, the profile for buoyancy production o TKE remains positive below 0.7z and negative
abowve. The mgjor change here is that the maximum of the buoyant production d TKE is
shifted upwards to 0.15z. This shift is accompanied by an increased shea production o
TKE below 0.2z. The maximum in shea production o TKE at 0.7z at the timet, derives
from the impased along \all ey wind described in Sec 2.2.2.

4 Conclusions

During the three months of the COPS campaign the surface @ergy balance a the sitein
the Kinzig valley was rarely closed, as common for many energy balance measurements.
However, the analysis in this dudy gave the surprising result that the energy balance was
closed onaverage for the low wind period in the morning hous onradiation days. A closed
energy balanceindicatesthat all energy containing motionswere cgtured by the instrumen-
tation and that the assumptions for data processng, i.e. stationarity and hanogeneity of the
flow, were satisfied. It has to be ssumed that due to the vanishing haizontal wind speed
no missng advedive flux componrents developed over the complex terrain. After the onset
of the valley wind, missng advedive flux comporents occurred and the desired closure was
nolonger met, with the residual of the energy balancegoing upto values typicd for the full
data set of this gte. The partition o the turbulent hea flux into the contributions of latent
and sensible hea indicated that the residual in the considered data occurs due to the reduced
relative sensible hea flux.

Large-eddy simulations of the amosphere in the Kinzig valley were caried ou. It was
foundthat the convedion in the valley gets organized by the surroundng ridges during the
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Fig. 9 Schematic view of the turbulent transport during the ealy-morning low wind speed periods in the
Kinzig valley. Strong updaughts exist at spedfic, preferential |ocationsin the vall ey which penetrate into the
stably stratified vall ey atmosphere and extend upto abou the height of the surroundng ridges.

low-wind period, resulting in quasi-stationary patterns. With this finding the observations
of the Sodar/RASSinstrument were interpreted in a new way. The distribution o the ver-
ticd wind spedal, observed by the Sodar/RASS did na follow the expeded pd's known
from literature. Whil e the pdfs derived from the simulations confirmed the results from lit-
erature, the pdfs derived from the aeas of preferred verticd motion matched well with the
observations. Thisisastrongindicaion that under the condtions considered here there ae
orographicdly induced stationary convedion petternsin the vall ey and further, that the site
of the Sodar/RASSwas placed in an areaof preferred upward motion.

Both the Sodar/RA SSobservations and the s mulations indicate that the turbulent trans-
fer within the valley is courter to the temperature gradient during the ealy-morning low
wind period. Thisfindingis also ill ustrated schematicdly in Fig. 9. Surfacelayer air mass
charaderistics are transported into higher regions of the stably stratified free amosphere by
strong coherent updraughts in these situations. These wherent updraught structures were
shown to occur at spedfic, preferential locations. The verticd extent of these updraughts
happens to be aou the height of the surroundng ridges or slightly higher. With the ebove-
valley or large-scde flow at these heights, it can be expeded that the verticdly transported
surfacelayer air mass charaderistics can be translocaed haizontally and ater boundary-
layer properties elsewhere. As stuations of low wind speedstogether with high sensible hea
fluxes can al'so developin diff erent settings of complex terrain (e.g. Hiller et al., 2008 Mayer
et al., 2008 Zhouet al., 2011), the observed verticd transport mechanism is nat restricted
to the condtionsintheKinzig valley. Mayer et a. (2008, e.g., observed the free ©nwedive
coherent release of surfacelayer tracegasesinto upper regions of the boundary layer, which
were then adveded by the mean wind towards a mourtain summit and atered the tracegas
observations there significantly. For that reason, the free onvedive coherent transport of
surfacelayer air massproperties into a stably stratified bounary layer as described in this
study shoud be considered within further boundary-layer experiments.
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