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Abstract

Secondary circulations are large and relatively stationgreddies, which are caused
by the surface heterogeneity and normally reside away fronhé ground. They
are believed to be the cause of the energy balance closurebtem at the earth's
surface, because their contribution to the turbulent uxess missed by a xed eddy-
covariance tower measurement that has a typical averagingnte of 30 minutes.
In this thesis, data from the LITFASS-2003 experiment was udeto investigate
the impact of time and spatial averages on the energy balancesure. This data
consisted of many observations over a large heterogeneocasdscape that could
generate secondary circulations; some of which might bellstiear the earth's surface.

For the time average analysis, the averaging time was extegu to increase
the possibility that secondary circulations were picked ujpy the sensor. Two ap-
proaches, which were the modi ed ogive analysis and the bloensemble average,
were applied to analyze the data from ground-based measurems. The modi ed
ogive analysis requiring a steady state condition, could #®nd the averaging time
up to a few hours and suggested that an averaging time of 30 mtas was still over-
all su cient for the eddy-covariance measurement over low egetation. The block
ensemble average, on the contrary, did not require a steadtate condition, but
could extend the averaging time to several days. However, shapproach could only
improve the energy balance closure for some sites during speperiods, when sec-
ondary circulations existed in the vicinity of the sensor. Bsed on this approach, it
was found that the near-surface secondary circulations nmdy transported sensible
heat, which led to an alternative energy balance correctioby the buoyancy ux
ratio approach, in which the attribution of the residual degnded on the relative
contribution of the sensible heat ux to the buoyancy ux. The fraction of the
residual attributed to the sensible heat ux by this energy lalance correction was
larger than in the energy balance correction that preservetie Bowen ratio.

In the spatial average analysis, two energy balance corrext approaches, the
buoyancy ux ratio and the Bowen ratio approaches, were ap@d to the area-
averaged uxes (composite uxes) in order to include contbution from secondary
circulations. These composite uxes were aggregated fromuttiple ground-based
measurements. The energy balance corrected uxes were glatied against the spa-
tial average uxes, which were measured by an aircraft and arnge aperture scin-
tillometer (LAS). In this validation, the backward Lagrangian footprint model was



used to estimate the source area of the measurement. It wasrid that both energy
balance correction approaches did improve the agreementiween time and spatial
averages uxes. This suggested that the contribution fromegondary circulations
could be properly accounted by the energy balance correctio

All ndings in this thesis, therefore, depict that secondarycirculations sig-
ni cantly transport energy in the atmospheric surface laye The energy balance
correction, accomplished by using either the Bowen ratio gpoach or the buoyancy
ux ratio approach, is necessary to estimate the actual veital transport of energy
at the earth's surface.



Zusammenfassung

Sekundare Zirkulationen sind gro e, nahe zu stationare Edies, die durch Oberachen-
heterogenitaten verursacht werden und sich normalerwegntfernt vom Boden be nden.
Es wird angenommen, dass sie die Ursache far das Energieh#ischlie ungsprob-
lem an der Erdoberache sind, da ihre Beitrage zu den turblenten Flassen nicht
von den raumlich stationaren Masten der Eddy-KovarianzMessung, deren typisches
Mittelungsintervall 30 Minuten ist, erfasst werden. In diser Arbeit werden Daten
aus dem LITFASS-2003 Experiment verwendet, um den Ein uss deeitlichen und
raumlichen Mittelung auf die Energiebilanzschlie ung zuuntersuchen. Das Experi-
ment bestand aus umfassenden Messungen uber stark hetenogr Landschaft und
bot somit die Meglichkeit, eine Vielzahl an Aspekten sekurater Zirkulationen zu
untersuchen.

In Bezug auf die zeitliche Mittelung wurde das Mittelungsitervall ausgedehnt,
um den Beitrag potentieller sekundarer Zirkulationen zu bracksichtigen. Zwel
Ansatze wurden mit Hilfe der Bodenmessungen angewandt: dieoh zierte Ogive-
nanalyse und die Blockmittelungsmethode. Die modi zierteOgivenanalyse, die
stationare Bedingungen bentigt, kann die Mittelungszeitbis zu mehreren Stunden
ausdehnen und zeigt, dass die Mittelungszeit von 30 Minutam Allgemeinen fur
Eddy-Kovarianz-Messungen ausreicht. Die Blockmittelursgmethode, die keine sta-
tionaren Bedingungen bentigt, kann die Mittelungszeit abimehrere Tage ausdehnen.
Jedoch kann sie die Energiebilanzschlie ung nur far einggStandorte und nur zu bes-
timmten Zeiten, in denen sich die sekundaren Zirkulationein der Nahe des Sensors
be nden, verbessern. Diese bodennahen sekundaren Zir&tibnen transportieren
hauptsachlich fahlbare Warme. Diese Ergebnisse fahme zu einer alternativen Ko-
rrektur der Energiebilanzschlie ung durch die Methode deéuftriebsstromverhalt-
nisses, welches den gr eren Anteil des Residuums dem fuhiea Warmestrom zuord-
net.

Bei der raumlichen Mittelung wurde die Energiebilanzscli¢ ungskorrektur auf
die achengemittelten oder zusammengesetzten Flasseiedaus mehreren Bodenmes-
sungen zusammengefasst wurden, angewandt, um Beitragenve&ekundaren Zirku-
lationen mit einzubeziehen. Diese energiebilanzkorrigien Fldsse wurden gegen
Flugzeugmessungen und einem Grossachen-Scintillome(@®AS), die beide achen-
gemittelte Flasse liefern, unter Zuhilfenahme eines Foptintmodells validiert. Es



konnte gezeigt werden, dass die EnergiebilanzkorrekturedUbereinstimmung zwis-
chen zeitlich und raumlich gemittelten Flassen verbesse

Alle Ergebnisse dieser Arbeit lassen darauf schlie en, dasskandare Zirku-
lationen einen signi kanten Anteil der Energie in der Boderchicht transportieren.
Folglich ist eine Energiebilanzkorrektur notwendig, um de tatsachlichen vertikalen
Transport in der Bodenschicht zu bestimmen.
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1

Introduction

The atmospheric boundary layer (ABL) is the lowest 1-2 km of th atmosphere. Its
most bottom part, the atmospheric surface layer (ASL), is thenost immediately
a ected by the earth's surface. This is where the vital exchages of energy and
matter, such as momentum, sensible heat and water vapor, leten the earth's
surface and the atmosphere take place. Full details of the ABInd ASL are available
in many textbooks, for example Stull (1988), Kaimal and Finigan (1994) and Foken
(2008b).

To deepen our understanding of the ASL and all the exchange pesses, mi-
crometeorologists have conducted many experiments sindeoat the 1920's. They
quantify these exchange processes with the surface uxesafergy and matter,
which are currently widely measured by the eddy-covariancgEC) measurement
(Aubinet et al., 2012) on a xed-tower system. The extensive elelopments of the
sonic anemometer and gas analyser, which are important instents in the EC
measurement, over the past 10-20 years not only made the EC asarement a lot
easier, but also allow us to measure uxes continuously ovarlong period.

With the ability to measure the carbon dioxide and other traed gases uxes, the
EC measurement has became even more popular in the ecologieaearch. Nowa-
days, there is a global network of EC measurements, FLUXNET (Badbcchi et al.,
2001), which continuously monitors the exchange of energgdamatter between the
biosphere and the atmosphere on a long-term basis since 1890

Such measurement is indeed an integral part of many atmospleemodels. For
instance, the information on the ASL provides parameter ings into the numer-
ical weather prediction model (NWP), where the knowledge onugace uxes is
very important (Warner, 2011). Therefore, the accuracy ofte EC measurement is
de nitely very crucial to many branches of research as wellsaour daily lives.
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1.1 Energy balance closure at the earth's surface

This thesis develops around one of the major concerns in the l33$he energy balance
closure problem, which has been aware of since 1980's. Mangnmmeteorological
experiments over low vegetation, for example the EBEX-200&meriment (EBEX,
"Energy Balance Experiment’, Oncley et al., 2007) and the TFASS-2003 exper-
iment ((LITFASS, "Lindenberg Inhomogeneous TerrainFluxebetween Atmosphere
and Surface: a long-term Study', Beyrich and Mengelkamp, 26), show that the
available energy, which is the sum of the net radiation and #hground heat ux,
is larger than the sum of the sensible and latent heat uxes. ol conserve energy,
the missing energy is replaced by the residual. Then for themmogeneous and sta-
tionary ASL, the energy budget equation over low vegetationtdhe earth's surface
becomes

Res= Q (Qc+ Qn + Qe); (1.1)

whereRes is the residual,Q is the net radiation, Qg is the ground heat ux, Qu
is the sensible heat ux, andQg is the latent heat ux. Each energy uxin Eq. 1.1
is positive, when it is transported away from the ground.

Among all energy uxes in Eq. 1.1,Q is mostly the largest, however, come
with a good measurement accuracy, whil®¢g is mostly the smallest. Therefore,
measurement accuracies of botQ and Qg do not account for the energy balance
closure (Kohsiek et al., 2007; Liebethal et al., 2005) and elresidual is most likely
caused by an EC tower measurement, which is normally used foreasuring Qy
and Qe. An EC tower measurement is technically a xed point in spacehiat can
only measure eddies, which have moved pass the sensor. Ifiesidre stationary or
moving very slowly, they may not or never move pass the sensaithin a typical
averaging time of 30 minutes. Therefore, their contributios are de nitely missed
by an EC tower measurement. More details of the energy balanclosure as well as
additional comments on surface uxes measurement can be falin Foken (2008a),
Mahrt (2010), Foken et al. (2011) and Leuning et al. (2012).

1.2 Secondary circulations

According to several studies by a large-eddies simulation EIS), the energy imbal-
ance can be signi cantly improved by including low frequenccontributions from
the secondary circulations (SC) or turbulence organizedrstture (TOS, Inagaki
et al., 2006; Kanda et al., 2004; Steinfeld et al., 2007). SCealarge scale eddies
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(several kilometers) and relatively stationary (either sdtic or move very slowly).
They are generated by the surface heterogeneity (Stoy et,aR013) and normally
move away from the ground. Their contributions to the low frquency part of the
turbulent spectrum may not be entirely captured by an EC towe measurement,
which is operated near the earth's surface and typically axeged over a period of
30 minutes. This result in the underestimation ofQy and Qg, which are normally
measured by an EC tower.

In this thesis, data from the LITFASS-2003 experiment was uddo study the en-
ergy balance closure under the impact of time and spatial aeges. This experiment
collected high quality data set with many instruments over darge heterogeneous
landscape, which could generate SC. Some of which mightlgtdside near the earth's
surface and would show their in uences over the energy balea closure. More de-
tails of the LITFASS-2003 experiment and its energy balancdosure can be found
in Beyrich and Mengelkamp (2006) and Foken et al. (2010).

1.2.1 Time average

An EC measurement on a xed tower seems to be the most convertiemay to
measure surface uxes. Given that 30-minute averaging timean be too short, the
averaging time extension beyond 30 minutes may increase thessibility of slow
moving eddies to move past the sensor. There are two approasifor investigating
the averaging time extensions, the ogive analysis (Desjand et al., 1989; Oncley
et al., 1990) and the block ensemble average (Bernstein, 896970; Finnigan et al.,
2003).

The ogive analysis uses the turbulent spectra to estimate ehturbulent uxes
at di erent frequency ranges. Hence it is possible to evaluathow much the low
frequency parts contribute to the turbulent uxes measuredy the EC method. In
Foken et al. (2006), the ogive analysis was applied to the dameasured over the
maize eld (station A6) of the LITFASS-2003 experiment. It wasmainly focused
on the data from three selected days, which the averaging tenwas extended up to
4 hours. It was found that the time extension would not signicantly increase the
turbulent uxes.

For the block ensemble average, low frequency contributisrfrom long term
uctuations over several hours to days are added to the totauxes . In Mauder
and Foken (2006), it was also applied to the data set from theasie maize eld of
the LITFASS-2003 experiment (A6). The selected long period wal5 days, while
the block ensemble averaging period was varied from 5 mingtéo 5 days. This
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study shows that the block ensemble average can close enebgjance at a longer
averaging time.

In this thesis, both ogive analysis and block ensemble avgewere applied to
data from all EC towers of the LITFASS-2003 experiment. If SC aes matter to
the energy balance closure, this study would reveal an apjpriate energy balance
correction in order to estimate the actual vertical transpd of energy at the earth's
surface.

1.2.2 Spatial average

Even the averaging time extension can increase the possipilto measure slow
moving SC, a xed-tower measurement is still unable to detéstationary SC. To
overcome this weakness, a measurement which can collectadatbm multiple loca-
tions almost instantly is suggested. The appropriate stagtics of this measurement
are the spatial averaged statistics.

This type of measurement was available during the LITFASS-23 experiment
with the Helipod (Bange and Roth, 1999; Bange et al., 2002) arttie large aper-
ture scintillometer (LAS). These measurements can samplethcstationary and slow
moving SC. Therefore, they can be used to validate the energpalance corrected
uxes as suggested from the time average analysis. This wdtion needs an ad-
ditional tool to relate the time and spatial averages togettr. In this thesis, the
footprint analysis was used for this task.

Both studies in time and spatial averages would reveal how S©ntribute to the sur-
face uxes as well as the necessity to include this contribiain to the actual vertical
transport of energy, which would lead to the suggestion of ppopriate parameteri-
zations in the ASL.
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Tools

To carry out all investigations in this thesis, many tools, Wwich could be some
mathematical techniques or atmospheric models, are regedt. All necessary ones
are presented in this chapter.

2.1 Averaging operators

Since the atmospheric turbulence is non-linear, meteorgists analyse and report
the atmospheric properties like wind velocity, temperatue and humidity, in term
of statistics. These statistics can be obtained through dable averaging operators,
which produce representative statistics of the interestedystem. There are three
di erent averaging operators: time average, spatial avege and ensemble average.
Only brief descriptions of each operator are presented herdntensive details of
these operators when apply to the atmospheric data can be faliin any introduc-
tory books in the atmospheric sciences. For simpli cationpne dimensional ow is
assumed. In this case, any variable(x;t) is a function of space X) and time (t).

2.1.1 Time average:

The time average of is denoted byf . It is calculated from set of data collected at
a xed point in space over time interval P. It can be de ned in both discrete and
continuous data set as
X

f(x;1); (2.1)

i1
2 to+ P

discrete f

Ol Z|k

continuous f f (x;t)dt; (2.2)

to
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whereN is the number of data points in a time intervalP. For discrete case

t=i tand t= P=N (2.3)

2.1.2 Spatial average:

The spatial average of is denoted by °f and calculated from set of data collected
at an instant of time over a spatial domainX . It can be de ned as

1 X

't=1

Xo+ X

f(x;t) dx; (2.5)

discrete f(j;t); (2.4)

continuous

whereN is the number of data points in a spatial domairX . For discrete case
x=] xand x= X=N (2.6)

This averaging operator may extend to an area or a volume aage.

2.1.3 Ensemble average:

The ensemble average @f is denoted byh i, and calculated fromn identical exper-
iments. It is de ned as

fi(x;t); (2.7)

whereN is the number of data points collected fromrn identical experiments.

The representative statistics, which can apply to all the gerning equations,
must satisfy the 'Reynolds averaging rules' (section 2.2)Among these three av-
eraging operators, only the ensemble average is quali edn tontrollable experi-
ments, where number of experiments can be repeated with thanse conditions, the
ensemble average is possible. Unfortunately, in the uncooliable atmosphere, ex-
periments cannot be repeated with the same conditions. Hovesy under a speci c
circumstance, when the atmosphere is homogeneous (statistdo not change with
space) and stationary (or steady state condition, statistis do not change with time),
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all three averaging operators are equivalent. This is knowas the ergodic condition.

f= °f=Hi (2.8)

2.2 Reynolds averaging rules

Let's assume that the atmosphere is homogeneous and statioy) which makes the
ergodic condition to be valid. Under such condition, the timeaverage of variabld
is constant over a period® and a spatial domainX . Therefore, at any point in this
period and spatial domain,

f(x;t)= HF(x;t)i + fYx;t)=F + fqx:1); (2.9)

where the turbulence termf {x;t) is the uctuation from the mean. This expression
is known as the "Reynolds decomposition'. By applying the Reolds decomposition
to atmospheric variablesf and g, they obey the 'Reynolds averaging rules', which

are
(i) f+g = f+g (2.10)
(ii) KT = kf (2.11)
(iii ) fg = fg (2.12)
(iv) fim fo = lim o (2.13)

With k is constant andf , is a sequence of functions. The last averaging rule can be
interpreted as the commutation between the averaging and drential (or integral)
operators, such that

— — 2—— Z

@f @ b b_

— = — and fdt = f dt 2.14

at @t . . (2.14)

This leads to

=1 (2.15)
fo=0 (2.16)
fg=fg+fq (2.17)

More details of Reynolds averaging rules when apply to metetogy can be found in
most elementary textbook or many early publications in atmgpheric sciences such
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as de Feriet (1951).

2.3 Software package TK2/3 and ux corrections

One important task in this thesis is to analyse the data obtaied from all microm-
eteorological stations (EC towers). The software packageKP (the lastest version
is available as TK3, Mauder and Foken, 2004, 2011; Mauder dt,&2006) was used
for this task. This software package can calculate turbulénuxes accordingly to a
standard EC approach (Aubinet et al., 2012) with many choicesf ux corrections.
These following ux corrections were used in this thesis. Thcross-correlation anal-
ysis was used for xing a time delay between a sonic anemomeésmd a hygrometer.
The planar-t rotation was used to align a sonic anemometer ith a long term
mean streamline (Wilczak et al., 2001). The Moore correctiowas used to correct
the spectral loss in the high frequency range (Moore, 1986J.he SND correction
was used to convert a sonic temperature, which is recorded &ysonic anemometer,
to an actual temperature (Schotanus et al., 1983). The WPL cection was used to
correct a density uctuation (Webb et al., 1980). The Tannercorrection was used
to correct the cross sensitivity between D and O, molecules (Tanner et al., 1993),
which was only applied for the Krypton Hygrometer KH20. More d&ils of ux
corrections can be found in Foken et al. (2012).

TK2 can also assign quality ags to the data. These quality @s are the steady
state ag, the integral turbulence characteristic (ITC) ag (Foken and Wichura,
1996) and combined ag. The steady state ag is a result of theteady state test
and represents the stationarity of the data. The ITC ag is the result of the ux
variance similarity test and represents a development of thulent conditions. The
combined ag is the combination of the steady state and ITC @s. All these ags
range from 1-9 (from best to worst). High quality data, consiered suitable for
fundamental scienti c researches has ag value of 1-3. Morgetails of the data
guality analysis can be found in Foken et al. (2004, 2012).

Besides ux calculation and assign data quality ag, TK2 canalso generate
short-term averages and covariances of each variable. Inseaof limited storage
capacity, these short-term statistics may become more deshle to be stored than
the raw data. Statistics at longer period of variables and b can be reconstructed
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from these short-term information by (Foken, 2008b)

— 1 X\l_ X\I__ U2 X\l_X\I_.
af’cP—M—l(U 1) a°d3j+U' g b T h ; (2.18)

=1 =1 =1 j=

wherea®®is a long-term covariance o& and b. M is number of measurement points
of the long-term time series. This long-term time series csists ofN short-term time
series, whose number of measurement pointsis a% j is a short-term covariance
of aand b. a and ly are short-term averages of and b respectively. These short-
term averages are derived from raw data, which none of ux cactions have been
applied. Therefore, any needed ux corrections must be inaled, when using these
short-term statistics for ux calculations.

2.4 Coordinate rotation

There are two coordinate rotation schemes available in TK2yhich are the double
rotation (Kaimal and Finnigan, 1994) and the planar-t rotation. The double ro-
tation set the mean vertical velocity of each individual peod to zero W = 0). It
is easy to implement and very e ective in a homogeneous ow. ke@ver, over the
complex terrain or long-term measurement, the double rotein may loose informa-
tion that contain in the non zero mean vertical velocity and fgh-pass lter the data.
The planar- t rotation was introduced to overcome this disalvantage (Paw U et al.,
2000; Wilczak et al., 2001).

The planar- t rotation needs a long-term data set to de ne a nean streamline.
The rotation angle is determined from multiple linear regrgsion on many shorter
periods within the long-term data set. The planar-t rotation set the long term
mean vertical velocity to zero fwi = 0), while the mean vertical velocity (W) of
each shorter period is not necessary to be zero. Since the ENSS experiment was
performed over a complex terrain and lasted for a months, thefore, the planar- t
rotation would be more suitable.

2.5 Wavelet analysis

Wavelet analysis is a very useful mathematical tool for pr@ssing nonstationary
signals. In the Fourier analysis, a signal is decomposedarginusoidal basis functions
at various frequencies. Therefore, it reveals how much ofolafrequency contains
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in a signal, but it is impossible to tell simultaneously wherfor where) each specic
frequency appear in a signal. In the wavelet analysis, a sgjns decomposed into
basis functions called ‘wavelets', which are obtained by @ling (dilate or compress)
and translating (shift location) the mother wavelet (shapef basis functions). Hence,
other than the frequency content, the wavelet analysis cans® reveal when each
frequency appear in a signal.

Suppose there is a discrete time serieg, with equal timestep t and n =
0;1;::;; N 1. A continuous wavelet transform of this time series is theoavo-
lution of x,, with the wavelet function,

D( 1
WX(a; b) = Xn a;b(n); (219)
n=0
where ,,(n) is a complex conjugate of the wavelet function 5, which is char-
acterised by the type of a mother wavelet, a scale or dilatioparametera, and a
translation parameterb. This wavelet transforms gives the wavelet spectrum as

t X1 5
Ex = NC Wi (a; bj; (2.20)
n=0
and wavelet cross-spectrum as
t X1
Exy = NC_ Wy (a; b)Wy (a;b; (2.21)
n=0

whereC is a reconstruction factor and equal to 0.776 for the Morlet avelet.

In this thesis, the wavelet analysis was used to analyse databoth time and spa-
tial averages. Also the Morlet wavelet was chosen to be a motlveavelet because it is
suitable for the atmospheric analysis. The calculation rdunes is similar to Mauder
et al. (2007b), which is based on the algorithm provided by Teence and Compo
(1998) (also available online at http://paos.colorado.ed/research/wavelets/). To
apply this routine, the investigated data set must be gap kd. The embedded gap
lling routine is done by duplicating the previous availabe data point in the time
series. When the gap is very large, this gap lling routine cacreate unrealistic
scales in the wavelet analysis. Therefore, gap in the invegited time series must
be as minimized as possible.
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2.6 Backward Lagrangian footprint model

The footprint is a transfer function between an observatiomnd a source of signal,
which for any measurements, it de nes the eld of view of theensor (Rannik et al.,
2012; Schmid, 2002; Vesala et al., 2008). The footprint of ghmeasurement also
de nes the source area, which is an area that contribute to thmeasurement and
mainly upwind of the sensor. Each element in the source areantributes to the
sensors di erently, as described by the footprint functioror source weight function.

In this thesis, the footprint analysis was applied to the dat from the aircraft and
the MOL tower (MOL, "Meteorological Observatory Lindenbeg', see more details
in chapter 3), which were collected at around 50 - 100 m heighin order to t with
the high measurement and non-homogeneous ow eld, the baeard Lagrangian
dispersion model (LPDM-B) in Kljun et al. (2002) was chosenof the footprint
analysis.

The LPDM-B is categorized as the Lagrangian stochastic (LSpodel (Wilson
and Sawford, 1996), in which particle's trajectories are gerned by the random
velocity eld and can be traced either backward or forward ifime. One advantage
of the LS model is that it can analyse both Gaussian and non-@ssian turbulence.
According to Flesch (1996), a backward LS model can be used &iimate the uxes
caused by a known source area.

For the LPDM-B, set of particles are release from the sensone traced back-
ward in time until the particles touch the ground. During ther journey, they can
re ect at the top of ABL ( z) and at the re ection height (z;). In this case, multiple
touchdowns are allowed. Although the LPDM-B is constructedrém a horizontally
homogeneous probability density function, it is potentidy e ective over inhomo-
geneous terrain. This model covers wide stability range andlid for any receptor
heights (measurement heights) throughout the entire bouradly layer. This means
the LPDM-B is suitable with an observation at large measureent height, such as
aircraft and high-tower measurements, which particles eaanter cross similarity
scaling domains. Furthermore, the LPDM-B also shows a goodr@ement with a
forward LS model and a Lagrangian trajectory model embeddé&da LES framework
(Markkanen et al., 2009).

To operate the LPDM-B, these following parameters are reqed, a roughness
length (zp), a friction velocity (u ), an Obukhov length (L), a Deardor velocity
(w ), a boundary layer height ¢) and a re ection height (z;). In this thesis, the
value of the displacement height was used a&. The estimation of these input
parameters is presented in chapter 3. With these input paragters, the LPDM-
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B creates touchdown catalog (or table), which contains (1)ouchdown locations
relative to the sensor X;y), (2) initial velocities (w;o) calculated when each patrticle
is released and (3) touchdown velocities\; ) calculated when each particle reaches
the ground.

Information in a touchdown catalog can be used to estimate ¢hmean concen-
tration and mean ux at the sensor as

2 XX g

G(Xy;z) = — —Q(Xj ;Y ; 20) (2.22)
N iz1 j=1 Vi

Fo(xiyiz) = 10X ;Y 5 20) (2.23)
i=1 j=1 Y

whereN is the number of released particles and, is the number of touchdown and
Q is the source strength at each touchdown location.
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Data

Many data sets of the LITFASS-2003 experiment were used thrglr-out this thesis
in both time and spatial averages parts. Therefore, this clpger will describe the
steps taken in data collection and data processing.

3.1 Experimental overview

The LITFASS-2003 experiment was conducted during 19 May 20038 June 2003
near the Meteorological Observatory Lindenberg (MOL), wich is located in the
local time zone of UTC+1 (Fig. 3.1). This experiment covered &arge heterogenous
landscape with an area of 20 20 kn¥, which was comprised of these following land
uses: grass, maize, rape, cereals (include rye, barley antdale), lake, pine forest
and settlement (or village). The agricultural area was most in the eastern part,
while the western part was dominated by pine forest. The landse map of this area
is available at a resolution of 100 m.

There were a few signi cant precipitation events during theexperimental period.
The two heaviest ones were observed on 5 June (1-45 mm) and 8d§8-20 mm).
The former mainly a ected the southern part of the LITFASS ara, while the latter
distributed evenly throughout the area.

There were many measurements available during the campajguich as EC tower
measurements and aircraft measurements, which coveredialportant land uses of
this area. The related measurements are described brie y this chapter. Full infor-
mation of the LITFASS-2003 experiment can be found in Beyricand Mengelkamp
(2006) and Beyrich et al. (2004).
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Figure 3.1: Map and land use of the LITFASS area. The land use fractions wes obtained in
2003, while the map represent the terrain in 2013 (maps wereemerated by Google Earth and
Google map chart).

3.2 Eddy-covariance tower measurements

3.2.1 Measuring stations

There were 16 EC systems installed on multiple towers durintdpe LITFASS-2003
experiment. All of them were operated individually as a singtpoint measurement,
in which the representative statistics are the time averagstatistics. Each EC sys-
tem or a turbulence complex consisted of a sonic anemometardaa hygrometer,
which could measure wind velocity, temperature and moistar This measurement
allowed estimations of the sensible and latent heat uxes bihe EC technique. An
estimation of the CO, ux was also possible, if the hygrometer could measure the
CO, concentration.

Fourteen EC systems were installed on small towers, each dfiah was part of
a micrometeorological measuring station. These stationseve operated as ground-
based measuring stations on 13 sites. They were mostly seadid over the agri-
cultural elds on the eastern part of the LITFASS area. Two stéons, NV2 and
NV4, were installed on the same grassland, but they were oriext to di erent wind
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sectors. In this thesis, results from these two stations weeicombined and reported
as one station NV. The other two EC systems were installed on thdOL tower at
50 m and 90 m height, which was a few meters away from NV2 and NV4. tead of
keeping high frequency raw data, all measuring stations kiephort-term statistics
at every 5 or 10 minutes. The long-term statistics can be caiated from these
short-term statistics with Eq. 2.18. A brief summary with irformation about all
measuring stations used in this thesis is shown in Table 3.1.

To measure all energy balance components in Eq. 1.1, the netdration and
ground heat ux were also measured in all 14 ground-based 8tms. For the net
radiation measurement, four components net radiometers meinstalled to mea-
sure both down-welling and up-welling components of the sitwave and longwave
radiations. Therefore, the net radiation could be estimatéfrom

Q =K"+K #+1 "+ # (3.1)

whereK ", K # 1 " and | # are the shortwave up-welling radiation, shortwave
down-welling radiation, longwave up-welling radiation ad longwave down-welling
radiation respectively.

For the ground heat ux over the terrain, the following quanities were measured
at di erent depths; soil humidity, soil temperature and sol heat ux. Using these
parameters, there are two di erent ways to estimate the solheat ux at a specic
depth. The rst approach is by a direct measurement with the bat ux plate. This
approach is known as the PlateCal approach. The second apacb, the GradCal
approach, uses the vertical temperature gradient to detelime the soil heat ux at a
speci c depth. More details of these two approaches can beufal in Liebethal et al.
(2005). Once the soil heat ux at a speci ¢ depth was known, itvas extrapolated up
to the surface by using the change in heat storage of the saib{orimetry). It must
be noted that the soil humidity measurement of the A5 (rye) stidon was mostly not
available, because of the defective sensor. Since this giatwas just around 100 m
away from the A6 (maize) station, the soil humidity measurene of the A6 station
was used to determined the ground heat uxes of the A5 station.

Due to the high heat capacity of water, the whole lake (FS) cdadi be approxi-
mated as a big heat reservoir. Therefore, the heat releasedconsumed at the lake
surface can be estimated from the change in heat storage oétlake. The ground
heat ux of the lake was determined from the temperature prde of the lake by
assuming well-mixed conditions in a shallow lake (Nordbo et.a2011).



Table 3.1: Brief information of EC stations in the LITFASS-2003 experiment during 20 May 2003 12:00 UTC - 18 June 2003 00:00 UTC. Not@ns:
Sta = Station, Op = Operator, z, = measurement height, = undisturbed wind sectors (clockwise), h, = canopy height, hg = elevation or height
above sea level [m]Res = mean residual between 10:00 - 12:00 UTC, which is also repted as a percentage to the available energyResH Q Qg)).
Full details can be found in Beyrich and Mengelkamp (2006) ad Mauder et al. (2006).

Sta Surface op Turbulence Zm h. ho Latitude Longitude Res(%)
sensors (m) (deg) (m) (m) (deg) (deg)

Al Rye TUDD USA-1/KH20 3.55 90-300 0.95-1.55 69 5233%° 14 04°29° -

A2 Rape TUDD CSAT3/KH20 3.6 90-330 1.1-1.25 93 52234 14 08 18" -

A3 Barley = GKSS CSAT3/KH20 3.25 90-270 0.6-0.7 86 521°31° 14 06°59° 109 (26%)
A4 Maize GKSS CSAT3/KH20 3.25 90-270 0.05-0.75 75 520°28° 14 07°18° 115 (29%)
A5 Rye UBT USA-1/KH20 2.8 60-30 0.9-1.50 73 520F09° 14 07280 147 (31%)
A6 Maize UBT  CSAT3/LI7T500 2.7 90-270 0.1-0.6 73 52000° 14 07°29° 117 (30%)
A7 Rape GKSS CSAT3/KH20 3.4 30-240 0.7-09 67 509160 14 06°10° 52 (13%)
A8 Triticale WAU  CSAT3/LI7500 3.55 30-210 0.8-1.1 52 520814 14 1036 110 (23%)
A9 Rape WAU  CSAT3/LI7T500 3.5 60-210 1-1.2 48 527260 14 1P 27° 107 (23%)
NV2 Grass DWD USA-1/LI7500 2.4 60-180 0.05-0.20 73 529579 14 07°20P° 67 (19%)
NV4 Grass DWD USA-1/LI7500 2.4 150-330 0.05-0.20 73 52579 14 07°20P° 85 (24%)
FS Lake DWD  USA-1/LI7500 3.85 180-30 0 43 528150 14 06°37%° 245 (63%)
HV  Pine forest DWD USA-1/LI7500 30.5 30-330 14 49 520540 13 5°09° 126 (23%)
M50 Grass DWD  USA-1/LI7500 50 90-300 0.05-0.20 73 52570 14 07°20° -

M90 Grass DWD  USA-1/LI7500 90 90-300 0.05-0.20 73 52570 14 0720 -

1 DWD - German Meteorological Service; TUDD - University of Technology Dresden; GKSS - GKSS Research Centre Geesthacht; AV -
Wageningen University and Research Centre; UBT - Universiy of Bayreuth

oT

viva ‘€
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3.2.2 Canopy heat storage

All kinds of plants store energy in their canopies. This cangpheat storage has two
main contributions from the plant material (or biomass) andhe air between plants.
As reported by Oncley et al. (2007), over low vegetation like eotton eld, both
contributions of a canopy heat storage are relatively smadind negligible. According
to the study in maize and soybean (Meyers and Hollinger, 2004he stored energy in
biomass is signi cant when a canopy is fully developed, wkiQg is very low. During
the LITFASS-2003 experiment, the maize eld began from bareo8 and grew up to
approximately 0.5 m at the end of the experiment. Thereforaheir stored energy
in biomass can be neglected. However, a forest's canopy hearage is signi cant
(Lindroth et al., 2010) and need to be included in the energyuaget equation (Eq.
1.1). Unfortunately, not all required biomass properties ahe forest were collected
during the LITFASS-2003 experiment and the forest's canopyedat storage could
not be precisely estimated. Hence, all analyses of this sitene conducted without a
canopy heat storage term. Since a forest's canopy heat stgeaduring the daytime
would release back to the atmosphere during the nighttimef is more important
in the sub-diurnal scale (Haverd et al., 2007). Therefore, éhomission of a forest's
canopy heat storage would have minimal e ect over a long-ter basis.

3.2.3 Data selection for the ogive analysis and block ensem-
ble average

There were two analyses in the time average part (Chapter 4)he ogive analysis
and block ensemble average. Both of them were applied to ddtam EC towers as
listed in Table 3.1. Most of the required data was availabldrece 20 May 2003 12:00
UTC, so the period between 20 May 2003 12:00 UTC - 18 June 2003000UTC
was chosen to be analyzed in this thesis. To ensure high dataatjity as well as
to minimize the irrelevant factors, which might in uence tubulent uxes, di erent
data selection criteria were applied to the data in both oges analysis and block
ensemble average parts separately.

For the ogive analysis, the averaging time was extended to wp 4 hours. This
4-hour period consisted of 8 consecutive subperiods (or ¢hs) of 30 minutes. The
ogive analysis over any 4-hour periods was carried out onlyail blocks satisfy the
selection criteria. The rst selection criterion is the sam as that found in Mauder
et al. (2006), which is that the sonic anemometers must not kaisturbed either by
the internal boundary layer due to the surface heterogengjtor the ow distortion
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caused by obstacles. The internal boundary layer height cdme estimated from
(Raabe, 1983)

Zm =0 :3p X; (3.2)
where z,, is the measurement height, is the internal boundary layer height and
X is the distance from the sensor to boundary of the next land es To keep the
measurement undisturbedz,, must not exceed . Hence, any wind direction, whose
correspondingx did not satisfy Eq. 3.2, were excluded from the investigatio The
undisturbed wind sectors (), from both internal boundary layer and ow distortion,
of each measuring station are listed in Table 3.1. Additionlg footprint climatology
was used to con rm that the target land use has a signi cant aatribution to the
measurement. This contribution varied over the stability ange. Any wind sectors
whose contribution from target land use is less than 80%, veerlso excluded from
the investigation.

The next data selection criterion involves a steady state aodition of the time
series, which is indicated by the steady state ag (section3). Accepted high quality
data have quality ag 1-3. In this thesis, the ogive analysi®f the energy balance
components Qy and Qg) and CO, ux ( F. = w&%,) were considered separately.
For the energy balance components, only the steady state ag@f friction velocity
(u), Qn and Qg were considered. The ogive analysis was applied to any peiso
only when all these three steady state ags quali ed. FoF, the ogive analysis was
applied on any period only when the steady state ag afi and CO, quali ed.

The transition period was avoided by excluding the time peoid covering one
hour before to one hour after both sunrise and sunset from tlugive analysis. The
threshold values of each turbulent ux was set as a minimum cgiirement for the
analysis. Foru , which indicates the level of turbulence (Massman and LeeQ@2),
its threshold value is 0.1 ms!. This was set to rule out very small turbulent uxes,
which might result from instrumentation noise. This limit normally excludes pe-
riods with very weak wind as well. ForQun, Qg and F., their threshold values
were formulated to avoid complication with their measurenré errors. According to
Mauder et al. (2006), based on 30-minute averaging time, threeasurement errors
of Qq and Qg are 10% - 20% of the turbulent ux at 30 minutes or 10 - 20 W n¥,
whichever is larger. Fou and F., their measurement errors are 0.02-0.04 m'sand
0.5-1 mol m ?s ! respectively (Meek et al., 2005). Therefore, in this thesishe
threshold values ofQy and Qg were set to be 20 W m?, while the threshold value
of F. was set to be 1 mol m ?s *. Unusually large uncertainty of F. during the
night time was taken into account by using only data periods ith u greater than
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Table 3.2: Information about selected Helipod ight legs. Notations: z,, = average height above

ground, = average wind direction, z; = boundary layer height
Properties 7 Jun 2003 14 Jun 2003
13:40-13:50 9:20-9:30
Zm (M) 85 88
Direction North to South Northwest to Southeast
Distance (km) 18.5 20.1
~ (deg) 254 279
z; (m) 1350 1800
(I\:/Ioer;t((jai(:irc())rllc;glcal after heavy rain events dry
Land use coverage mainly farmland mainly forest and farmlan

0.25 ms ! (Hollinger and Richardson, 2005).

Similar selection criteria could not apply in the block engable average approach,
as it involved averaging times of several hours to days. Thedore, the quality control
of this part was done by discarding any periods with more thah0% of missing raw

data. This missing data could have resulted from various faws, such as electrical
black out.

3.3 Aircraft measurements

The aircraft measurements in the LITFASS-2003 experiment & done by the He-
lipod. The Helipod is a turbulence measurement system, whidttaches below a
helicopter by a 15 m rope. It collected data at 100 Hz, while thkelicopter was
moving at a speed of 40 mg. This speed is much faster than the wind speed and
the sampling rate is fast enough to sample the data within thevolution time scale of
eddies. The Helipod is outside the down-wash area of the helater, which creates
a smaller disturbance than a conventional research airctafDuring the LITFASS-
2003 experiment, there were 27 ights over 16 days. More ddsof the Helipod
measurements can be found in Bange and Roth (1999) and Bangele (2002).
Two selected ights legs on 7 and 14 June 2003 were used in tipatsal average
part. Brief information of each ight leg are presented in Téle 3.2, while the
outline of the ight paths are presented in chapter 5. Accordig to Lenschow and
Stankov (1986) and Lenschow et al. (1994), to measure ux wita good accuracy,
the ight distance must be as large as possible. Distances tifese two selected
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ights were greater than 1@;, which meet the suggestion in Lenschow and Stankov
(1986). The integral time scale of these two ights, which isised to estimate ux
uncertainty, could be properly calculated without any appoximation as well (Bange
et al., 2006a).

The instantaneous uxes along the ight path of both ights were calculated by
a moving average approach. By varying the window size from®on to 10 km, 10%
uncertainty of the entire ight's ux, in both Qu and Qg have been reached at the
window size of 2 km for both selected ights. Therefore, a witow size of 3 km was
used for a comparison purposes through-out this thesis.

3.4 Scintillometer

A large aperture scintilometer (LAS) can be used to determanthe sensible heat
ux by measuring the structure parameter of the refractive mdex. It is operated at
a near-infrared wavelength and suitable for estimating theensible heat ux over
path lengths of several kilometers. In 2003, there were tl@d ASs installed over the
LITFASS area.

In this thesis, the surface sensible heat ux, which was mea®d by the LAS
over the farmland, was compared with the spatial average uxneasured by the
Helipod as well as surface uxes estimated from the footprinhodel. This LAS had
a transmitter installed on the MOL tower, while the receivewas at the observatory
in Lindenberg. The outline of this LAS path is presented alongvith the selected
Helipod ight paths in chapter 5. The e ective beam was 43 m in kight and covered
the path length of 4.7 km. More technical and theoretical deils of this LAS can
be found in Meijninger et al. (2006) and the references thexker.

3.5 Boundary layer height

Boundary layer height @) or mixed layer height is the height at which the surface
forcings are no longer in e ect. For this thesis, it was an int parameter of the
LPDM-B footprint model (section 2.6) and was used as an indi point of surface
ux extrapolation. There are two basic approaches to deterime z; nowadays , which
are an estimation from pro le data and parameterizations bya model. Details of
most available methods in the literature can be found in Sedbt et al. (2000).

For the LITFASS area, z is estimated from the high-resolution vertical pro les
of temperature, humidity and wind, which are obtained from e operational ra-



3. DATA 21

diosoundings. In this area, the operational radiosoundisgare routinely released
four times a day at the MOL (WMO station code 10393). Full detds of z; estima-
tions at this station can be found in Beyrich and Leps (2012).

Each radiosonde, which is released at 00:00, 06:00, 12:00 48:00 UTC daily,
collects the data at every 5 second and rises up at about 5 ms There are di erent
criteria for estimating z;, however, the one evaluated from the Richardson number
is selected to be a standard output. The bulk Richardson nunaio (Ri) is de ned as

(9=0)((2) o).
U?(2) ’

Ri(z)=(z ho) (3.3)
wherez is the height above groundg = 9:80 ms 2 is the gravitational acceleration,
U is wind speed andh, is the elevation of the released site, which is 112 m above
sea level for the MOL.z is then determined from the rst level whereRi exceed
0.2.

There are many reasons to choose the Richardson number agmio as a standard
output. Firstly, it considers both thermal and mechanical ects of the turbulence.
Secondly, it provides a consistent data set, and nally, it3 consistent with the value
from operational Numerical Weather Prediction (NWP) model otput.

Other than the Richardson number approach, the MOL also estatesz from
many di erent criteria, such as the level of maximum potentl temperature gradient,
the level of maximum humidity gradient and from a parcel methd. In an ideal
atmosphere,z; from all criteria are not much di erent. Therefore, the devation of
z; from all criteria are used to estimate the measurement undamty and assign a

quality ag.

3.6 Roughness length and displacement height

The roughness length %) and displacement height ¢) are also input parameters
of the LPDM-B. For an individual ground-based tower, the calulations of these
two parameters were adapted from Martano (2000). The rst &p was to select
30-minute runs with neutral strati cation (jz=Lj  0:05). All these runs must be
during the daytime, had acceptable wind direction as listeth Table 3.1, and had
Qu and Qg larger than 20 Wm 2. For the neutral strati cation, the wind speed
has a logarithmic pro le as
z

U(z):l:—vln Zod : (3.4)
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where U is wind speed,z is a height above groundu is the friction velocity and

ky = 0:4 is von Karman constant. Next was to takeu from the measurement and
assign the initial values ofzy and d to be 01h, and 2h.=3 respectively i is a canopy
height). Subsequentlyz, and d were varied iteratively until the di erent between

U(z) and the measured wind speed reached its minimum. The valuetz, and d

were taken at this minimum. Finally, a daily average was mad® estimate z, and

d for each day.

3.7 Composite uxes

For each land use in the LITFASS area, their representative xes or composite
uxes of each 30-minute period were aggregated from turbuie uxes with accepted

quality ags of all ground-based measurements. Detailedrmulations can be found
in Beyrich et al. (2006). In principle, all ground-based st#éins were grouped ac-
cording to their land uses such as grass (NV2 and NV4), maize (A4 aAd), rape

(A2, A7 and A9), cereals (A1, A3, A5 and A8), lake (FS) and forest (HV).

For the land use with one measuring station, like lake and fest, the composite
uxes were taken from measured turbulent uxes, which had ampted quality ags
and covered undisturbed wind sectors. For the grassland, eife two measuring
stations were installed on the same eld and each station wasiented to di erent
wind sectors, the composite uxes were taken from the statiowith undisturbed
wind sector (Table 3.1). For example, if the wind direction tone 30-minute period
is 150 degree, the composite uxes of the grassland of thisrjpel are the uxes
measured by NV2 station.

For maize, rape and cereals, where two or more measuring stas were installed
on di erent elds, the formulation of composite uxes was mae complicated. The
30-minute uxes of all stations needed to be normalized be® averaging together
as composite uxes. For each land use, the normalization tac of each station was
determined from a linear regression over the time period, wh data from all stations
in each group was available with good quality. For examplen icase of the composite
ux of latent heat of cereals, all period with good quality ldent heat uxes of Al,
A3, A5 and A8 were selected. The linear regression lines of eatdtien were formed
over these data. The normalization factors of each stationese determined from the
value from these regression lines. On 29 May 2003, the valueni these regression
lines of Al, A3, A5 and A8 were 1.1, 0.75, 1.3 and 0.9 respectiveljence, their
normalization factor of latent heat ux of each station on ths day are 0.9 (=1/1.1),
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1.33 (=1/0.75), 0.75 (=1/1.3) and 1.1 (=1/0.9) respectivel. Once normalized, the
average value of normalized latent heat uxes was taken as amposite ux. The
composite uxes of grass, maize, rape and cereals were camekii together as com-
posite uxes of the farmland. This farmland composite uxeswvere combined with
composite uxes of lake and forest to form the composite wseor area-averaged
uxes of a whole LITFASS area.

With this composite ux formation process, the composite « of all energy
balance components was created. In this thesis, the samengiple was also applied
to estimate the composite quantity ofu , zy and d as well. All these composite
uxes were used with the footprint analysis in the spatial agrage part.



4
Time average

In normal practice, the averaging time for an EC tower measament is 30 minutes.
However, this typical averaging time seems to be too short toeasure contribution
from SC, which is relatively stationary. Therefore, the awaging time extension
beyond 30 minutes is suggested to increase the possibilihat slow moving SC can
move pass the sensor.

In this chapter, the averaging time extension was studied th two approaches,
the ogive analysis and the block ensemble average. Both oktth were applied on
data from all EC towers of the LITFASS-2003 experiment. Part fothe results from
this chapter has been submitted to a research journal (Chaehittipan et al., 2013,
see Appendix A).

4.1 Theoretical background

Suppose there is a time series of variab&t), which is measured by a xed-tower
measurement. Its suggestive statistics within a perio® are the time-averaged
statistics (section 2.1.1), which can be used in the consatwn equations as long
as they satisfy the Reynolds averaging rules (section 2.2Jo satisfy these rules,
homogeneous and steady state conditions are imposed to kéep ergodic condition
valid.

The appropriate study site can make the homogeneous conditi to be accom-
plished, while the restriction of the averaging time can ful the steady state con-
dition. Since the xed-tower cannot move anywhere during te measurement, it
would be safe to assume that the homogeneous condition alwdyolds. Therefore,
the choice of averaging timeP is very important. It must be long enough to cap-
ture most of the atmospheric turbulence, yet it must not viadite the steady state
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condition. The typical value of P for the EC measurement is 30 minutes. In this
period P a variable a(t) is decomposed with the Reynolds decomposition (Eq. 2.9)
into mean part (a) and uctuation part (or turbulence term a{t)) as

a(t) = a+ aXt): (4.1)

When apply this decomposition to the product of vertical vedcity w and variablec,
which can be a horizontal wind velocity or a scalar quantityit gives the expression
of the mean vertical transport (or ux) of a momentum or a scar quantity as

w(t)c(t) = WT+ weo (4.2)

This expression can be further simpli ed by the coordinateatations (section 2.4),
which setw to zero. Thus this vertical transport solely depends on theurbulence
motion.

It must be very careful when the averaging time is extended pend 30 minutes.
If the time averaged statistics are still a desirable represtative statistics, the steady
state condition is required, which may restrict the time extnsion up to a few hours.
However, if the much longer averaging time than a few hours israust, the new
representative statistic must be considered.

4.1.1 Modied ogive analysis

The ogive analysis was introduced by Desjardins et al. (1988nd Oncley et al.
(1990) for investigating the ux contribution from each frequency range and deter-
mining the suitable averaging periods that can capture mosif the turbulent uxes.
The ogive function of the turbulent ux (og,.c) is de ned as the cumulative integral
of the cospectrum of the turbulent ux (Co,.) starting with the highest frequency.

Z fO
00uc(fo) = Coy(f)d; (4.3)
1
where w is the vertical wind velocity, ¢ is a horizontal wind velocity or a scalar
quantity like temperature and humidity, and f is a frequency, which corresponds to
a time period () as

1.
= (4.4)

This analysis was once applied to data measured over the nmaizld (A6) of the
LITFASS-2003 experiment in Foken et al. (2006), where the og function was
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calculated from the raw 20 Hz data over 4-hour period and mainifocused on 3
selected days (7-9 June 2003). This article shows that the ieg curves can be
classi ed into three cases. Case 1, where the ogive curve s the asymptotic

behavior toward the low frequency within 30-minute periodThis indicates that the

30-minute averaging time is su cient to capture most of the tirbulent uxes. Case
2, in which the ogive curve shows the extreme value (peak) wih 30-minute period,

this means the total turbulent uxes has been reached befor@0 minutes. Hence
the longer averaging time obviously reduce the ux and the p®d shorter than 30

minutes would be enough to capture most of the turbulent uxs. Case 3, in which
the ogive curve does not converge within 30-minute period.his implies that there

is a signi cant contribution from the low frequency part of the turbulent spectrum

and 30-minute averaging time is not enough to capture most die uxes.

period
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Figure 4.1: The short term average time series can estimate the turbulen ux at a 30-minute
period (F 30) and its evolution after that (gray solid lines in a gray band). The error band of width
2 (gray band) was de ned for identifying the ogive case. See Thle 4.1 for ogive case de nition.

To apply the ogive analysis to data from all EC towers of the LTFASS-2003
experiment, the raw high-frequency data are required. Neubgeless, this type of
data is not available in all EC towers. Only the short-term satistics at every 5
or 10 minutes exists for all sites, in which turbulent uxes &a longer period can
be estimated with Eqg. 2.18. In this thesis, the modi ed ogivanalysis (MOG) was
developed to deal with this short-term statistics data. Acoaling to the spectral
analysis, the spectra calculated from high and low frequendata behave similarly
in the low frequency region (Kaimal et al., 1972). Hence, theutbulent spectra
calculated from the short-term statistics data can be usedtestimate the change in
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the turbulent uxes after 30 minutes without any information prior to 30 minutes.

The turbulent cospectra of the short-term average statists were calculated with
a standard Fast Fourier Transform (FFT) method. To avoid in uences from the
diurnal e ect, the time extension was kept up to 4 hours as in éken et al. (2006).
The turbulent uxes change after 30 minutes were determinefiom the cumulative
integral of the cospectra starting from the frequency, whitcorresponds to a period
of 30 minutes. Then its maximum value was set to be the maximurax di erence

( max)1 Z

max = Max Coue(f)d (4.5)
=30

The ogive curves classi cation was done by comparingmax With the turbulent ux
at 30 minutes F30). Fao could be estimated in two di erent ways. The rst ap-
proach, time averaged uxes of each 30-minute blockvfc?); were averaged together

as
xe

(W, - (4.6)

=1

E30 =

The second approachF 5, was determined from the di erence between a total ux
over 4-hour period E 4, ) and the turbulent ux after 30-minute period (F > 30),

F30=Furs Fss0 (4.7)

F . Was calculated from short term average data with the help ofds 2.18, while
F - 30 was calculated from the cumulative integral of the cospeerfrom the lowest
frequency € min ) to the frequency corresponding to 30-minute period,

Fsa= Coayc(f)d: (4.8)

Both estimations in Eq. 4.6 and Eq. 4.7 gave quite compatibles,. The error bar of
width 2 was then set around the turbulent ux at 30-minute period (Fg. 4.1). If
max Was still con ned in this band, it indicated that the turbulent ux di erence
after 30 minutes was not signi cant, which conformed to caskin Foken et al. (2006).
If max exceeded this band, this meant the turbulent ux di erence vas signi cant
and could be classi ed into 2 cases depending on the changeéurbulent uxes after
30-minute period. It was equivalent to case 2 in Foken et al2Q06), when the size of
turbulent uxes decreased; and case 3, when the size of tufbat uxes increased.
The size of an error band was set to be 10% (or 20%) of the turbulent ux at
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30-minute period, which must not be smaller than the measurent errors of each
turbulent ux (section 3.2.3). The ogive case de nition in aalogy to Foken et al.
(2006) is shown in Table 4.1.

Table 4.1: Ogive case de nition in analogy to Foken et al. (2006). ma is @ maximum ux
di erence after 30-minute averaging time. F 39 is the turbulent ux at 30-minute period. is the
width of an error band.

Case Criterion

1 max :fso
2 max :E3O > and <0
3 max :E3O > and pa >0

In this thesis, the MOG was applied to all listed stations in &ble 3.1, except Al
and A2, because their data were not always available. The pedi of investigation
also covers the entire period of the LITFASS-2003 experimefsiection 3.2.3). For the
energy balance component, the MOG was applied to all listedess. For the CO, ux,
the MOG was only applied to the sites with the LI-7500 hygronter, except the lake
which has very low concentration of C@. Note that none of ux corrections were
applied in the MOG. Since each point of the cospectra correspds the turbulent ux
at di erent duration, the choice of suitable duration for the ux corrections would be
ambiguous. According to Mauder and Foken (2006), ux corre@ns would reduce
the residual by 17%. Therefore, this reduction might be asswed to re ect in the
increasing ofQy and Qg.

4.1.2 Block ensemble average

In the ogive analysis, to keep the steady state condition vl the time extension
is restricted to a few hours. If these few hours are not enoudgt include the con-
tribution from SC, the averaging time may need to be extendeéurther. When
the averaging time is much longer than a few hours, it is veryi dult to maintain
the steady state condition. Without a steady state conditia, the time-averaged
statistics no longer satisfy the Reynolds averaging rules@ are not representative
statistics.

Bernstein (1966, 1970) and Finnigan et al. (2003) proposeding the block en-
semble average, as it always obeys the Reynolds averaginggsu This allows the
formulation to be carried out without a steady state conditon. Suppose that a time
seriesa(t) spans over a long-periodN P, which consists ofN consecutive blocks (or
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subperiods or runs) of periodP®. Let a subscriptn represents then block, whose
time average ofa, (t) in this block is a,(t). This time average becomes a function of
time, because it can vary from block to block. The block ensdile average of alN
blocks (denoted byhi) of a,(t) over periodNP is

1 X _
o (4.9)

n=1

i =

which is equivalent to the time average od(t) over a periodNP and always constant
over this period. The time average of each block, (t) deviates fromfai by &, (t),

& (t) = a,(t) hai: (4.10)

Hence the Reynolds decomposition can be replaced by the teaglecomposition (Fig.
4.2), which in the n™ block, a variablea,(t) can be separated into three parts as

an(t) = hai +a,(t) + aft): (4.11)

As in the Reynolds decomposition, the rst and the last terms i@ the mean term
and turbulent term (instantaneous uctuation), respectiwely. The second term or
a mesoscale term is the block to block uctuations, which repsent the mesoscale
motion caused by eddies at scale larger tha but smaller than NP 1. This triple
decomposition leads to the block ensemble average of thetiwal transport of mo-
mentum or scalar overN blocks of periodP as (dropping the subscriptn and
omitting t) D E

w(t)c(t) = hwd = hwiha + hwei + wa (4.12)

This shows that the mean vertical ux averaged over a periotllP, there is not only

a contribution from the usual turbulent ux wa? but also a contribution from the
mesoscale uxwe. Note that the block ensemble average can be obtained either
with the non-overlapped block average as in Finnigan et al2Q03) or overlapped
block average (or moving average) as in Bernstein (1966).

To use the block ensemble average, every single block in pdrNP must be in
the same coordinate system, the long term coordinate. It h@gen shown in Finnigan
et al. (2003) that a period to period rotation, like the doubé rotation (Kaimal and

1The word “mesoscale' is used in many literatures, e.g. Nakamna and Mahrt (2006). However,
in the ASL, eddies that are actually related to this term may not meet the size of what really mean
mesoscale in meteorology.
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Figure 4.2: The block ensemble average and triple decomposition @(t). (a) Over a long period
NP, the block ensemble averagéai is constant, while the time average of an individual blocka,
is not constant and deviates from the block ensemble averagey a&,. (b) At any point in the nt
block, a(t) can be decomposed with a triple decomposition (Eq. 4.11).

Finnigan, 1994), is not a long term coordinate. It sets of eachn" period to zero
and acts as a high-pass lter. In this thesis, the long term ardinate was obtained
with the planar t rotation (section 2.4), which determines the rotation angle from
multiple periods. This rotation set the block ensemble avage of vertical velocity of
the period NP to zero (wi = 0), while the mean vertical velocity in each periodP

is not necessary zero. Thus the block ensemble average of\tkdical ux becomes

hWa = hwei + WQ© (4.13)

According to Finnigan et al. (2003), the mesoscale uwe-has two roles, which are

1. To balance the unsteady horizontal ux divergence and trasient changes in
source and storage terms.

2. To carry the low frequency contribution to the long-term ertical ux.

The rst role can causewe to become very large in any arbitrary periods, which
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can be much larger than the mean vertical ux itself. This ra is believed to be a
transient e ect. Therefore, if a long averaging periodP is long enough, this role
would be suppressed and minimized. Then only the second releuld contribute to
the vertical ux. To further suppress the diurnal e ects, a long period over a few days
would help to balance the strong daytime uxes with the weak ighttime uxes as
well as suppress any extreme days in between. Therefore yathle low frequency part
of the diurnal e ects would be left at the end, which would shw as a weak in ection
at this scale. However, a long period over a few days would alstensify errors in
we. These errors may be from instrumentation drift, gaps and see synoptic scale
events. The LITFASS-2003 experiment lasted only about a mdmtand was well
installed, therefore, instrumentation drift can be negle¢ed. Hence, any long period,
which is not in uenced by any synoptic events with minimum ggas, is suitable for
the investigation by the block ensemble average. Note that ew long averaging
period, hQ i and hQgi are stable. This means thattRes only depends onhQy i
and hQgi.

This block ensemble average was applied to the data set fromnet Amazonian
rain forest in Finnigan et al. (2003). From this article, theresidual reaches zero at
around 4 hours. A similar strategy was applied on the 15-dayath set from the
maize eld (A6) of the LITFASS-2003 experiment during 2 June 208 18:00 UTC -
18 June 2003 00:00 UTC (Mauder and Foken, 2006). Overlappintptks ensemble
average was used, with the starting point of each consecwgiblock being shifted by
5 minutes. The periodP of the block ensemble average was varied from 5 minutes
to 5 days. The ux corrections as mentioned in the section 28ere applied in each
individual blocks. It is shown that the energy balance is cked within a day and
mainly caused by the increase diQyi.

In this thesis, to investigate whether the block ensemble exage could generally
close the energy balance, the block ensemble average wadiaggo the same data
set as in the MOG (all listed station in Table 3.1, except A1 andA2) and used
an identical period as in Mauder and Foken (2006). The movingock average was
chosen, as it could span throughout the entire period of intest. The starting points
of each consecutive block was shifted by 10 minutes, becausany data sets to be
used in this analysis are only available at every 10 minutesSince data from all
EC towers of the LITFASS-2003 experiment was already analyzever 30-minute
period (Beyrich et al., 2006; Foken et al., 2010), it is not messary to investigate
the averaging period shorter than 30 minutes. Therefore, ¢hblock ensemble period
P was varied from 30 minutes to 5 days. The same ux correctioras in Mauder
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and Foken (2006) were also applied here as well.

4.1.3 Scale analysis

In the time average analysis, the wavelet analysis (sectiéb) was used to inspect
scales of eddies that contribute to the turbulent uxes. To mvestigate the low
frequency contribution from SC, the low frequency data miglbe enough. However,
it would be more meaningful to compare all possible scales eddies that can be
resolved by an EC tower, in which the raw high frequency datar@a needed. The
wavelet analysis demands a lot of computing resources whenabyzing the high

frequency data. Therefore, it is almost impossible to applyne wavelet analysis over
a long period at once. The available computing resource, eloyed in this thesis,

allowed the calculation of the longest period up to ve daysoir the high frequency
data.

In this thesis, the wavelet analysis rstly applied to data fom A5, A6, NV, M50
and M90 stations, whose raw high frequency data are availabl If the separation
between small and large scales eddies are very distinctitke low frequency data
would be su cient to inspect the large scale eddies.

4.2 Results and discussions

4.2.1 Modied ogive analysis

For ground-based stations, the data selection criteria (sgon 3.2.3) ruled out most
of nighttime periods in both MOG analyses, because their tbulent uxes were
below thresholds. The measuring stations with broader ungturbed wind sectors,
which are A5 (rye), NV (grass) and HV (pine forest), were expeadteto have more
quali ed periods. This was con rmed by number of quali ed peiods from NV and
A5 stations. However, number of quali ed periods of HV for the M@ of energy
balance component was much less than other two measuring tgias. This was
because many data period from HV randomly had poor steady statags ( ag 4-9)
of Qg throughout the day. This was in contrast to data from FS (lakg whose
steady state ags ofQy were randomly poor. Because of these unsteadinesQn
and Qg, many data periods were removed from HV (forest) and FS (lake}ations.
Over low vegetation, steady state ags of)y and Qg were normally good between
6:00 - 16:00 UTC. Some random unsteady period mostly appeaiadhe afternoon.
For all selected measuring stations, steady states ags Bf (if measurements were
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available) were randomly poor throughout the day, while staly state ags of u
were mostly good (ag 1-3). Hence, passing the steady stateiterion, is mainly
dependent on the stationary ofQy, Qg and F.. At the end, in each measuring
station, only 5% -20% of available periods were left for the ®IG. They mainly
spanned the duration between 6:00 - 16:00 UTC. For the energglance components,
they all had unstable strati cation. While for F., there were a few periods with
stable strati cation.

The results of the MOG of energy balance componenti ( Q4 and Qg) and CO,
ux (u andF;) are shown in Table 4.2 and 4.3 respectively. These two tableeport
the number of quali ed periods for the MOG (Tot #, column 1), the average of s
( Fs , column 4, 6 and 9), and the percentage of quali ed periods i@ach ogive
case (#, column 5, 8 and 11). All sets of information are repoet at two di erent
sizes of error bands (), 10% and 20%, which must be larger than the threshold
uxes (section 3.2.3). For case 2 and 3, the average of maximuux di erence for
each casel{ maxi, column 7 and 10) is also presented.

According to the physical appearance of the surfaces, all sgied measuring
stations could be classi ed into three categories, which weelake (FS), low vegetation
(A3-A9 and NV) and forest (HV). u seemed to be the only one that strictly followed
this classi cation, while Qy did so loosely. F3, of u and Q4 were highest over
the forest and smallest over the lake. For low vegetationF 3, ofu closely grouped
together, while F3, of Q4 grouped dispersedly. There was not much di erence
in Fz of Qg and F. between forest and low vegetation outside the southern part
of the LITFASS area. The southern part of the LITFASS area was gni cantly
a ected by the heavy rain events on 5 June 2003, which probabkxtremized Qg
and F. in A7-A9 and FS stations.

Both MOG of energy balance components and GOux gave quite similar results
in u . The MOG classi ed most periods from all sites as Case 1. Thssiggests that
the time extension has almost no impact om regardless of canopy types.

Over lake and low vegetation, the MOG classi ed most quali d period of both
Qn and Qg as Case 1. This suggests that 30-minute averaging time is geally
Su cient to capture most of turbulent uxes. However, there were signi cant num-
bers of Case 2 and 3 of botlQy and Qg in some of low vegetation stations and
remarkably forest stations (HV). These periods of Case 2 and 3 low vegetation
sites were closely related to the stationary oy and Qg over 4-hour period. For
low vegetation sites, periods of Case 1 Qf; and Qg usually had 4-hour steady state
ag 1, while Case 2 and 3 usually had ag 2 or more. This relatio was not obvi-
ously observed in the forest site. This implies that when thatmosphere becomes
less stationary at longer averaging time, the measured useover low vegetation can
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be either increased or decreased. As number of Case 3 was ndgngreater than
number of Case 2 in bothQy and Qg for low vegetation and forest, the averaging
time extension would tend to increas€y and Qg . For Case 3 in low vegetationQy
broadly increased more tharQg. This suggests that the averaging time extension
has more impact onQy. The average maximum ux dierenceh i increased
with the size of an error band (), while less number of Case 2 and 3 was observed.
This was because the fewer periods left had larger,.x. Eventually, even with
the greatest .x added on the top of ux corrections, it was still not enough to
close the energy balance. Furthermore, from scalar similgrof Qn and Qg, these
measured uxes were expected to increase or decrease togethThus Case 2 or
Case 3 in bothQy and Qg should be observed simultaneously, which after all rarely
happened over low vegetation. It must be noted that in A7 (Rape the residual
was relatively small and quite comparable with the measuresnt errors of Qg and
Qe. Hence, small uxes increasing from the averaging time extsion might close
the energy balance in this site. However, this closure wouldnbe the act of large
scale eddies.

Table 4.2: Results from the modi ed ogive analysis of the energy balane components (1 , Qy
and Qg) of the LITFASS-2003 experiment between 20 May 2003, 1200 UT - 18 June 2003, 0000
UTC. Notations: Tot # is the number of quali ed periods for th e MOG; is the width of error
band, which is set to be 10% and 20% OF 3, (average ux at 30 min period of each run) and has
a minimum value equals to the measurement error of each turblent ux; F3o is the average of
F 3 from all runs in each ogive case; # is the percentage of qualed periods in each ogive case;
h max | is the average of nax (Maximum ux di erence) from in each ogive case. Note that the
unit of each specied ux in column 2 only applies to quantiti es in column 4, 6, 7, 9 and 10 of the
same row.

Station Flux Case 1 Case 2 Case 3

(TOt #) (%) f30 #(%) f30 h max [ #(%) f30 h max [ #(%)
u 10 0.68| 100.0 - - 0.0 - - 0.0

Forest
(ms Y 20 0.68| 100.0 - - 0.0 - - 0.0
v Qn 10 261| 74.8 205 -33 3.3 224 33| 22.0
(Wm ?) 20 252| 96.7 237 -56 0.8 217 70 2.4
(123) Qe 10 107 43.1 128 -33 9.8 119 27| 47.2
(Wm 2) 20 112| 75.6 126 -45 49 125 40| 195
u 10 0.30| 100.0 - - 0.0 - - 0.0

Rye
(ms 1) 20 0.30| 100.0 - - 0.0 - - 0.0
A3 QH 10 188| 93.7 124 -13 1.6 124 15 4.8
(Wm ?) 20 184| 100.0 - - 0.0 - - 0.0
(63) Qe 10 84| 92.1 51 -12 4.8 55 11 3.2
(Wm ?) 20 81| 100.0 - - 0.0 - - 0.0

Continued on next page
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Table 4.2 { continued from previous page

Station Flux Case 1 Case 2 Case 3
(Tot #) (%) | Fao |#(%) | Fao |h maxi |[#(%) | Fszo | h maxi | #(%)
Rye u 10 0.34| 96.8| 0.25| -0.03 0.9| 0.14 0.03 2.3
(ms 1) 20 0.34| 99.5 - - 0.0| 0.07 0.05 0.5
AS Qn 10 148| 88.1 99 -15 2.8 85 19 9.2
(Wm ?) | 20 143| 97.7 - - 0.0 61 36 2.3
(218) Qe 10 145| 89.9 118 -20 4.6 131 23 55
(Wm 2) | 20 143| 97.2 116 -26 0.9 132 30 1.8
Triticale u 10 0.35| 100.0 - - 0.0 - - 0.0
(ms 1) 20 0.35| 100.0 - - 0.0 - - 0.0
A8 Qn 10 180| 98.1 117 -18 1.9 - - 0.0
(Wm ?) | 20 179| 100.0 - - 0.0 - - 0.0
(107) Qe 10 125| 100.0 - - 0.0 - - 0.0
(Wm 2) | 20 125| 100.0 - - 0.0 - - 0.0
Maize u 10 0.34| 82.9 - - 0.0/ 0.23 0.04| 17.1
(ms 1) 20 0.32| 97.4 - - 0.0| 0.26 0.06 2.6
A Qn 10 123| 75.0 106 -13 2.6 114 42| 224
(Wm ?) | 20 121| 84.2 - - 0.0 115 54| 15.8
(76) Qe 10 129| 77.6 104 -27| 15.8 73 23 6.6
(Wm 2) | 20 124| 89.5 110 -44 6.6 81 28 3.9
Maize u 10 0.31| 94.0f 0.18] -0.03 43| 0.15 0.03 17
(ms 1) 20 0.30| 99.1| 0.14| -0.04 0.9 - - 0.0
A6 Qn 10 106| 84.6 98 -12 2.6 116 28| 12.8
(Wm ?) | 20 108| 94.9 - - 0.0 92 39 5.1
(117) Qe 10 134| 82.9 77 -20| 12.0 80 18 5.1
(Wm 2) | 20 127| 95.7 91 -37 2.6 57 22 1.7
Rape u 10 0.28| 100.0 - - 0.0 - - 0.0
(ms 1) 20 0.28| 100.0 - - 0.0 - - 0.0
A7 Qn 10 127| 90.4 83 -13 8.5 94 12 11
(Wm ?) | 20 123| 100.0 - - 0.0 - - 0.0
(94) Qe 10 181| 98.9 - - 0.0 141 16 1.1
(Wm 2) | 20 181| 100.0 - - 0.0 - - 0.0

Continued on next page
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Table 4.2 { continued from previous page

Station Flux Case 1 Case 2 Case 3
(Tot #) (%) | Fao |#(%) | Fao |h maxi|#(%) | Fao |h maxi | #(%)
Rape u 10 0.30| 100.0 - - 0.0 - - 0.0
(ms 1) 20 0.30| 100.0 - - 0.0 - - 0.0
A9 Qn 10 114| 91.7 98 -11 1.7 109 15 6.7
(Wm ?) | 20 114| 100.0 - - 0.0 - - 0.0
(60) Qe 10 200| 100.0 - - 0.0 - - 0.0
(Wm 2) | 20 200| 100.0 - - 0.0 - - 0.0
Grass u 10 0.34| 925 - - 0.0| 0.15 0.02 7.5
(ms 1) 20 0.33| 100.0 - - 0.0 - - 0.0
NV Qn 10 117 93.0 101 -15 6.0 132 23 1.0
(Wm ?) | 20 116 99.5 99 -27 0.5 - - 0.0
(201) Qe 10 131| 86.1 95 -19 2.0 118 19| 11.9
(Wm 2) | 20 140| 975 94 -31 0.5 114 27 2.0
Lake u 10 0.21| 90.3] 0.09] -0.02 14| 0.16 0.02 8.3
(ms 1) 20 0.20| 100.0 - - 0.0 - - 0.0
Es Qn 10 40| 95.8 - - 0.0 31 14 4.2
(Wm ?) | 20 40| 100.0 - - 0.0 - - 0.0
72) Qe 10 197| 95.8 93 -15 1.4 121 14 2.8
(Wm 2) | 20 193| 100.0 - - 0.0 - - 0.0
50 m u 10 0.54| 66.3] 0.25| -0.06 8.1| 0.36 0.06| 25.6
(ms 1) 20 0.49| 91.9| 0.18] -0.08 3.5| 0.28 0.09 4.7
M50 Qn 10 109| 395 117 -25| 23.3 109 24| 37.2
(Wm 2) | 20 111| 76.7| 107 -38| 8.1| 114 36| 15.1
(86) Qe 10 170| 38.4 125 -21 4.7 140 28| 57.0
(Wm 2) | 20 154| 72.1 - - 0.0 143 37| 279
%0 m u 10 0.61| 74.3| 0.17| -0.05 29| 0.44 0.06| 22.9
(ms 1) 20 0.57| 97.1| 0.17| -0.05 2.9 - - 0.0
M90 Qn 10 118| 28.6 110 21| 37.1 115 19| 34.3
(Wm ?) | 20 117| 85.7 104 -33 8.6 85 31 5.7
(35) Qe 10 207| 429 190 -62 57 171 37| 51.4
(Wm 2) | 20 196| 77.1 172 -97 2.9 155 52| 20.0
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Table 4.3: Results from the modi ed ogive analysis of CQ ux (u and F.). The description is
similar to Table 4.2.

Station Flux Case 1 Case 2 Case 3
(Tot #) (%) | Fao [#(%) | Fzo |h maxi|#(%) | Fao |h maxi | #(%)
Forest u 10 0.64| 99.5 - - 0.0/ 0.38 0.06 0.5
HV (ms 1) 20 0.64| 100.0 - - 0.0 - - 0.0
(192) Fc 10 8.68| 58.3| 8.25| -1.57| 125| 7.43 154 29.2
(mom 25 1) | 20 8.29| 89.1| 7.73| -2.48 42| 821 3.23 6.8
Triticale u 10 0.34| 100.0 - - 0.0 - - 0.0
A8 (ms 1) 20 0.34| 100.0 - - 0.0 - - 0.0
(124) Fc 10 | 15.78] 99.2 - - 0.0| 15.65 1.89 0.8
(mom 2s1)| 20 | 15.78| 100.0 - - 0.0 - - 0.0
Maize u 10 0.31| 97.4| 0.26| -0.03 0.9| 0.15 0.03 1.8
A6 (ms 1) 20 0.31| 100.0 - - 0.0 - - 0.0
(114) Fc 10 9.09| 623 7.13| -156| 14.0) 7.34 2.40| 23.7
(mam 2s 1) | 20 8.69| 78.9| 7.10| -1.70| 10.5| 7.52 4.09| 10.5
Rape u 10 0.32| 100.0 - - 0.0 - - 0.0
A9 (ms 1) 20 0.32| 100.0 - - 0.0 - - 0.0
(92) Fc 10 | 17.57| 96.7| 9.21 -1.59 2.2 19.75 2.70 1.1
(mom 25 1)| 20 | 17.41| 100.0 - - 0.0 - - 0.0
Grass u 10 0.33| 88.8 - - 0.0| 0.27 0.04| 11.2
NV (ms 1) 20 0.33| 96.6 - - 0.0 0.22 0.05 3.4
(206) Fc 10 9.95| 74.3| 8.80| -1.67| 14.1| 7.65 1.27| 117
(mam 25 1) | 20 9.57| 94.7| 847 -2.74 3.9| 941 2.82 15
50m u 10 0.52| 41.2| 0.23| -0.08 3.9| 044 0.08| 54.9
M50 (ms 1) 20 0.50| 77.8] 0.19| -0.09 26| 0.35 0.10| 19.6
(153) Fc 10 | 12.06| 15.7| 8.84| -3.13 9.8| 11.58 2.38| 745
(mom 2s1)| 20 | 11.68| 62.1| 8.11| -4.25 5.9| 11.42 3.21| 32.0
90m u 10 0.54| 40.2| 0.25| -0.11 6.9/ 0.50 0.08| 52.9
M90 (ms 1) 20 0.53| 77.5| 0.23| -0.13 49| 045 0.10| 17.6
(102) Fc 10 | 13.69| 10.8| 13.91| -2.46 3.9| 10.86 2.82| 85.3
(mam 2s1)| 20 | 11.653| 42.2| 12.08) -3.04 2.0| 11.07 3.49| 55.9

For F., Case 1 was still a majority, with larger fraction of Case 2 ah3 than
the energy balance components. Forest also had larger friact of Case 2 and 3
than did low vegetation. Overall, number of Case 3s was greatthan number of
Case 2s, anth i Of F also increased with . The 4-hour steady state ags were
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normally 1 for Case 1 and higher for Case 2 and Case 3. Howeveas€ 2 generally
had higher steady state ags than Case 3. This suggests thathen the atmosphere
becomes less stationary at longer averaging time, the meesaiF. tends to increase.
However, when the degree of unsteadiness becomes strondes,measured-, start
to decrease.

Number of quali ed periods for the MOG of M50 and M90, which meaured uxes
on the same tower at di erent heights, was very low. This shdd be caused by more
unsteadiness at higher measurement height. High number of €ea3s inu indicates
that the averaging time extension can eventually increase. Large fraction of Case
2 and Case 3 in bothQy and Qg were observed at both measurement heights.
Additionally, Case 3 were observed simultaneously with eign Case 2 or Case 3 in
both Qy and Q. The measurement heights of these two stations should be hig
enough (probably outside the ASL) to observe SC regularly. Enefore, all these
evidences might imply that outside the ASL, SC can signi carty e ect Qq and
Qe, which can be observed at a longer averaging time.

4.2.2 Block ensemble average

The block ensemble average (Eq. 4.13) of various measuritgtiosns during 2 June
2003 18:00 UTC - 18 June 2003 00:00 UTC, are shown in Fig. 4.3. 9 peeriod was
chosen as a long periotl P to repeat Mauder and Foken (2006) with some minor
modi cations (section 4.1.2). It was found that the result fom A6 (Maize) station
di ered from the original one by less than a measurement em® of Qy and Qg.
Therefore, these modi cations still give the comparable seilts, which would allow
modi cations to other data sets to be applied con dently.

The outcome of block ensemble average was quite unexpecteecause it could
not close the energy balance in all sites. In all stations, tohQui and hQgi were
relatively constant in the rst few hours. This nding is consistent with the results
from the ogive analysis, in which the averaging time exter for a few hours would
not much change the measured uxes. When a block ensemble iperP was longer
than a few hours, the block ensemble average uxes started thhange. In most
stations, Qg i were more steady at longeP.

The closures in A4 (maize), A5 (rye) and A6 (maize) were around 130 hours,
which is closed to the results in Mauder and Foken (2006), awvdere mainly caused
by the increase ofQyi with longer P. Note that there was an abrupt decrease of
hQu i at very largeP in A4 (maize). In A9 (rape), the increase ohQyi with P could
not close the energy balance, because it was canceled with thecrease diQgi. The
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Figure 4.3: Block ensemble average uxes evaluated using data from EC twers of the LITFASS-

2003 experiment during 2 June 2003 18:00 UTC - 18 June 2003 00: UTC. These EC towers
covered these following land uses: pine forest (HV), barleyA3), maize (A4, A6), rye (A5), rape

(A7, A9), triticale (A8), grassland (NV, M50, M90) and lake ( FS). M50 and M90 measured uxes
at 50 m and 90 m heights respectively.
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other way around was found in FS (lake) and NV (grass), in whicthe increase of
hQei was canceled with the decrease b®y i, which kept the residual approximately
constant at all P. Moreover, the interpretation in FS must be done carefulljpecause
the lake has di erent characteristics from other terrain ges, like very high heat
capacity and very low surface friction. For HV (forest), everthe residual was quite
low at all P, the closure can be concluded only if a precise estimationtbé canopy
heat storage has been included (section 3.2.2). Unfortungteonly some of required
biomass properties of the forest were collected during théTIFASS-2003 experiment,
the canopy heat storage can be precisely estimated . For A7 (i@, its residual was
quite low and the energy balance seems to be closed at Bl Additionally, a
small bump in Qgi at very long P was also presented in A8 (triticale) and A9
(Rape), which was probably caused by a heavy rain event in trsouthern part of
the LITFASS area on 5 June 2003.

The in ections at the diurnal scale were found in all sites foboth hQyi and
hQei. As all these sites were practically in the same 20x20 krarea, the diurnal
e ects should not be much di erent and the degree of in ectia should be similar.
Therefore, the stronger in ection over some sites and uxemight not be entirely
caused by the diurnal e ects.

Since the block ensemble average could not close the energlabce for all sites
between 2 June 2003 18:00 UTC - 18 June 2003 00:00 UTC, it was saspd whether
other observational period would behave similarly and wasére anything in com-
mon among the sites that the block ensemble average couldsgdhe energy balance.
As the change in the block ensemble average uxes started atrjpel P beyond a few
hours, it would be contributed from the low frequency turbuténce, which is related
to the mesoscale uxwe. Therefore, the investigation should be directed to this
term. In principle, we represents the ux contribution from eddies scale larger #n
P and smaller thanNP . If P is set to be 30 minutesywewould represent additional
ux after 30-minute averaging time up to periodNP. Hence, long term observation
of we would show variation of additional uxes from the low frequacy contribution,
which may related to observed block ensemble average uxeBhese variations can
be observed more clearly, when the observation period is ¢ppnough to suppress
any transient e ects in the block ensemble average uxes.

The long period NP, which covered an entire period of LITFASS-2003 experi-
ment, was during 20 May 2003 12:00 UTC - 18 June 2003 00:00 UTh this long
period is much longer than 30 minutes, the perio® of 30 minutes could span all
through an entire period. Hence, non-overlapping block awege would be enough to
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show the tendency of the mesoscale uxesvefrom all 30-minute non-overlapping
blocks (P = 30 minutes) within this long period NP were determined to construct
the Hovm ller diagrams of Qy (wT in energetic units, T is temperature) and Qg
(wa in energetic units, a is absolute humidity ). These diagrams would show the
variation of additional uxes beyond 30-minute averagingime. According to sec-
tion 4.1.2, we can be very large in any arbitrary blocks. Therefore, some mdom
large Qy and Qg in these diagrams were expected.

The Hovm ller diagrams of Qy and Qg from all stations during 20 May 2003
12:00 UTC - 18 June 2003 00:00 UTC are shown in Fig 4.4 and 4.5. @thhan
some randomly largeQy and Qg, their consecutive large values were also observed
in many stations. To observe the consistency with the blockneemble average (Fig.
4.3), part of these diagrams between 2 June 2003 18:00 UTC toJithe 2003 00:00
UTC were rstly considered. The increase ofiQyi at longer P in A4 (maize), A5
(rye) and A6 (maize) were consistent with consecutive largeopitive Qy at the
beginning of this period. Since in A4 (maize), this period waactually dominated
by negative @y and its consecutive large positivedy was not as strong as in A5
(rye) and A6 (maize), its Qi suddenly dropped at very largd?. Some extremely
large negativeQg in A5 (rye) were consistent with the small decrease ¢gi at
longerP, which instantaneously boosted up at around 36 hours, by oterge positive
Qe on 6-7 June 2003. Consecutive large negati@: in NV (grass) and FS (lake)
were also consistent with their increase dfQgi at longer P. The increase ohQy i
and decrease ofQgi at longer P were caused by randomly large positiv€)y and
extremely large negativeQg .

The consistency between the block ensemble average uxesldfovm ller dia-
grams of mesoscale uxes shows that large mesoscale uxes sgni cantly e ect
the block ensemble average uxes. According to Finnigan et.al2003, , section
4.1.2), large mesoscale uxes are expected to be transien¢as to cancel strong
horizontal divergences in an individual block, in which stable long period NP
would suppress their e ects. The randomly large mesoscalexes can t with this
description very well, while the consecutive large mesoseauxes do not, because
they are certainly not transient e ects. If the period of cosecutive large mesoscale
uxes is not in uenced by any signi cant synoptic events, a grong horizontal diver-
gence can be caused by a strong horizontal advection, whichapparently related
to secondary circulations (SC). This statement can be sombat con rmed by large
mesoscale uxes, which were found more often in M50 and M90 €asured uxes
at 50 m and 90 m heights respectively, Fig. 4.5), because S &relieved to mostly
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Figure 4.4: Hovm ller diagrams of mesoscale uxes evaluated using datdrom EC towers of the
LITFASS-2003 experiment during 20 May 2003 12:00 UTC - 18 Jua 2003 00:00 UTC. Diagrams on
the left-hand side represent mesoscale uxes of the sensiheat (Qy ), while ones on the right-hand
side represent mesoscale uxes of the latent heat@g). These EC towers covered these following
land uses: barley (A3), maize (A4, A6), rye (A5), rape (A7) and triticale (A8).
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exist outside the ASL. It was noticed that in M50 and M90, largeQe were also
found as often asQy, which were consistent with the increasing or decreasing of
both Qi and Qi at longerP.

To observe the e ect of SC in the ASL more clearly, the other perd NP should
be investigated. This period should contain consecutiverge mesoscale uxes, might
has few gaps, and must not be in uenced by any synoptic eventsTo nd this
new period of interest, the Hovm ller diagram of mesoscale xes were constructed
in two dierent ranges. The rst range, the Hovm ller diagram could show the
mesoscale uxes, which were larger than usual. For the LITFAS2003 experiment,
this suitable range was found to be between -800 to 800 W f(as shown in Fig.
4.4 and 4.5). This range could show possible period that caim SC as consecutive
large mesoscale uxes, however, the extreme mesoscale shaused by errors or
synoptic events might just be hidden inside this pattern. Threfore, the Hovm ller
diagram with the second range, which covered all observedikss, was constructed
to separate extremely large mesoscale uxes from the rest.orFall ground-based
stations of the LITFASS-2003 experiment, the extremely lagy uxes could be as
large as -1400 W m?. For example, the southern part of the LITFASS area was
su ered by a heavy rain event on the evening of 5 June 2003, whi conformed
with the extremely large Qy (up to -1400 W m 2, not shown in any diagrams
in this thesis). It was very interesting that in all ground-tased stations, none of
consecutive largede was found without in uence from synoptic events. This would
suggest that SC are mainly transporQy .

The period between 1 - 5 June 2003 seemed to be a good candidati contained
consecutive largedy in A4 (maize), A5 (rye) and A6 (maize), and was not disturbed
by any signi cant synoptic events. Since there were large tmgaps in A6 (maize)
on the morning of 1 June 2003 and to complete a daily cycle, tmew long period
NP was chosen to be during 1 June 2003 15:00 UTC - 5 June 2003 15:00CUT
Since this period lasted only for 4 days, the block ensembleeaaging periodP was
varied from 10 minutes to 3 days. Note that data from A3 (barley)xontained big
gaps during this new period\ P, hence, any justi cations could not be made from
this data set. The block ensemble average of this new long @et from all stations
is shown in Fig. 4.6. As expected, the block ensemble averageld close the energy
balance in A4 (maize), A5 (rye) and A6 (maize) within a day by thencrease of
hQui at longerP.

According to Eigenmann et al. (2009), SC can reach down to ldsenear the
earth's surface under the free convection condition. Sucbrdition occurs when the
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Figure 4.6: Block ensemble average uxes evaluated using data from EC twers of the LITFASS-
2003 experiment during 1 June 2003 15:00 UTC - 5 June 2003 1B:TC. These EC towers covered
these following land uses: pine forest (HV), barley (A3), miaze (A4, A6), rye (A5), rape (A7, A9),
grassland (NV, M50, M90) and lake (FS). M50 and M90 measured uxes at 50 m and 90 m heights
respectively.
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buoyancy term dominates the shear production term az=L 1. This situation
is also accompanied by the low friction velocity. Since theee convection was not
observed during 1 June 2003 - 5 June 2003, these near-surfa€ewere reasonably
caused by the surface heterogeneity(Stoy et al., 2013). lase of the LITFASS
area, this surface heterogeneity included the thermal hetegeneity, which could be
induced by the di erence in surface temperatures between dient land uses.

4.2.3 Scale analysis

In this part, the wavelet analysis was applied to the raw higlirequency data from
A5 (rye), A6 (maize) and NV (grass) in order to resolve scales ofifbulence that
contribute to the vertical uxes during 1 June 2003 15:00 UTC 5 June 2003 15:00
UTC. Wavelet cross-scalograms from these three stations ateown in Fig. 4.7. From
these diagrams, there were two turbulent scales. The smaléeale was observed daily
during the daytime and transport both Qy and Qg. This scale ranged from a few
seconds to a few minutes and should be captured by the EC megsuent with 30-
minute averaging time. The larger scale mainly transporte®y and did not appear
on a daily basis. At this larger scale, the positive contribtion, which tended to
increaseQy was found in the A5 (rye) and A6 (maize), while negative contrilstion
that decreasedQy was found in NV (grass). This conformed with consecutive laeg
Q4 inthe Hovm ller diagrams of mesoscale uxes and the increase decrease of the
block ensemble average uxes at longé&. According to the wind speed of A5 (rye),
A6 (maize) and NV (grass), this larger scale corresponded toghnverse frequency
and inverse wavenumber of around 4-5 hours and 35 km respeely, which could
not be captured by the EC measurement averaging over 30-mieuperiod.

At higher measurement height, smaller scale turbulence wakghtly larger than
the ground-based stations, while larger scale turbulenceas/found in bothQy and
Qe. For example during 1 June 2003 15:00 UTC - 5 June 2003 15:00 UTE€ o
M50 (50 m), the increase ofQe and decrease ofJy at longer P (Fig. 4.6) were
consistent with the pattern in the Hovm ller diagrams of mesecale uxes (Fig. 4.5)
and larger scale turbulence from the wavelet analysis (Fig4.8 a). Application of the
wavelet analysis on the low frequency data can still show tharger scale turbulence,
while loosing the information of smaller scale ones. Theoe€, if only larger scale
turbulence was needed to be inspected, this low frequencytalavould be su cient.
The wavelet cross-scalograms from low frequency data of H&8ke, t = 10 minutes)
and A8 (triticale, t =5 minutes) during 1 June 2003 15:00 UTC - 5 June 2003
15:00 UTC are shown in Fig. 4.8 b and c. For FS (lake), strong n&tive contribution



Fourier period (s)

Fourier period (s)

2Jun 3Jun 4 Jun 5Jun 2Jun 3Jun 4 Jun 5Jun
b)A6, Date c)NV, Date
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Figure 4.8: Wavelet cross-scalogram of sensible heat uxes (upper pafs) and latent heat uxes (lower panels) evaluated using hidn frequency data
from a) M90 (90 m), and low frequency data from b) FS (lake, t = 10 minutes) and c) A8 (triticale, t =5 minutes) These data sets spanned the
period between 1 June 2003 15:00 UTC - 5 June 2003 15:00 UTC. [@os represent the value in W m and the black solid line is the cone of in uence.
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was found in the larger scale turbulence, which was consistevith the consecutive
large negative@y and the decrease ofQyi at longer P. For A8 (triticale), the
contribution from larger scale turbulence was not signi cat in both Qy and Qg,
which was consistent with the block ensemble average and Holler diagrams of
mesoscale uxes.

Both patterns from the Hovm ller diagram and wavelet analyss showed the
positive or negative mesoscale uxes. However, they did nottaally show what
contributes to these uxes. For the turbulent uxes, the qualrant analysis can be
used by dividing the instantaneous contribution into four gadrants (Shaw, 1985).
Since the results from the block ensemble average, Hovm lidiagrams of mesoscale
uxes and wavelet analysis suggested that the main contritbion for closing the en-
ergy balance were mesoscale uxes, the principle of quadtamalysis was adopted
and applied to the mesoscale uxesve- Let T (temperature) and a (absolute hu-
midity) to be the abscissa andw~(vertical velocity) to be the ordinate, the four
quadrants @Q;;i =1;:::;4) are

Qi: w>0andT > 0 ora> 0 warm air rising or moist air rising,
Q2 w>0andT < 0 ora< 0 cold air rising or dry air rising,

Qs: w< 0andT < 0 ora< 0 cold air sinking or dry air sinking,
Qs w< 0andT > 0 ora> 0 warm air sinking or moist air sinking.

Q1 and Q3 contribute to the positive ux, while Q, and Q4 contribute to the negative
ux. The abscissa and ordinate were then normalized by thestandard deviations.
The hyperbolic hole of size 0.5H = 0:5) was set to classify the strength of the
contribution. Any points inside this hole weakly contributel to the mesoscale uxes
and could be neglected. Therefore, points with signi cantantribution outside the
hyperbolic hole must satisfy

or
W T W&

> H: (4.14)

With the quadrant analysis, contributions of the mesoscalauxes were expected
to be identi ed. To be conformed with the Hovm ller diagram (Fig. 4.4 and 4.5),
the same long periodNP, which is 20 May 2003 12:00 UTC - 18 June 2003 00:00
UTC, and P = 30 minutes (non-overlapped) were used. Therefore, any pis on the
guadrant analysis diagram represented the normalizede from each non-overlapped
30-minute period.
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Figure 4.9: Quadrant analysis of the mesoscale ux evaluated using datdrom EC towers of the
LITFASS-2003 experiment during 20 May 2003 12:00 UTC - 18 Jua 2003 00:00 UTC. Each dot
represents the normalized mesoscale ux of each 30-minuteldck, in which the period from 1 June
2003 15:00 UTC to 5 June 2003 15:00 UTC is highlighted using tedots. The blue solid lines

represent the hyperbolic hole (H = 0.5)
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The results of the quadrant analysis of all stations are showin Fig. 4.9. In these
diagrams, all points during 1 June 2003 15:00 UTC - 5 June 2008:00 UTC are
distinguished from the rest by the red color dots. By considi&g only strong contri-
bution outside a hyperbolic hole (blue line), it was found tht during this period, Qy
(via wT) had more contribution from Q; (warm air rising) for A4 (maize), A5 (rye)
and A6 (maize), while there was more contribution fron®Q, (warm air sinking) for
NV (grass) and FS (lake). The cancellation betwee®, and Q4 were found for the
rest of the ground-based stations. Fo@, (via wa), signi cant contribution outside
the hyperbolic hole was not found in most ground-based statis. These results im-
plied that the increase ofhQy i at longer P in A4 (maize), A5 (rye) and A6 (maize)
were caused by warm air near the surface rising, while the dease offiQyi in NV
and FS were caused by warm air aloft sinking. When signi cartontribution from
two opposite sign quadrants was found, their cancellationekt the vertical uxes
constant and only a weak in ection was found at the diurnal sle. For M50 (50 m)
and M90 (90 m), even their block ensemble average uxes didastge signi cantly
at longer P, it was very di cult to judge that which speci ¢ quadrant sig ni cantly
contribute to the vertical ux. Since both of them were outsde the ASL and al-
ways experienced SC, their mesoscale contribution might nbehave similarly to
the ground-based measurement.

4.3 Energy balance correction

All the ndings in section 4.2.2 4.2.3 suggest that without asuming steady state
condition, the block ensemble average can extend the averagtime to several days,
by including the period to period uctuations or mesoscaleuxes (x€) into the mean
vertical ux. However, the increased uxes are not always enmh to close the energy
balance. With the assistant of the Hovm ller diagram, which Bows variation of
mesoscale uxes over long period, the period when SC existtime vicinity of the
sensor can be uncovered by exhibiting consecutive large wssle uxes. This
implies that when SC exist near the earth's surface, they may transport the
sensible heat, which supports the poor scalar similarity beeen the sensible and
latent heat uxes in the low frequency region (Foken et al., @L1; Ruppert et al.,
2006).

Since SC move very slowly and are very large in size, an EC toweeasurement
averaging over 30 minutes is unable to detect them. If the ssor is coincidentally at
the right time and spot, when SC transport near-ground warmiaupward, positive
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contributions from Qy would yield higherhQgyi over long period that can improve
the energy balance closure. However, when these near-swf&C transport warm
air aloft downward, their negative contribution ofQy would decreasdéQy i at longer
averaging time. This suggests that near-surface SC are resgible for the energy
balance closure problem rather than the sensor e ciency.

To account for low frequency turbulent uxes caused by SC, inust be accepted
that the scalar similarity between the sensible and latent éat uxes is no longer
valid throughout all scales. Therefore, the widely used ergy balance correction in
Twine et al. (2000), EBC-Bo, which assumes the scalar simiity between sensible
and latent heat uxes by preserving the Bowen ratio would nogenerally hold. As
near-surface SC transport more sensible heat, EBC-Bo maytrdtute less residual
to the sensible heat ux than expected. This leads to an alteative energy balance
correction through the buoyancy ux ratio (EBC-HB), in which the convection play
a key role. The buoyancy ux,Qg, is de ned as

Qg = CpWITY, (4.15)

where is the air density. ¢, is the speci ¢ heat capacity of air at constant pressure.
T, is the virtual temperature, which can be replaced by the sonitemperature (Ts)
with negligible loss of accuracy (Kaimal and Gaynor, 1991)This means that Qg
can be directly measured with a good accuracy by the sonic amemeters. The
virtual temperature is related to the actual temperature T) and speci ¢ humidity
(g) in the same way as the sonic temperature (Schotanus et al983), which leads
to

Qg = CcpWIT2= c, WOTO+0:61T wip
_ ot
= 1+0:61T —— 4.16
QH Bo ) ( )

where is the heat of evaporation of water andBo is the Bowen ratio. The residual
can be partitioned with EBC-HB, which contains both sensibleand latent heat
uxes. A fraction of the residual, which would attribute to the sensible heat ux
is dependent on the relative contribution of the sensible hé ux to the buoyancy
ux, while the remaining go to the latent heat ux. Therefore the corrected sensible
and latent heat uxes with EBC-HB (QEF¢ "8 and QEP¢ "B respectively) are,

EBC HB = Qu + fug Res; (4.17)
EBC HB = Qe +(1 fug) Res; (4.18)
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with 0 )
fus = Q—: = 1+0:61T % : (4.19)
Since this method does not preserve the Bowen ratio, thus E4417-4.19 must be
calculated iteratively until the Bowen ratio in the Eq. 4.19converges. The compar-
ison between EBC-Bo and EBC-HB is shown in the Fig. 4.10. Bothparoaches are
identical at very high Bowen ratio, in which all the residuais shifted to the sensible
heat ux. For the typical range of Bowen ratio, however, EBCHB attributes larger
fraction of the residual to the sensible heat ux than that byEBC-Bo. This is more

consistent with the ndings in this chapter.

100F

=
o
T

——EBC-Bo
EBC-HB, T = 15°C

EBC-HB, -30 °C < T. < 30°C

Fraction of residual attribute t@H (%)

L L L PR | L L PR | n n T n n T
0.01 0.1 1 10 100
Bowen ratio

Figure 4.10: Fraction of the residual attributed to the sensible heat ux at di erent Bowen
ratios evaluated from two di erent approaches. The Bowen rdio approach (EBC-Bo, black line)
assumes the scalar similarity between the sensible and laté heat uxes by preserving the Bowen
ratio (Twine et al., 2000). The buoyancy ux ratio approach ( EBC-HB, gray lines) partitions the
residual according to the ratio between the sensible heat u and the buoyancy ux, and is shown
at di erent temperatures from -30 C to 30 C. Even both approaches are identical at very large
Bowen ratio, EBC-HB mostly attributes larger fraction of th e residual to the sensible heat ux
than that by EBC-Bo



5
Spatial average

In this chapter, to prove whether the energy balance corraon (chapter 4) could

properly include contributions from secondary circulatins, the energy balance cor-
rection was applied on area-averaged uxes (or composite xas), which were ag-
gregated from uxes measured by multiple EC towers in the LITFASS area. These
corrected composite uxes were supposed to include contuifion from secondary

circulations and expected to be more comparable with the sl averaged uxes,

which were measured by the Helipod and LAS.

5.1 Spatial measurement

A xed EC tower measurement, whose turbulent uxes are obtaied through time
averaging, has been proven to be e ective over the homogensaurface. With the
Taylor's frozen hypothesis (Taylor, 1938), the time averagl uxes from the EC mea-
surement can also represent spatial averaged uxes over milied area surrounding
the tower. However, when the terrain becomes more complex,wbuld reduce the
validity of Taylor's frozen hypothesis, so the time averagke uxes may no longer
represent the spatial averaged uxes (Crawford et al., 1996 Moreover, even the
averaging time has been extended, a xed tower never meassi@ntributions from
stationary SC (Mahrt, 2010). This drawback suggests that gnmeasurements that
operates on the spatial average basis and can probe througatimnary SC become
necessity.

The measurement that operate on a spatial average basis, mally collects data
at multiple locations (almost) simultaneously. It normally covers the larger area
than a xed-tower measurement. This type of measurement cdme measured by ei-
ther a xed instruments, a LAS or an array of xed towers as exarples, or sensors on
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a moving vehicle, like a tram (Oncley et al., 2009) or an airaft. All these measure-
ments are expected to included contributions from both momg and stationary SC,
which is supported by many literatures. For instance, in M@iinger et al. (2006),
spatial averaged uxes measured by the LAS over the LITFASS ameare systemati-
cally higher than composite uxes (section 3.7). Or in Maudeet al. (2008), spatial
averaged uxes from a network of ground-based sensors ov@riaultural land give
additional 50 W m 2 in Qy.

Over the past ten years, many aircraft-based measurementave been conducted
and their measured uxes can be representative in a regionstale (Desjardins et al.,
1995). There are many types of aircraft-based measurememsrformed recently,
such as the Helipod (Bange et al., 2002), an Unmanned Aerial Vela@ (Kroonen-
berg et al., 2012) and a weight-shift microlight aircraft (Metzger et al., 2012). These
measurements cannot operate over a long period. Therefotteey rather more com-
pliment to the tower-based measurements than replacemeriésjardins et al., 1997;
Mauder et al., 2007a).

For the LITFASS-2003 experiment, there were measurement®in the Helipod
and LAS available (section 3.3 and 3.4). Their measured uxesere systematically
higher, but broadly agreed with the composite uxes or areaveraged uxes esti-
mated from ground-based measurements (section 3.7). Thesenposite uxes were
formulated from 30-minute averaged uxes of multiple EC towrs, which might not
include the contribution from SC. From the ndings in Chapte 4, the missing con-
tributions from SC can be included by the energy balance cections either with
the Bowen ratio approach (EBC-Bo) or Buoyancy ux ratio appoach (EBC-HB).
Therefore, two additional set of composite uxes with EBC-B and EBC-HB were
created from the original set of composite uxes (without eergy balance correction,
NC, section 3.7). Each set of composite uxes consisted of cpasite sensible and
latent heat uxes of each land use.

To test whether these new set of composite uxes could imprewthe agreement
with the uxes measured by the Helipod and the LAS, additional ggregation strat-
egy was done. This strategy required the source area of the iged, which could
be estimated by the footprint analysis. In Metzger et al. (203), the simple param-
eterizations model of the backward footprint model (Kljun gal., 2004) was used to
determine the source area of the aircraft uxes. In this thas, the full version of
this footprint model, LPDM-B (section 2.6 or Kljun et al., 2002), was used for this
task. This investigation would reveal the connection betvem the spatial averaged
uxes measured by the Helipod and the LAS with the time averagedixes, which



56 5. SPATIAL AVERAGE

were used to determine the composite uxes in the LITFASS area

5.2 Surface uxes aggregation with the footprint
model

5.2.1 Helipod

To estimate the surface uxes that in uence the Helipod by theLPDM-B footprint
model, arti cial towers were put along the Helipod's ight path. Each tower was
apart by 300 meter. The measurement height of each tower isethmoving average
height of the Helipod with the windows size of 3 km. To run the f@iprint model,
input parameters L, w , U , zy, Zj, Zg andd, section 2.6) of each tower were required.
All input parameters, exceptz,, and z;, were surface parameters and depend on the
source area of each tower. All of them were estimated with thé&lé-approaches’
(Hutjes et al., 2010; Mahrt et al., 2001).

Suppose there are multiple land uses in the source area. Edahd use has
di erent forcings and contributes di erently to the source area. An area-averaged
ux of the source area can be estimated from the linear comkation from each land
use as

F = A Fi; (5.1)

wherei indicates the land useF; is the ux of each land use andA; is the weight,
which indicating how much each land use contribute to the soce area. In Hutjes
et al. (2010), A; is the fractional coverage of each land use in the source area
Since Obukhov length ) and Deardor velocity (w ) depend on the temperature
ux, their e ective value of the source area can be estimatedith the linear weight
average in the same way as in Eq. 5.1, in which

X
Lett = AiL; (5.2)

Xi
W eff = Aiw; (5.3)
i
whereL; and w; are Obukhov length and Deardor velocity of each land use re-
spectively.
For e ective friction velocity and roughness length, the wight A; from each land
use should remain the same. However, their formulations aremlinear, therefore
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their e ective values should not be estimated in the same wags in Eq. 5.1. In this
thesis, both of them were estimated with the non-linear wel average. For the
e ective friction velocity, it is (Hasager and Jensen, 1999)

U eff = Al ; (5.4)

where u ; is friction velocity of each land use. For the e ective roughess, it is
(Hasager and Jensen, 1999; Taylor, 1987)

X
IN Zoers = Ailnzg ; (5.5)

where zy; is a roughness length of each land use (section 3.6). Sameaq@ple was
applied to nd the e ective displacement height as

X
In deff = A, In di ; (56)
i
whered; is a displacement height of each land use.
However, this source area of each arti cial tower is just vagudy known as some
distance upwind from the sensor. Therefore the average ightatistics were extrap-
olated to the ground to estimate the surface statistics (Figs.1) with

— Z Q(Zm)

fc; -
Qs c.exp Z Zon

; (5.7)

where Qgcexp IS €Xtrapolated surface ux,z; is boundary layer height,Q(zy) is the
ux measured at the heightz, like woT® Qy, Qe. All surface input parameters of
the LPDM-B, except zo and d, could be determined from the ground extrapolated
statistics (Eqg. 5.7). Since both selected Helipod ights wermainly on farmland of
the eastern part of the LITFASS area, theirzo and d were calculated with Eqg. 5.5
and 5.6 over the eastern part of the LITFASS area. For this caldation, A; was
the fractional coverage of each land use in the eastern partising the composite
roughness and displacement height to represent each lande'ssvalue (section 3.6
and 3.7). According to the land use map, there were two land usevithout mea-
surements, which were village and unknown agricultural a@e Village or residential
area consisted of houses, barns and other constructions,iefhtended to increase the
surface friction, therefore surface statistics of villageere taken from the forest. For
the unknown agricultural area, its surface statistics wertaken from the grassland,
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because the grassland would be a mean statistics of the faamdl.

-N

z | Q)

Flux stc

Figure 5.1: The surface ux, Qs is determined by extrapolating the ux Q, which is measured
at the height z,, to the surface. Q can be replaced by temperature or scalar uxes.

For both days of selected Helipod ights (section 3.3), the ective roughness
length and displacement height of the eastern part of the LIFASS area were 0.17
m and 1.4 m respectively. Then LPDM-B was run with input pararmeters at three
di erent height, which are the average height of a whole ighpath (z;) and z,,

1.5 , ( , is a standard deviation ofz;,). The contribution of each grid cell (100 m
resolution) of the source area to the sensor, which was repeat by each element
in the source weight matrix, was calculated from Eq. 2.23. Wi the source weight
matrix, the area where 90% of the ux footprint had been reaatd (Area90) could
be identi ed. For each arti cial tower, the touchdown table of closest measurement
height was chosen and assumed that only the Area90 in uenceetmeasurement.
Therefore, the dimension of the original source weight matrwas reduced to cover
only Area90. Each element (each grid cell) of this source wkignatrix SW is

SWy = 2 X who, (5.8)

N | W|’

whereN is the total number of particle released from the sensor, ied| runs over all
particle touchdown in each grid celln, is number of particle touchdown in each grid
cell, andwo and w; are initial and touchdown velocity of each particle respetely.
This source weight matrix was then normalized. Each element this normalized
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source weight matrixSW"" is described as
X 1

SWE™ = SWik SWik (5.9)
X jik

and SW;>" = 1. (5.10)

JH
SW™" was imposed to the land use map to determine the fractional mipibution
from each land use in this Area90. Note that any arti cial towes in the very
northern or southern parts of the LITFASS area might have som@uchdown points
outside the land use map. This unknown land use was treated agrassland. The
fractional contributions from each land use were treated aseight A; in Eq. 5.1,
that is X
A= SWi ik ; (5.112)
jik

wherel . of each grid cell is one, when this grid cell contains land useotherwise is
zero. By applying the weightA; along with the composite quantities of each land use
(section 3.6 and 3.7) to Eq. 5.2 - 5.6, the new surface input geneters for LPDM-B
for each arti cial tower were determined. These new sets afiput parameters were
used to run LPDM-B and generated a new touchdown table of eaelnti cial tower
throughout the entire ight.

In each touchdown table, even the touchdown distance woulcekas large as 20
km upwind from the sensor, extensive contributions to the ssor is mostly limited
to the rst few kilometers. Suppose the horizontal wind veloity at the Helipod
height is 5 ms !, each released particle would travel up to 9 km within 30 mirnas.
In selected Helipod ights, their horizontal velocity were éss than 5 ms?, so it
would be safe to follow the upwind distance up to 10 km, at whicany touchdown
beyond this distance are neglected. The new source weighttnaof each arti cial
tower was created and normalized to determined the fractiahcontribution of each
land useA; in the same way as Eq. 5.8 - 5.11. Since each Helipod ight ieduuh
faster than the wind speed, the Taylor's frozen hypothesisould be valid over a
few kilometers ight length (Bange et al., 2006b). For eachré cial tower, whose
statistics were spatially averaged over 5 km length, its spal averaged uxes can
represent the time averaged uxes under a steady state cotidn. Therefore, the
surface uxes as seen by each arti cial tower can be deternad from Eq. 5.1 with
A; and replacingF; by the composite uxes of each land use. These surface setesib
and latent heat uxes (marked with subscript O andfootprint ), which determined
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from the footprint model , are

X
Qu O;footprint = AiQuii (5.12)

i
QEofootprint = X AiQE;i; (5.13)

i
whereQy.; and Qg are the composite sensible and latent heat uxes of each land
use respectively. To compare these surface uxes with the xes measured by the
Helipod, the Helipod uxes must be downscale to the same levelhis downscale
scheme were done by extrapolated the Helipod uxes down to theurface in the
same way as Eq. 5.7. These surface sensible and latent heatea (marked with
subscript 0 andhelipod), which extrapolated from the Helipod uxes are

Z; Qn:helipod

Qhohelipod = ——— o (5.14)
Zi  Znelipod
Z; QE:helipod |

QEo;helipod = — <= (5.15)
Zi  Znelipod

where z; is the boundary layer height, Z,eipoa is the measurement height of the
Helipod, and Qu.heiipod @Nd Qe:heiipod are respectively sensible and latent heat uxes
measured by the Helipod. For the ight on 7 June 2003, it was adkibnally compared
with the uxes measured by the LAS.

5.2.2 Tower

Similar strategy as in section 5.2.1 also applied to the 30imute averaged uxes from
M50 and M90 tower. Sensible and latent heat uxes determinefdom the footprint
model are still the same as in Eq. 5.12 and 5.13, while surfacees extrapolated
from M50 and M90 are in this form,

ZiQH;tower

QHotower = ————— (5.16)
Zi  Ziower
Z; QE;tower .

Qeotower = ———————; (5.17)
Zi  Ziower

whereQuo:tower @Nd Qeo.ower are respectively surface sensible and latent heat uxes
extrapolated from the tower (M50 or M90), Qn:tower @nd Qg are respectively
sensible and latent heat uxes as measured by the tower at tlreeasurement height

ZtOWGI’ .

The selected period of interested were restricted to when tdafrom M50, M90,
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composite uxes of all land uses and boundary layer heightseaavailable with good
quality. By removing some periods, which had almost identid conditions, only 15
runs are available for the footprint analysis.

5.3 Results and Discussion

5.3.1 Helipod

Most diagrams of Helipod analysis are marked with set of refarces points (P).
Each point represents a speci ¢ location on the ight path, vkich is identical in all

diagrams of the same ight. Outline of selected ights and alreference points can
be found in Fig. 5.2.

Figure 5.2: Two selected Helipod ight paths as ied on 7 and 14 June 2003.The LAS path
over the farmland is also presented. The underlying surfaceonsisted of these following land uses:
water (lake), grass, unknown agricultural area (Unkw Agr), maize, rapes, cereal, cereal, village
and pine.

Qn and Qg along the Helipod ight path are shown in Fig. 5.3. Fluxes esti
mations along the ight path with the moving average (windowsize 3 km) broadly
agreed with uxes estimated from the wavelet analysis (sdon 2.5). This meant
that the moving average uxes could represent instantanesuuxes as seen by the
Helipod. At the beginning and the end of the ight, the measurd uxes might
subject to larger error, therefore, these regions should beoided in all analyses. In
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both ights, the regions with minimum Qy seemed to be coincide with the presence
of the lakes upwind of the ight paths. These regions are P580f Fig. 5.3 a and
P2-P4 of Fig. 5.3 b. There were more ux variabilities inQy when the Helipod
passed over the farmland. For the ight on 7 June 2003, whichcourred in between
two heavy rain events, itsQg was averagely larger than that of the ight on 14 June
2003. Moreover, the southern part averagely showed larg@g than the northern
part of the ight. This was consistent with the rain event on 5June 2003, which
occurred mainly in the southern part of the LITFASS area.
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Figure 5.3: Sensible and latent heat uxes, deduced from a wavelet analis (subscript wavelet)
and moving average (windows size = 3 km, subscript mov), of tle Helipod ight on a) 7 Jun 2003
14:40 - 13:50 UTC and b) 14 Jun 2003 09:20 - 09:30 UTC. Both estiations broadly agree to each
other.

The wavelet analysis of selected ights are shown in Fig. 5.4There were the
absences of the signal iQy that coincided with the region of minimumQy in both
ights. The absences ofQy in the wavelet analysis are a typical signature of the
lake. Eddies, which suddenly disappeared, had Fourier ped up to 1 km, which
corresponded to the inverse wavenumber of 100-200 m. Thesauld be the scale
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of eddies that transportedQy between the atmosphere at the Helipod's height and
the surface below. For the ight on 7 June 2003 (Fig. 5.4 a), #se scale of eddies
extensively transportedQg. This indicated that the absence ofQy over the lake
might be rather caused by the missing of the temperature uctations. However,
for the ight on 14 June 2003 (Fig. 5.4 b), the wavelet analysishowed the absences
in both Q4 and Qg simultaneously. 14 June was comparatively dry with respetd

7 June. This suggested that the existence @g over the lake on 7 June would be
caused by the wet air mass after the rain event on 5 June 2003.

Fractional contributions of each land useA; (Eq. 5.11) along the ight paths,
which were estimated from the LPDM-B model, are shown in Figs.5. By using
Eqg. 5.12 and 5.13, three set 0Qu ofootprint @aNA Qe ofoorprine Were calculated from
three types of composite uxes: NC (green lines), EBC-Bo (b&ulines) and EBC-
HB (red lines). These three uxes, which were estimated fromhe footprint model,
were compared with the uxes extrapolated from the Helipod (84 and 5.15, black
lines). It was found that they did mostly show the same tenday. This would
suggest that surfaces forcings or source areas as predicbgdthe footprint were
acceptable.

QHofootprint. With EBC-Bo and EBC-HB were consistent very well withQy o.helipod
when the Helipod was over the farmland and forest. For 7 June @B, the discrepancy
between Qu ofooprint - aNA Quonelipod Was large in the southern part, which can be
caused by the presence of the lake and the rain events on 5 JR@#3. However,
this rain event did not much disturbed the measurement dy in the southern part
of the LITFASS area. Hence, the discrepancy betweey ofootprint  aNd Q o:helipod »
which was also found over the lake in the ight on 14 June 2003hould be mainly
caused by the lake. This discrepancy might be explained byehnternal boundary
layer over the lake, whose frictional velocity suddenly dps from the surrounding
area. This internal boundary layer might trap all particlesbeyond this lake. Even
the footprint model predicted that there were signi cant cantributions from forest
and farmland in this area, their contributions could be negicted, if they were beyond
the lake. Since the touchdown table does not contain the defeed trajectory of each
particle, it is very di cult to precisely remove the trapped particles. Therefore, it
must be reminded that when the source area contains fractiahof water or lake, its
Quotoorprint  teNds to be over estimated. This condition must be considetearefully
and suggests that points with signi cant contribution from the lake should not be
included in the comparison.

For Qg , which was much disturbed by the rain event, its composite xes could



Figure 5.4: Wavelet cross-scalogram of the Helipod ight on)& June 2003 and b) 14 June 2003. The upper panels represer
the sensible heat uxes, while the lower ones represent thetént heat uxes. Colors represent the value in W m! and the black
solid line is the cone of in uence.
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be very di erent from locally measured one. This caused a lge discrepancy between
Qeosfootprint - @Nd Qeonelipod throughout the entire ight on 7 June 2003. A spatial
shift between Qg ofootprint - @Nd Qe orneipod Were also clearly observed in both ights.
This spatial shift was not obviously shown iQy , therefore, it was most likely caused
by the scalar similarity between moisture and temperatureyhich do not hold over
the whole frequency range. Hence, small di erence would bedstl up and could be
observed at a large observation distance. For the ight on 1dune 2003, which was
not disturbed by the rain event, if a spatial shift was takenrito account, Qg o:ootprint
with EBC-Bo over the lake tended to be overestimated, while ihh EBC-HB and
NC tended to be underestimated. Therefore, the discrepansibetweenQg o.tootprint
and Qg o:helipod WoUld be caused by the composite uxes rather than the preses of
the lake.

Table 5.1: The surface uxes from di erent estimations within the rang e that least e ect by the
lake (bounded by vertical dashed lines in Fig. 5.5). These dignations are: NC = No energy balance
correction; EBC-Bo = energy balance correction with Bowen m@tio approach; EBC-HB = energy

balance correction with buoyancy ux ratio approach; and Helipod - mov = the extrapolation to
the surface of moving average uxes (3km windows) of the Hefiod

7 Jun 2003 14 Jun 2003
Estimation QuoWm ?)  Qeo(Wm 2) Quo(Wm ?) Qeo(Wm ?)
LPDM-B - NC 122 170 231 140
LPDM-B - EBC-Bo 163 229 305 186
LPDM-B - EBC-HB 215 177 347 144
Helipod - mov 192 191 281 187

To observe how well can the footprint model predict the surte uxes, only part
of the ight that least in uence by the presence of the lake sbuld be considered.
This region is bounded by the vertical black dashed lines inidgz 5.5. The average
of QH O;footprint » QEO;footprint ’ QH 0;helipod and QEO;heIipod within this range are shown
in Table 5.1 and represented by the horizontal dashed lines Fig. 5.5 (color codes
after the solid lines). For 7 June 2003, a fractional contritions from the lake was
pretty low. It was found that Quo;foorprine With EBC-Bo and EBC-HB did equally
well and were much better than NC. Since the composite latentelt uxes of this
ight might not a good representative of this ight segment,the comparison between
Qeofootprint. @Nd Qe ohelipos WUl be inconclusive. For 14 June 2003, the bounded
region was a little bit disturbed by the presence of the lakayhich suggested that
Quofooprint COuUld be overestimated. By taking this issue into accountt can be
concluded that Qu goorprintk With EBC-Bo and EBC-HB did equally well and were
much better than NC as well. ForQgneiipod, it Was best t with Qggtootprine With
EBC-Bo. However when the spatial shift was considered, av@®@Qg o.heiipod Of this
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ight segment should be lower than estimated. ThereforéQg oootprine With EBC-HB
and NC were acceptable as well.

One more thing that may need to be considered is that the Helipaneasurement
height was clearly not in the ASL and would be in di erent simiarity scaling domain.
According to the time average analysis (chapter 4), both sebf and latent heat
uxes signi cantly change at long block ensemble averagingeriod in M50 and M90
(measured uxes at 50 m and 90 m heights respectively). Thisnplies that large
scale eddies, which transport the energy at these heightsaynnot behave similarly
to the ones near the earth's surface and tend to preserve thewen ratio. Therefore,
the extrapolation to the surface from these measurement lgbits may t better with
the surface uxes estimated with EBC-Bo. To get rid of this arbiguity, the spatial
average measurements conducted near the earth's surface aeeded.

Part of the ight on 7 June 2003 was right above the LAS path ovethe farmland
(section 3.4 and Fig. 5.2). The source areas of this Helipodsegment and the
LAS should not be much di erent, in which both measured sendi® uxes would
be comparable. The comparison between sensible heat uxegasured from this
Helipod segment, measured by the LAS, and estimated from theotprint model
is shown in Fig. 5.6. For the entire ight on 7 June 2003, the nmasurement error
of the sensible heat ux was around 33 W n? and the measurement error for the
ight segment above the LAS should be not much dierent. Senble heat ux,
which was measured over this ight segment, Wa®u:heipoa =166 W m 2 (upper
black circle). Its extrapolation down to the surface wayonelipod = 175 W m 2
(lower black circle). The surface sensible heat ux deducefiom the LAS was
Quoras =171 Wm 2 and represented by blue diamond. It was actually within the
measurement error of the Helipod. All surface uxes estimateftom the footprint
model are represented by the red symbolQy oheiipod @Nd Qnoas S€EMeEd to be
best t with Quosootprine With EBC-Bo (156 W m 2). Nevertheless, they were also
in good agreement WithQu ofootprint With EBC-HB (208 W m 2). Moreover, the
southern part of this ight segment had small contribution fom the lake, which
implied that all sets of Quofootprini WoUld be slightly overestimated. When this
issue was taken into account, all footprint estimated uxegall red symbol), should
be a little bit shifted to the left. This would lead to the sameconclusion earlier
that both EBC-Bo and EBC-HB are equally good for predicting tke surface sensible
heat ux by the footprint model and they are much better than o energy balance
correction at all.



Figure 5.5: The comparison between the surface uxes estimated from thdootprint model and extrapolated uxes from the Helipod (bl ack). The
footprint estimated surface uxes were calculated from three types of composite uxes, without energy balance corre@n (green), with EBC-Bo (blue)
and with EBC-HB (red). Part of the ight that least in uence b y the presence of the lake are bounded by the vertical black d#hed lines
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Figure 5.6: This diagram shows the comparison of surface uxes on 7 June@3, which was
estimated from the ight segment above the LAS path over the farmland. The black circles
represent sensible heat uxes as measured by the Helipod (yer) and extrapolated to the surface
(lower). All red symbols represent surface sensible heat ues estimated from the footprint model

with no energy balance correction (triangle), EBC-Bo (cirde) and EBC-HB (square). The blue
diamond represents surface uxes estimated from the LAS.

5.3.2 Tower

Three sets of surface uxes estimated with the LPDM-B model &re created in the
same way as Eq. 5.12 and 5.13 for all selected 30-minute rurisMb0 and M9O0.
The comparisons of these uxes with the surface uxes extragated from the tower
(Eq. 5.16 and 5.17) are shown in Fig. 5.7. Unlike the Helipo®@y o..ower Was best
t by Quofooprint  With no energy balance correction, whil&go.ower Was equally
good for all three sets 0Qg g 100rprint - From the time average analysis (chapter 4), it
was shown that both M50 and M90 normally experienced SC. Hovery within 30

minutes contributions from SC were not yet fully included. Therefore, the measured
uxes should be more comparable to the uncorrected uxes. Adkibnally, at these

two measurement heights, the steady state conditions or hageneous conditions
might no longer hold. This means their time averaged statigts could represent nei-

ther time-averaged nor spatial-averaged statistics of theource area and the relation
with the composite uxes as in Eg. 5.1 might not be applicable
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Conclusions

In this thesis, data from the LITFASS-2003 experiment was amged to study the
energy balance closure problem at the earth's surface, wiibhas been believed to
be caused by the secondary circulations. The analysis wasread out in both time
and space domains, from which several conclusions were draw

The time domain analysis mainly involved data from ground-&ised eddy-covariance
towers, whose representative statistics were time-avee statistics. To increase
the possibility that secondary circulations were picked upy the sensor, the eddy-
covariance averaging time was extended beyond a typical walof 30 minutes. This
time extension strategy was accomplished through the ogianalysis (Desjardins
et al., 1989; Oncley et al., 1990) and the block ensemble aage (Finnigan et al.,
2003).

The ogive analysis requires a steady state condition, refiing the time exten-
sion to only a few hours. In this thesis, the modi ed ogive argsis was formulated
to deal with low frequency data, which allowed the investigaon to include low fre-
guency data from all available ground-based stations. Empled this approach, it
was found that an averaging time extension up to four hours wid not signi cantly
improve the energy balance closure in all ground-based stats. The time extension,
moreover, had more impact over tall vegetation. Sensible dite ux, latent heat ux
and CO, ux were more sensitive to the time extension than friction elocity. Over
low vegetation, the increase of these three turbulent uxewith the time extension
was related to the unsteadiness of the longer averaging eti The increase of the
sensible heat ux was overall higher compared to one of thetéat heat ux. Over
a longer period, the increase or decrease of sensible an@&natheat uxes might
not change proportionally as expected. For 4-hour averagjrtime in low vegetation,
the sensible heat ux averagely increased by 15 - 45W ) while the latent heat
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ux averagely increased by 10 - 25 W n?. These amount of energy increased were
not overall enough to close the energy balance in all low veéggon measurements
of the LITFASS-2003 experiment. Therefore, the 30-minute avaging time is still
su cient for the eddy-covariance measurement over low vegggion.

The block ensemble average, which does not require a steatitescondition, can
extend the averaging time to several days by including pedao period uctuations
or mesoscale uxesWe) to the mean vertical ux. These mesoscale uxes indeed
include low frequency contribution not only from secondargirculations, but also
from other large scale events (for example a synoptic scaleast). It was shown from
the LITFASS-2003 data that there existed large scale eddieshich were believed
to be secondary circulations, near the earth's surface. Dog the period between
1 June 2003 to 5 June 2003, when secondary circulations exisin the vicinity of
the sensor and were not in uenced by other large scale eventonsecutive large
mesoscale uxes of temperaturew(F) were found through the Hovm ller diagrams
of mesoscale uxes. During this period, the wavelet analgssuggested that these
near-surface secondary circulations spanned a time and aasal extension of 4-5
hours and 30-40 km respectively. Additionally the quadrant rsalysis of mesoscale
uxes in this period showed that positive contribution of the large mesoscale uxes
was mainly from the rst quadrant, in which near-ground warmair was transported
upward, while the negative contribution was mainly from theforth quadrant, in
which warm air aloft was transported downward. These nding implied that sec-
ondary circulations near the earth's surface mainly transpted sensible heat and led
to an alternative energy balance correction with the buoyary ux ratio approach.
With this energy balance correction approach, the attribubn of the residual de-
pends on the relative contribution of the sensible heat uxd the buoyancy ux.
Fraction of the residual attributed to the sensible heat uxby this energy balance
correction is larger than in the energy balance correctiorhat preserves the Bowen
ratio. It was also found that at the high measurement heightywhich was probably
outside the atmospheric surface layer, large scale eddiegmed to transport sensi-
ble and latent heat equally. This then suggested that largecale eddies in di erent
similarity scaling domain might behave di erently. Thus, to further investigate this
aspect, appropriate experiments are needed in the future.

For the space domain analysis, the energy balance correatiwith the buoyancy
ux ratio approach was validated with application to the area-averaged or com-
posite uxes (Beyrich et al., 2006). These composite uxeseave aggregated from
time averaged uxes of multiple eddy-covariance towers. Wim the contribution
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from secondary circulations was included, these area-aaged uxes were expected
to be more comparable with the spatial-averaged uxes as nmaaed by the Heli-
pod and a Large Aperture Scintillometer. These spatial avegea measurements then
could include contribution from both stationary and slow meing secondary circula-
tions, whose measured uxes were normally larger than onesasured by an eddy-
covariance tower ( xed tower). The validation process wassaisted by the backward
Lagrangian dispersion particle footprint model (LPDM-B, HKjun et al., 2002), which
could e ectively estimate the source area of the measuremniemiowever, to estimate
the surface uxes correctly, the representative compositeixes were needed. Under
the conditions when extreme ux variability was found in thelarger area, the com-
posite uxes could be very di erent from the locally measuré uxes. This could
make the composite uxes to be unsuitable to couple with theobtprint model in
order to estimate surface uxes over some speci c area. Maner, the presence of
the lake in the source area could limit the validity of the fotprint model and caused
the predicted surface uxes to be over-estimated. Therefey careful consideration
must be made when this issue arises. Eventually, when the coosite uxes were
representative and least disturbed by the presence of thekég it was found that the
energy balance correction with the buoyancy ux ratio apprach and the Bowen ra-
tio approach could signi cantly improve the agreement beteen the composite uxes
(time average) and spatial averaged uxes, especially foné sensible heat ux. This
then suggests that in order to include contribution from semdary circulations into
a xed tower measurement (time average), the energy balan@®rrection is neces-
sary. However, to justify whether which energy balance corton approach is more
appropriate, spatial average measurements near the eadlsurface are needed.

All the ndings in both time and spatial averages analyses sggst that there
exist large scale structures with a large spatial extensiqabout 30-40 km) near the
earth's surface, that also signi cantly transport energy n the atmospheric surface
layer. These large scale structures are relatively statiary and believed to be the
secondary circulations, which are normally outside the ataspheric surface layer.
Therefore, a single point ux measurement in the atmospherisurface layer within
a typical time interval of 30 minutes mostly misses contribtion from secondary
circulations and causes the energy balance unable to be elbs To estimate the
actual vertical transport of energy in the atmospheric sugce layer, uxes measured
by a single point need to be corrected. It was also found thathe&n secondary
circulations existed in the vicinity of the sensor, they maily a ected the mesoscale
ux of the sensible heat at the long averaging period. This ding implies that
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near-surface secondary circulations mainly transport ssible heat and, therefore,
are appropriate to correct mainly the sensible heat ux. Here the energy balance
correction approach, which has been consistent with all thedings and is proved
to be e ective in this thesis, is the energy balance correcin with buoyancy ux
ratio approach, because it attributes larger fraction forhie residual to the sensible
heat ux than in the energy balance correction that presengthe Bowen ratio.
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