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Notation v
Notation

bg, by, by coefficients ()
Co atmospheric concentration of oxygen O
c speed of sound (ms™)
Cmin heat capacity of minerals J m* K'l)
Corg heat capacity of organic matter (Jm?* K™
¢ specific heat capacity of air at constant pressure (Jkg' K™
Cs specific heat capacity of soil Jkg' K"
cy specific heat capacity of air at constant volume Jkg'K™h
Cw heat capacity of water (Jm?* K™
d displacement height (m)
AE latent heat flux (W m?)
F flux density (m?s™)
f normalised frequency O
f Coriolis parameter @)
G soil heat flux (W m?)
g acceleration due to gravity (ms™)
H sensible heat flux (W m?)
ko, ky extinction coefficients of oxygen and water vapour (m™)
ks thermal diffusivity of soil (m*s™)
L Obukhov length (m)
M molar mass (kg mol™)
my, molar mass of dry air (kg mol™)
mo molar mass of oxygen (kg mol™)
my molar mass of water vapour (kg mol™)
n frequency (Hz)
p pressure (Pa)
Oy horizontal advection of energy (W m?)
q specific humidity (gkg™
R gas constant for dry air (Jmol' K™
Ri Richardson number O)
Ry downward long-wave radiation (W m?)
Ry, upward long-wave radiation (W m?)
R, net radiation (W m?)
Ry, downward short-wave radiation W m'z)
R, upward short-wave radiation W m'z)
Ry correlation coefficient of temperature and moisture fluctuations ()
48 storage term (W m?)
S,u(n) co-spectrum of vertical wind velocity w and quantity a at frequency n

T temperature (K)
Ty surface temperature (K)



Notation \
Ts acoustic virtual temperature (K)
Ta(n) convolution of frequency-dependent transfer function associated with
sensors of vertical wind velocity w and quantity a
t time (s)
u, v, w longitudinal, lateral, and vertical component of wind vector (ms™)
Uy friction velocity (ms™)
u'w' kinematic flux of the u-momentum in the vertical (m*s?)
W kinematic vertical moisture flux (gs' m?)
we' kinematic vertical heat flux (Kms™)
14 voltage output of a Krypton KH20 (mV)
Xmins Xorg
Xw» Xa content of minerals, organic matter, water and air )
X, )z Cartesian coordinates
z height / depth (m)
o albedo O)
p Bowen ratio O)
a py rotation angles for planar fit ©)
sensitivity factor (KmV™)
& dissipation rate of turbulent kinetic energy O)
¢ stability parameter @)
0 potential temperature (K)
A latent heat of vaporisation I kg™h
A wavelength (m)
p air density (kg m™)
Da density of dry air (kg m™)
Do density of oxygen (kg m™)
3% density of water vapour (kg m™)
T flux of momentum (kgm™ s?)
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1. Introduction

The sun is the main source of energy reaching the earth’s surface. According to the first
law of thermodynamics energy must be conserved. But where is this energy going to? In
other words and from a micrometeorological point of view: How does the partitioning
between different energy fluxes look like? Are there other important fluxes than the
supposed net radiation, sensible and latent heat, and soil heat flux? A better
understanding of how energy is partitioned at the earth's surface is necessary for the
improvement of regional weather and global climate models, as well as for assessing
soil and plant water use or evaporation. Since the 1980’s, improvements in methods and
instrumentation have made it possible to determine sensible and latent heat flux
individually. Beforehand, it was necessary to determine one of the parts of the energy
balance (mostly the latent heat flux) as the residual of the others. However, many
micrometeorological surface experiments were unable to demonstrate that the energy
balance is closed, which would require that the sum of the sensible and latent heat flux
equals all other energy sinks and sources. Later, a residual of 10 to 30 % of the available
energy has been observed (WILSON ET AL. 2002). Two main approaches for the
evaluation of the vertical fluxes of sensible and latent heat exist: profile methods
(aerodynamic approach and Bowen ratio-energy balance method) and — such as for the
present study — the eddy covariance method. The ideal experimental system for eddy
covariance measures all variables directly, accurately and at the same point, using small
sensors with fast response and optimised shape to avoid flow distortion. However,
typical eddy covariance set-ups (3D-sonic, fast response sensors for scalars) tend to
reduce measured turbulent fluxes. Possible reasons for that are: sensor quality, flow
distortion by the sensors, methods of flux determination, heterogeneity of the
underlying surface, source area, non-stationarity, and disregarded additional fluxes (e.g.

meso-scale fluxes, advection).

The primary objective of EBEX2000 (Energy Balance Experiment 2000) is to find out
the factors causing the discrepancy between the available energy and the energy used by

turbulent fluxes. The idea is to exclude complications arising from terrain
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inhomogeneities as much as possible and to concentrate on the measurement
techniques. Researchers from the following institutions are involved in the experiment:
NCAR (National Centre for Atmospheric Research), KNMI (Koninklijk Nederlands
Meteorologisch Instituut), Universities of Basel, Bayreuth, Braganca, Budapest,

Hongkong, Padua, Wageningen, and the Technical University of Dresden.

The main focus of the study is to illustrate the influence of several corrections on
different energy fluxes and therefore on the residual of the energy balance at the earth’s
surface. A second topic is the attempt to find possible factors causing the non-closure of
the energy balance. Chapter 2 gives a short overview of the theory of energy balance
and planetary boundary layer as well as of the concepts of turbulence and the eddy
covariance method. The site in southern California, the set-up of the experimental field,
and the general meteorological situation is introduced in Chapter 3. Furthermore the
applied data handling and theoretical background of the corrections are presented in this
section. Chapter 4 contains on the one hand the resulting energy balance terms with a
focus on the corrections of the turbulent fluxes and on the other hand considerations of
the resulting energy balance and especially its closure. Chapter 5 discusses the results of
the corrections, possible reasons for the non-closure of the energy balance and finally, a

short summary of this study is given.
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2. Theory

2.1 Energy balance

2.1.1 Generadl

The energy balance at the earth’s surface is fundamentahdodynamics of the
planetary boundary layer. The first law of thermodynamics (cortsemvaf energy)

makes it possible to formulate a budget equation for the energy flux at the surface

Assuming the earth’s surface as an infinite, plane, and homogeinéarfiace, with no
mass and no heat capacity, there are, in general, four typasrglydluxes discerned:

net radiatiorR,, sensible heat flukl, latent heat fluxdE, and soil heat fluxs
R =H+/JAE+G. (2.1)

However in reality, the earth’s surface shows horizontal inhomaigs)eit may be
partially transparent to radiation (e.g. water), the surfaag be uneven or covered by
vegetation. Therefore, it is more appropriate to consider theyebatgnce of a finite
interfacial layer, where energy can be stored or releasedstdhege termASresults
from the sensible and the latent heat flux divergence withiratholumn as well as of
the energy stored in the biomass. The biochemical energy storage ghmosynthesis
is neglected in this study due to its small amount of 1 — 3 ®,.ofhe layer can be
treated as bounded by horizontal planes at the top and at the botteeforehi is still

possible to regard only the vertical fluxes:

R =H + AE+G+AS. (2.2)

If the surface is not horizontally homogeneous (e.g. regardinghnesg elements,
moisture, surface temperature) or the fetch is insufficient eravifietch refers to an
upwind distance with uniform surface characteristics — then thedmval advection of
energy Qa) can become significant and has to be taken in account:

R =H +AE+G+AS+Q,. (2.3)

Measured values of the various components of the energy balaacspacific site

depend on many factors, such as the type of surface and its ehatiast geographical
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location, season, time of day, and weather. These general remarksllags the
following sections regarding the main terms of the energy balareelescribed in
many textbooks such asrRa (2001)or OKE (1987).

The sign convention employed in this study is: radiation fluxeslefieed as positive
values if they are directed towards the surface and all otheesflare defined as

positive values if they are directed away from the surface.

2.1.2 Radiation balance

The radiation balancdrf) can be split in four components: incoming short-wag),(

outgoing short-waveR;,), incoming long-waveRy), and outgoing long-wave radiation
(Ru):

Rn:de_Rsu+Rld_Rlu' (24)

Figure 2.1 shows the mean daily course of the radiation balancdsacdmponents
during EBEX2000 (in pacific daylight time, PDT). A significaradtion of the incident
short-wave radiation is reflected back by the surface, dependinige surface albedo.
Most vegetated surfaces have an albedo in the range of 10 — 25E24d.987). The
incident short-wave radiation consists of both direct-beam sadgatien and diffuse
radiation (the so called global radiation), and shows a strong dicooate in the
absence of clouds. The radiation balance has its minimum shdgtysaihset, when
global radiation is no longer available, but the terrestriaggion is still relatively high
due to the warmed earth’s surface. The maximum net radiatigntidgether with the

maximum global radiation.
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FIGURE 2.1: Mean daily course of the radiation balance
and its components (Wh during EBEX2000
(DOY 209-239).
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2.1.3 Sensible and latent heat flux

Sensible and latent heat flux show a diurnal pattern directlyecela solar input. In
general, during daytime both fluxes are directed upwards. fneportion depends
mostly on the availability of water for evapotranspiration. Aaswge for this

relationship is the Bowen ratf®. For instance, during EBEX2000 the daytime Bowen

ratio is constantly less than one, i.e. latent heat flux excasdsble heat flux. This can
be explained by the irrigation of the experimental cottondfiehd therefore the
sufficient availability of water for evapotranspiration. At midgpoth fluxes have about
the same magnitude but are in opposite direction. Latent heat M ispwards, but

sensible heat flux is directed towards the surface.

2.1.4 Soil heat flux

The soil heat flux averaged over a whole day is often near zermvbutshort time
periods the ratio of net radiation going into the soil heat flux magobsiderable. An
often used estimation is that the soil heat flux is about 10% ofadéttion during
daytime and up to 50 % at night K© 1987). Besides radiation the soil heat flux
depends on local atmospheric exchange processes, existing vegstatitexture and
thermal properties of the subsurface medium. Vegetation reducesstilar irradiation

and increases transpiration and turbulence. If water is avadalhe soil surface — e.qg.
after a flood irrigation such as during EBEX2000 — a considerableopa#dat is used

for evapotranspiration. The thermal properties of the soil — includingdagacitycs

and thermal conductivitiks — depend on the soil constituents, especially on soil
moisture content. The primary transport process in the soil is comauevhich is
mainly driven by a temperature gradient. The flow of heat ikaropposite direction to

the temperature gradient and with the assumption of a homogeneous soil, it is given by
i oT

G= SE.

(2.5)
The soil responds to changes of the environmental conditions witlcidficspiene lag,
because the temperature gradient must be developed firstmfitude of the soil heat
flux decreases with depth due to the fact that a certain ambtett is absorbed along
the path of propagation {&RA 2001,HANKS 1992 ,STuLL 1988).



2. Theory 6

2.2  Planetary boundary layer

The planetary boundary layer (PBL) is defined as the pathefatmosphere which
interacts with and reacts to changes at the surface withinatdwaeurs. Thus, its
structure depends strongly on heating and cooling of the earth’sesuftae PBL, its
structure, characteristics and daily evolution is described iry tesitbooks (e.g. #RA

1998, KAIMAL & FINNIGAN 1994, Oke 1987, StuLL 1988). The following brief

description is based on the above mentioned books.

2.2.1 Characteristics

The state of the atmosphere depends on the following variablesintheectorU with
its longitudinal, lateral and vertical component, ¥, W, temperatureT, specific

humidity g, pressurep and densitypo. The manner these variables depend on tine (

and spacex( y, 2 can be described with the equation of state (ideal gas lavjhe
conservation equations for mass (continuity equation), momentum, moistdragat
(first law of thermodynamics). However, the set of equatiors &hkole is so complex
that no analytical solution can be found for boundary layer conditions. Degeodi
the scale of interest and on the order of magnitude, terms enagddected or need to
be parameterised. The two main simplifications are the assamgdthomogeneity and
stationarity. Homogeneity is given if the statistical chimastics only vary in the
vertical, i.e. they are independent of horizontal position. This assumgtoty valid if
an adequate fetch is present and therefore the flow can be cedsadeadapted to the
surface. Stationarity is given if the turbulent charactessd@ not vary with time. This
assumption is never fulfilled in its narrower sense due to synoptierps and as
essentially all meteorological variables show a diurnal cyétevever, quasi stationary
conditions can be achieved by choosing a suitable averaging timé, nvbgt generally

be long enough to include the significant scales of turbulence.



2. Theory 7

2.2.2  Structure

Above the PBL is the free atmosphere, where the flow is ingeastrophic balance
and no longer influenced by the surface. The PBL itself is subdivided laminar
sublayer, the inner layer and the outer layer. In the very thin oféyv millimetres)
laminar boundary layer close to the surface, the transport of momgesénsible and
latent heat is by molecular diffusion. The Reynolds number is aureeaf the ability
of the molecular-viscous forces to absorb the energy of the turbulregment, or if
the flow is getting turbulent. In the inner layer the verticadh@ange of momentum,
sensible and latent heat is independent on height (varying less t&&nhatt@l the wind
shows a logarithmic profile. The flow is insensitive to the eantbtation and the wind
structure is determined primarily by surface friction and veetical gradient of
temperature. In the outer layer the influence of the surfacgofr decreases with
height, the earth’s rotation becomes important and the vertacsort of momentum,

heat and moisture is height dependent.

2.2.3 Daily evolution

The daily evolution of the PBL depends strongly on solar input. Afterse, when the
surface is heated the lowest part of the PBL often gets uasiallla convective layer
evolves. The resulting turbulence tends to mix heat, moisture, and momentum
uniformly in the vertical. Due to the almost negligible turbuéena the free
atmosphere, an often sharp temperature increase in the transitioneraeen the free
atmosphere and the convective boundary layer (CBL) develops. The GBis gr
throughout the morning and reaches its maximum height of 1 — 2 km inténecai.
Briefly before sunset, the thermals cease to form and turbutksoas/s. The remaining,
neutrally stratified, residual layer initially maintains ttiearacteristics of the recently
decayed CBL. As the night progresses, the earth’s surface aodla stable boundary
layer (SBL), which reaches a maximum height of 100 — 200 m, evolvesstdtmally
stable air tends to suppress turbulence. Wind speed just above the surface often becomes
light or even calm, while at the top of the SBL a nocturnal lowtlgteevolves (see
Appendix A).
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2.3 Turbulence

Besides radiation, turbulence is the other important process faratatiergy transport
in the atmosphere. Turbulence is induced by mechanical or conveatusy.mThe

main characteristic of a turbulent flow is its irregularityrie behaviour of a single air
particle in a turbulent flow can be described with the hydro-thednodynamic basic
equations (see section 2.2.1). However, the interactions between tldepaate so
complex that the velocity field can only be described as a randstnibdtion in time

and space, i.e. turbulence can be treated as a stochastic pracbsgent flows are
instationary and consist of many different size eddies. The eddieas “means of
conveyance” for physical characteristics such as momentunibleeaad latent heat.

The relative intensity of these different scale eddies define the turbulszateusn.

The kinetic energy equation identifies mathematical expresdionghe physical
processes that govern the turbulent kinetic energy of the atmosphes® processes
include the rate at which kinetic energy is converted from the mean flow tarithient
flow, at which kinetic energy is converted into internal energyg at which kinetic
energy is dissipated. This behaviour is called energy cascadegqiibgon of turbulent

kinetic energy is given by

9 _iwil+9we - few+Lpw]|-¢, (2.6)
ot oz T 0z yo,
%/_/ H/_/

where the terms on the right hand side are: (I) shear produttirbulence is rotational
and a vortex is aligned by the mean wind shear and stretched. Ttag stetching
mechanism is responsible for the energy transfer, (I1) buoyant grodu(lll) turbulent
and pressure transport: they represent the transfer of kinetigyeinem one level to
another but do not contribute to any overall production or destruction dickamergy,
and the last term is the viscous dissipation. The ratio of shedugiron and buoyant
production leads to well known stability parameters like the RichardsmberRi or
the Obukhov Length.



2. Theory 9

2.4 Eddy covariance method

The spectrum of atmospheric motions often shows a gap at tinelpef 20 minutes
to 1 hour. Therefore, it is possible to isolate the large scalatieaus from the turbulent

ones. This procedure is called Reynolds decomposition. The value ofigrse€an be

split in its mean pars and its deviation from the meast:

S=s+5. (2.7)
Throughout the remainder of this study an overbar denotes a mearamdlaeprime a
departure from the mean, i.e. a fluctuation.

The mean vertical flws of a given entitys is a function of the characteristics of the

“transport eddies”: densify, vertical velocityw and volumetric content of the entity of

interests (e.g. water vapour). Applying Reynolds decomposiSaan be written as

S= (,5+p')(v_v+ V\/)(§+ s'). (2.8)
Because the average of the fluctuations is zero and applyingidhassumptions of a
zero mean vertical velocitﬁl and a constant air denspy Scan be written as

S=pws. (2.9)

In terms of the fluxes of momentum, sensible heatl and latent healE equation

(2.9) can be written as

T=puw (2.10)
H=pc, W8 (2.11)
AE=pAw( (2.12)

The main advantage of eddy covariance is to translate thdssigieasured at finite

height above the surface into estimates for surface fluxes.
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3. MATERIAL AND METHODS

3.1 Site

The experimental site was located 10 km north of Kettleman Sag Joaquin Valley,
California, USA). The valley is orientated NW to SE and igdboed in the East by the
Sierra Nevada and in the West by the Kettleman Hills. Theesehills are about 8 km
to the South-West (Figure 3.1). The entire area surrounding the ssitiatiand
agricultural. Except the fields North and North-West of the EBEX2000 field, cotisn w
planted. The cotton was planted in rows that were orientated E-Navaeparation of
the ridges of about 1 m. These ridges lay about 0.3 m above the intedspersws.
The cotton canopy was not everywhere closed, but the degree ofeclosteased
during EBEX2000. The canopy height was variable, and is assumed &gayk® m.
The zero-plane displacemanis taken to be 2/3 of canopy heigh@01987).

\'-, i\.%

FIGURE 3.1: Relief map of Southern
California. The experimental site is
indicated by a dot
(wwwflag.wr.usgs.gov/USGSFlag/Data/
maps/CaliforniaDEM.html).

A special issue is the irrigation of the experimental siteefiable an ideal situation for
flood irrigation the cotton field has been mechanically leveledcElethe site has a
very slight and uniform slope to ESE. The main water channel wiee ikast of the
experimental field (Figure 3.4) and biweekly water was dumped intluthmvs. Each
day about 100 furrows were flooded. The furrows remained more omiegdor three
days and then dried gradually over the remainder of the two wegkseR.2 shows
the irrigation schedule during EBEX2000.
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FIGURE 3.2: Irrigation schedule of the date the wateivad at the specified station and the duration of
the wet, moist, and dry periods.

3.2 Meteorological conditions

The course of some meteorological parameters from August 01giessAR?2 is depicted
in figure 3.3. The meteorological situation during EBEX2000 was clearsetl by high
pressure weather. No precipitation was recorded. Due to clgacaiditions the
radiation input is high and net radiation reaches a mean daily maxish 670 W nif.

At night net radiation has a value of about -70 W mhe air temperature shows a
strong diurnal behaviour with a maximum of typically 30 — 35 °C and a mdahn da
amplitude of 18 K. The water vapour pressure deficit is high dutiveg whole
measurement period. The expected influence of the irrigatiornm of an increase of
the water vapour content is not obvious, particularly not during tbendeirrigation
period. There is no strong, but a regular diurnal course in wind sjregéneral the
winds are light with values below 4 rit and minima occur in the early morning. Wind
direction shows a clear diurnal pattern. In the near-surfaee &yocturnal mountain
wind from the Kettleman Hills with directions from 280° to 330° is obser Shortly
after sunrise the mountain wind vanishes and the wind rotates to BIWANpecial

feature is the daily occurrence of a nocturnal low level jet (see appendix A)
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FIGURE 3.3: Course of meteorological parameters from D% to 235 measured at site 9. Except net
radiation the parameters were measured at thelgruafiver — air temperature and water vapour
pressure by a psychrometer and wind velocity bymanemometer (Vector Instruments A101L) at a
height of 1.5 m, wind direction by a wind vane (Y®clnstruments W200P) at a height of 9 m. The
arrows in the water vapour pressure graph inditegerriving water front.

3.3 Set-up and instrumentation

Figure 3.4 shows the set-up of the whole experimental field. At ede — except
site 10 — turbulence and radiation was measured. The measurements of thet{Jofvers
Basel were carried out at site 9 (36° 5.8'N, 119° 56'W WGS-84) exbepSbdar,

which was operated near the trailer. The set-up of site Boisrsin figure 3.5: three
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6 m towers with two levels were set up in a line aligned into the mean wind (320°) and a
9 m profile tower with six levels was operated east of this. lDetails of the

instrumentation are given in tables 3.1 to 3.3.

1 [siEq A
©- |\
. 300m >
£
H
o SITE 2
©-|v\|
= 200m —
) [siEa
©-|vv
SITE 3 .
o[ H
<
: » .
o SITE 5 100m z
Sfon =
°
&
=
—_— ~
SITE 7 -
eloffln .
SITE 6 o
-9\
s
- SITE 8
|4
1 [sitE10 SITE 9
QLI €l
:
H
TRAILER
LEGEND

Radiation Balance CO,- Flux
2
. Turbulence Measurements . Canopy Measurements
p

Profile Tower SODAR

FIGURE 3.4: Schematic of the EBEX2000 field with locaticn
of tower sites (adopted from A. Christen).
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Tower 9A
A 24m CSAT 199
. 6.0m: HS 000046

236m

Tower 8B
2.4m° R2 0043
6.0 m: USA-1 9912002

“290m
. Profile Tower
222m T 095 m: FKO2 / 3856

25.0m e, 150 m: FKOS /3854
A 235 mFK12/3390

372 m: FK13 /3389
128m 612 m: FK18 /3855
N 9.05 m: FK22 / 3657
Tower NCAR

14.0m —_/‘xl"romt 9C
g 24m CSAT 0112
5.0 m: CSAT 0118

ISi’: m _’23'9 m $
T
w NE-Foot of Radiation 1om
Stand <Darkhorse>

FIGURE 3.5: Set-up at site 9 (adopted from A. Christen).

Including the three sensors from NCAR (R5, R8, R9) the componentdiatioa
balance were measured at site 9 by nine different sensors, wiielmvwunted on a so
called ‘dark horse’ at a height of about 2 m. The dark horse wentated W-E.
Figure 3.6 shows the dark horse and table 3.1 gives some detailed irdarataiut the

sensors used by the University of Basel.

FIGURE 3.6: Instrumentation of the radiation stand at
site 9 (looking eastwards).
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TABLE 3.1: Radiation measurements by the University agdB at site 9.

Position
Sensor

Serial No
Calibration
Measure-
ment

R1 Kipp & Zonen CNR1  #980098 manufacturer R, Rsu, Rid, Riu
R2 Kipp & Zonen CM 21 #910004 manufacturer R

R3  Eppley PIR/ WRC #30323F2 WRC Rua
R4 Kipp & Zonen CM 21  #950239  WRC R
R6 Eppley PIR/WRC #31207F3 WRC Ru

R7 Kipp & Zonen CM 11  #923939  manufacturer R

At four places — two within a furrow, two on the slope of a ridgeheat flux plate and
a temperature sensor were buried at a depth of 3cm. Table 3.2 gines s

specifications of the used sensors.

TABLE 3.2: Soil heat flux and soil temperature measurgmat site 9.

=) o)
k 5 z 2
= @ = b=
z g £ g §
~ 0 3 = &
4th furrow S of dark horse feet Rimco HFP #65638 soil heat flux
1st furrow S of dark horse feet Rimco HFP  #65640 soil heat flux

2nd ridge S of dark horse feet, S-slope Rimco HFP  #G0057 soil heat flux
3rd ridge S of dark horse feet, N-slope Rimco HFP  #65628 soil heat flux

4th furrow S of dark horse feet CS 107 CBT16 soil temperature
1st furrow S of dark horse feet CS 107 CBT19 soil temperature
2nd ridge S of dark horse feet, S-slope CS 107 CBT18 soil temperature
3rd ridge S of dark horse feet, N-slope CS 107 CBT17 soil temperature

At each of the three towers 9A, 9B, and 9C (figure 3.5) two ultrasoremometer-
thermometer (short form: sonic) were operated: one at a height ofi (level 1) and
the other at 6 m (level 2). The sonic at position A2 (A2 means towgele94l 2 — the
same nomenclature is used throughout the remainder of this study)landr& both
equipped with a Krypton KH20. The system at B2 was run with a L6060 open path
CO,/H,0 analyser. Details are given in table 3.3.
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TABLE 3.3: Sonic measurements at site 9.

- fg 2]
= = =
& ; £ 5 3 &
5 - S 5 .3 oo
£ 22 Bz x z 5 & 28w
] o g < n 0 2« =
= s &b .E g 2] S Q= g = )
o QD § 8 o 3 g = g 3
g =2 Jd& & n = O 0 0 Z
Al 24m 323° CSI CSAT3 #0199 u, v, w, 6 60 Hz/
wind tunnel matrix 1999 20 Hz
A2 6.0m 325° | Gill HS #000046  u, v, w, 0, q 100 Hz/ Krypton
wind tunnel matrix 1999 20 Hz KH20 #1094
Bl 24m 334°  Gill R2 #0043 u, v, w,0,q 166.6 Hz/ Krypton
wind tunnel matrix 1999 20.8 Hz KH20 #1199
B2 6.0m 356° METEK USA-1 #9912002 u, v, w, 6, q, CO: 20 Hz/ LiCor 7500
wind tunnel matrix 2001 20 Hz
Cl 24m 321° CSI CSAT3 #0112 u, v, w, 0 60 Hz/
wind tunnel matrix 1999 20 Hz
C2 6.0m 321°  CSI CSAT3 #0118 u, v, w, 0 60 Hz/

wind tunnel matrix 1999 20 Hz

3.4 Data processing

3.4.1 Radiation

Data were logged with a sampling rate of 2 s by a Campbet8me23X datalogger.
Averages and standard deviations were written into memory aviagte. On the basis
of the raw data, the values were scaled. Night-time valuesidot-wave radiation were
set to zero. For long-wave radiation measured by an Eppley Plihékieod after
PHILIPONA ET AL. (1995) was applied (see below). A de-spiking (filter width: twoes
the standard deviation of 30 minutes) and for missing values a liiegvolation for at
most ten minutes was carried out. Afterwards half hourly vakes calculated. Each
component of the radiation balance was measured at least twacgetTthe best
composite a sensor comparison was done (see appendix B), whichdhimstleause of
a sensor combination of the two PIR’s, the CM21 #950239 and the CM11.

The method after HRLIPONA ET AL. (1995) was carried out because investigation of the
dome temperature revealed important temperature gradients on the diomg
measurements. Thus, a single point measurement of the dome tenspsratunsidered

to be insufficient. To asses more exactly the representaloraee temperature,
PHILIPONA ET AL. (1995) suggest to use three thermistors separated by 120° andtglued a
45° elevation. Their average generates the used dome temperatuferthAr



3. Material and methods 17

complication arises from the fact that the short-wave andahg-Wwave part of the
radiation spectrum do overlap at their margins and radiation inrdhige could be
counted twice. To avoid this effect sensors have to be shaded frafiveébiesun. But
field tests demonstrate that modified PIR pyrgeometers, i.e. thitbe dome
temperature sensors, can be used unshaded to measure atmospherrcesinidlte
radiation with a precision af 2 W mi? (PHILIPONA ET AL. 1995). Thus, for the present

data this correction is not carried out.

3.4.2 Sall

Data of the heat flux plates and the soil temperature sengoessampled, stored and
interpolated in a similar manner as radiation data. Since thersemsre buried at a
depth of about 3 cm the heat storage in the layer above the sensaddeddo the half
hourly values derived from the heat flux plates (see below). Aos@wsnparison has
resulted in the assumption that the heat flux plates buriedwatturrow were still in
contact with air until the second irrigation period (see appendix Q)s,Tonly the

sensors positioned at the slope of a ridge were used to calculate the mean BoX.heat

Due to change of heat storage in the layer between the sottesarfia the sensor, the

soil heat flux will be under- or overestimated. To get thelssalk flux at the soil surface

G the value of the heat flux platé, has to be adjusted. With the simplifying
assumptions (i) that the heat flux is in the vertical dimension, giiythat there is no

other source of heat than insolation, and (iii) that the soil is homogeneous, the additiona

term depends on the temperature chartthgover time periodAtin the layer Az

between the soil surface and the heat flux plate and the spmaifibeat capacitys
(FuCHS & TANNER 1968):

AT,
G:GZ+CS£ AtS]AZ' (3.1)

The average heat capacity of the sgilepends on its content of mineralg,, air X,

waterx, and organic mattet,g (VAN WIIK & DE VRIES1963):

Cs = Cpin Xmin + Corg Xorg T C Xy +C, X,y (3.2)

min min org
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The content of organic matter is assumed to be 3 % and the oneeséli 40 %. The
content of water was measured and the content of air is treneen. Typical average

values of the heat capacity of the soil components are listed in table 3.4.

TABLE 3.4:Heat capacity for important components of the E8HEFFER& SCHACHTSCHABEL 1998).
heat capacity (FQ m° K™)

quartz 2.1
clay minerals 2.1
humus 2.5
water 4.2
air 0.0013

3.4.3 Sonic data

For sampling and storage frequency of the sonic data see table @& 3da®a were
corrected with a sensor specific two dimensional matrix, whial walculated from
wind tunnel studies (WGT 1995). No detrending was carried out. For this study the
turbulent fluxes were calculated using the eddy covariance metbodhd-covariance
matrix the coordinate system was additionally rotated into ts@nmvind applying the
planar fit method (see section 3.5.1). The mean, standard deviation anromvar

values were calculated on a half hourly basis.

The fluxes of heat and moisture have been corrected for: (iraplss due to sensor
line averaging and sensor separation (see section 3.5.2), (igcthithat a sonic cannot
measure the ‘true’ but the moisture influenced air temperatdets fluctuations and
thus the heat flux will be overestimated (see section 3.5.3), (ipnazero vertical wind
velocity due to density fluctuations of moving air parcels (sewose8.5.4) and (iv) the
overestimation of the moisture flux due to oxygen absorption by pté&mKH20 (see
section 3.5.5). Density, heat capacity, and latent heat of vapourisatiencateulated
temperature- and/or moisture-sensitive. Table 3.5 gives an overvid¥ve oapplied
corrections to sonic data. After applying the different correctgaps, for at most four

hours were linearly interpolated.

TABLE 3.5: Overview of the applied corrections to safata at site 9.

Al A2 B1 B2 C1 C2
spectral loss correction X X X X X X
Schotanus correction X X X X X X
Webb correction - X X X

oxygen correction - X X
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3.5 Turbulent fluxes

3.5.1 Tilt correction

In practice the coordinate systems of a sonic and the surfateowibe perfectly
aligned, such that fluctuations in the longitudinal components of thé appear as
vertical velocity fluctuations, and vice versa. Therefore, adiltection for these small
deviations of the sonic coordinates is needed. There are mainly ietmds to
determine the orientation of a sonic relative to a Cartesiardicade system aligned
along the mean wind: double rotation, triple rotation and planar fit (for a compagison s
appendix D). For the present study the planar fit accordingitc2AK ET AL. (2001)

was applied and is briefly described in the following.

The idea is to rotate the original coordinate system such thaohtal velocity
components are placed in a plane of the ‘real’ mean horizomdl f@ssuming that it is
parallel to the surface) and that tieomponent is aligned streamline. The orientation

of this plane is determined by a least-squares fit of the wind data to the equation:

Wi = by +b,Um + b,Vim, (3.3)
where Wm, Um, and vn are the 30’-averaged measured wind components and the fitted
coefficientsbhy, b; andb, are obtained by a multiple linear regressiohhe tilt angles
are calculated for periods delimited by known physical change isonic orientation.

Rotation anglea is defined as the pitch angle about xk&xis and the roll anglés is

measured about the intermediateaxis. These angles are given by the fitted

coefficients:
sina = p,, (3.4)
cosa = % (3.5)
Pt P,
sing = %, (3.6)
Pt P,
cospf = % (3.7)



3. Material and methods 20

b
where p, = =,
° 1/bl +b,’ +1 JbZ+b,%+1
By multiplying data with the matrix given in equati (3.8), they are rotated into a

coordinate system that has thg-plane parallel to the ground.

cosa 0 sina| |1 0 0
P=| 0 1 0 0 cosB -sing|. (3.8)
-sing 0 cosa| |0 sing cosf

These data can then be rotated into the mean viiaction for each run (i.e\_/ =0) by
multiplication by the matrix:
cosy siny O

M =|-siny cosy O}, (3.9)
0 0 1

where y is the yaw angle about the nesaxis and is given by = tan™ (\_/—p]
Up

The planar fit method will lead to non-zero run-meeertical velocities. The resultant
flux contributions reflect the influence of long ves and large eddies on the flux at

measurement height.

3.5.2 Spectral loss correction

Measuring and analysing turbulence data leads @otisy) loss in the inertial subrange
due to physical limitation in sensor size and resgo experimental set-up and the data
analysis method. This leads to low-pass filtering #us, the turbulent fluxes will be
underestimated. Several approaches exist for theeatmn of the spectral loss (e.g.
MOORE1986,MASSMAN 2000,HORST1997).

According to MbORE (1986) the correctioAF of the flux F of a quantity with specific

densitya is given by:

jTW,,m) S, () dn
=1- (3.10)

js (n) dn

AR
F
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where Ty(n) is the convolution of frequency-dependent tran&fi@ctions associated
with sensors of vertical wind velocity and quantitya . Sys(n) is the atmospheric

co-spectrum oWv and a at frequencwy.

(i) Normalised, parameterised co-spectra

On the basis of the Kansas spectraiffL ET AL . 1972) the spectra and co-spectra are
parameterised by BDORE (1986). Due to the main subject of this paper othlg

formulae for the co-spectrum of momentum, heatrantsture are mentioned.

For stable conditions 8 ¢ ) the co-spectra are given by

f

ns,, (n) = A +B 2’ (3.11)
: : : n(z-d)
where f is the normalised frequency given lby=————+ and

7 0.75

Aqr = 0.284(1+ 6.4E] , (3.12)
7 0.75

A, = 0.124(1+ 7.9E] : (3.13)

B, =234A,, . (3.14)

Equation (3.14) follows the publication of MCRIEFF ET AL (1997) because of a

missing exponent in the paper oDMRE (1986).

For unstable conditions ({ ¢ < 0) the co-spectra are given by:

_ 2078 f

nsg,,(n) ——(1+31f )1_575 , [<0.24 (3.15)
_ 1266f

nsg,,(n) ——(1+ 961 )2_4 : f=0.24 (3.16)
_1292f

nS,; (n) = (1+ 26.7f)1'375 , [<0.54 (3.17)
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nS,; (n) :( 4.378f f=0.54. (3.18)

1+38f)* "
For the stable and the unstable case the co-spettiiae vertical moisture flux is
assumed to be identical to the co-spectra of thgcaéheat flux.

(i) Spectral transfer functions

Each effect causing a flux loss can be represeoyed frequency-dependent transfer
function. MoORE (1986) mentions sensor response, sensor line-aagragteral and
longitudinal sensor separation, and data acquisit{electronic filtering, digital
sampling). The time constants of the instrumentsrated during EBEX2000 are as
good as the influence of sensor response can beated; Following the publication of
HORST(2000) a correction for aliasing associated witfitdl sampling is not necessary
because aliasing affects the individual frequenbigsnot the spectrum on the whole.
RANNIK (2001) mentioned that block averaging has no dagngffect on covariance if
the block averaging time is much bigger than thterfitime constant. Thus, for the
existing instrumentation and data acquisition osénsor line-averaging and sensor
separation have to be considered. The corresporndangfer functions are described

below.

Sensor line-averaging: Theoretically, measurements of a meteorologicaameter
should be carried out at one point (in a matherabtgense). In practice, the
measurement is always done over a finite path ¢dwrme). Thus, turbulent structures
like eddies with a smaller diameter than the patigth can not be acquired.OdrRE
(1986) simplified the often used transfer functidos scalar quantities of @rvICH
(1962) as:

1 _ (1_e—271f)
T(f)=——|3+e?" g% = /| 3.19
() ZITf[ 27 f ( )

For the vertical wind MORE (1986) simplified the transfer function ofAKIAL ET AL .
(1968):

2t _ et
T (f)=—2[1+8 —3(1 © ) (3.20)
7 f 2 4rrf
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n

©

f=
For both transfer functions the normalised freqyeris calculated by

=

, Where p

Is the averaging path length.

Sensor separation: If a scalar like water vapour or carbon dioxidemeasured, an
additional sensor besides the sonic has to be Usedvoid as much as possible a
disturbance of the wind field, the two sensors ramunted with a spatial separation.
Following Taylor's hypothesis the longitudinal segt#éon is leading to a time shift
within the two data series. If the separation terl, then the sensors are measuring
different parts of the turbulent field. Once agaWipoRE (1986) simplifies a more
complex approach gwiIN 1979, KRISTENSEN& JENSEN 1979) and defines the transfer

function for both lateral and longitudinal separatas:

T,(f)=e®", (3.21)

: : ns .
where the normalised frequendyis calculated byf=— wheres is the sensor
u

separation.

(iif) Frequency response corrections

With the simplification that the transfer functioh the covariance of two variables is
equal to the square root of the product of thesfiearfunctions for the variances of the
two variables, MORE(1986) neglects the phase shift inherent in apglarirequency-
dependent filter to time-series dataof$12000). But this calculation is correct if the
time constants of the sensors are equal. Therefolieying MoOORE (1986) the total

transfer function for momentum, heat, and moisfliureare given by:

TN =T,(n,p), (3.22)

T ()= T, (0 )T, (0 p) (3.23)

Too (M) =T(n,9) T, (0, P) T, (N, p,) - (3.24)
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3.5.3 Schotanus correction

The operation principle of a sonic is to measueetthnsit times of ultrasonic signals
along a finite path between two transducers. Thasomement of the temperature is
influenced by humidity and thus, the sensible Higatis normally overestimated. This
problem was first treated bycBoTANUS ET AL (1983). The sum of the reciprocals of

the transit times are proportional to the soundaig) c, which is given by
c? = VVRT (1+0.51q). (3.25)

Due to its similarity to the virtual temperatureettermT(1 + 0.51y) is called acoustic
virtual temperatur@s. This is the temperature measured by a sonic amenteo. From
equation (3.25) it follows thaks equalsT only if humidity is zero, which never occurs
under field conditions. Thus, to get the real wailtkinematic heat fluwT' the sonic

measurement has to be corrected for the influerycaumidity. The fluctuations of

acoustic virtual temperature correlated with theiwal velocityw gives:

wT'=wT,' - 05ITw(q, (3.26)

which can also be expressed by using an approxivadte of the Bowen ratio:

(3.27)

—_ (. 051Tc,
WT'=wT'| 1+——— | .

3.5.4 Webb correction

The simultaneous flux of heat and water vapour eaexpansion of the air and thus
affects the air density. If the heat flux is upwarthen warmer and less dense air parcels
are moving upwards, and colder and denser onesnareng downwards. On the
assumption of a zero mean vertical mass flow of thiere must exist a small mean
upward velocity. This vertical velocity is very sinand not measurable. ¥¥B ET AL.
(1980) expressed it as a function of the turbulintes. They made the following
assumptions: (i) the net mean vertical mass fluxdigf air is zero, (ii) pressure is

constant, (iii) any constituent of air besides dityand water vapour is negligible, and
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(iv) the ideal gas law is valid. The mean vertiealocity is proportional to the water

vapour density and its fluctuations:

we-Wed _m wp, +(1+&£]£. (3:28)
P M P, paM ) T

Taking the vertical flux of water vapour as the maad the departure from the mean

Wp, =Wp, +W P, (3.29)

and using equation (3.28) the corrected flux ofewaapour is given by

wpo, :(1+ﬁ& wo, +PH (3.30)
m, p, pC,T
or wp, :[1+ﬂﬁ [1+iiﬂrw}w/)'mw- (3.31)
m/ pa Cp pT

3.5.5 Oxygen Correction

The principle of an open-path hygrometer is to edtitaviolet light of a specific

wavelength at which water vapour absorbs the lighieceiver measures which part of
the emitted light is received and the fraction vhis absorbed is proportional to the
concentration of water vapour. At the used wavdlengf a Krypton KH20 both water
vapour and oxygen are absorbed. Therefore, thetlh&at flux will be underestimated.
TANNER & GREENE (1989) showed that the voltage outpuof the hygrometer can be

approximated by
V=V, e A gk (3.32)

Since the signal also includes the fluctuationsxfgen, the density fluctuation has to

be corrected. The water vapour fluctuation is gilgn

Py =

1 ——\ K
InV-inV)-—=p.", 3.33
v =inv)=e o, (3:39

where the last term on the right hand side of eqndB8.33) is the correction due to the

hygrometer’'s response to oxygen fluctuationsNNER ET AL. 1993). These oxygen
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fluctuations are due to pressure and temperatuamgds and can be evaluated by
differentiating the gas law:
[ Comy Com P
= —=—|p'-| —=——|T". 3.34
Pressure fluctuations are small within common ayiaaperiods and thus the first term
on the right hand side of equation (3.34) can bgleated. Taking the covariance of
vertical wind speet and water vapour densigy, gives the vapour fluiE

E:wmwy+p%ﬁgﬁkﬁqw$ (3.35)
kv X oT kv

The first term on the right hand side is the sigifalater vapour and the second term is
the oxygen correction depending on the verticakkiatic heat flux. The corrected

latent heat flux can be calculated by
AE = JE_ +CcAE_, (3.36)
where the correction factaris given by

C=Comok_o/lﬁm
c,m, k, T

(3.37)

The extinction coefficient for water vapokiy was determined individually for the used
sensors by the manufacturer. For the extinctiorifictent for oxygenko the value of
0.0045 ni g cm™ (TANNER ET AL. 1993) was used.

3.6 Data availability

The measurements were started on July 26 (DOY 208)were stopped on August 25
2000 (DOY 238). The measurement period for netatamh and soil heat flux is listed
in table 3.6. Figure 3.7 shows the data availgbfiir the corrected turbulent fluxes.
Due to large gaps in the time series the regariee period starts only on DOY 218.
Before the first cleaning of the Krypton sensorspasition A2 and B1 in the late

afternoon of DOY 222 the data have an offset ane ba be rejected. But for position

A2 the covariance ofvq' is very well correlated with the data from the tiGo that
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for this instrument the latent heat flux can becgkited anyway. The instruments on

position B2 were tore down on DOY 230.

TABLE 3.6:Data availability of net radiation and soil heatdl start and stop time (PDT) as well as the
number of good values.

net radiation soil heat flux

DOY of the first value 207.438 207.438
DOY of the last value 238.604 238.584
max. no. half hours values 1448 1447
good values 1430 1429

data availability of corrected turbulent fluxes
(stability dependent)
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e \ \ 1 \H n H [ e
Al H ” ' ‘ H ‘ 867
230
DOY (PDT)
mm ¢ < -0.05 mm -0.05 < ¢ > 0.05 ¢ > 0.05 1 no data

FIGURE 3.7: Data availability of corrected turbulent fasc(stability dependent). The number on the right
indicates the total of “good” half hourly values.
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4. RESULTS

4.1 Available Energy

The soil heat flux was calculated as described in section 3.4.Re/A®il surface reacts
more rapidly and more intense to solar irradiation, than the sailgaten depth, the
applied method afterd€Hs& TANNER (1968) leads to a time shift of about an hour and
an increase of the magnitude of about 20 % (Figure 4.1). It resultdearaase of the

available energy of about 3 % during daytime and an increase of 10 % at night.

50

(W m?)

-50 ‘ ‘
227 228 229
DOY (PDT)

mean of heat flux plates —soil heat flux

FIGURE 4.1:Course of the soil heat flux and the mean
of heat flux plates (W if) from DOY 227 to 229.

The course of net radiatid®, soil heat fluxG and the resulting available enerd:-G)
is depicted in figure 4.2. Net radiation has a daily maximum of 620 — 71C¢VDue to
clear sky conditions its variation is mainly given by the wagyoutgoing long-wave
radiation — caused by different surface temperatures. This loeinas well as the great
variability of the soil heat flux — up to more than 100 % — is causdtedyrigation of
the cotton field. As an average the soil heat flux is about 7 %tafad&tion during
daytime and 50 % at night. The surface albedo and therefore also thengwggort-
wave radiation, is also influenced by the existence of water oscihsurface but due
to the plant coverage only in a small range of 16 — 18 %, i.e. a raladifference of
20 W mZ. The resulting available energy reaches a mean maximumofafi®® W n?
during daytime and -25 to -50 What night.
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FIGURE 4.2: Course of net radiation, soil heat flux ahd &vailable energy from DOY 208 — 236 on the
left and mean daily course of the same fluxes efdhme time period with indication of minimum and

maximum values on the right.

4.2 Turbulent energy

4.2.1 Tilt correction

For the tilt correction the planar fit method, according tad&AKk ET AL. (2001), was

carried out (see section 3.5.1). To get the rotation angles, the ddtaleset was used

for the multiple linear regression. Due to physical changes irsohé& orientation

(Figure 4.3) the series of position A2 and C2 had to be split. Théorotatgles and the

corresponding time periods are listed in table 4.1.

TABLE 4.1:Applied rotation angles for planar fit method.

position  time period (DOY) a () B ®) constant ()

Al 210 — 237 -0.31 1.09 -0.33
A2 210 — 229 -0.37 0.27 0.01

230 — 237 -0.03 0.83 0.01
B1 210 — 237 2.46 0.90 0.01
B2 210 — 237 -0.20 0.13 -0.08
C1 210 — 237 0.90 -0.01 -0.01
Cc2 210 — 223 0.13 0.56 0.01

234 — 237 0.25 0.29 -0.02
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FIGURE 4.3:Course of the inclination from the horizontal plgfefor position A2 and C2.

To demonstrate the consequence of the application of the planarHbdnégure 4.4
shows wind direction versus mean vertical wind velocity normalizedhbymean
horizontal wind speed before and after the rotation at position A2e Kdhic is tilted
and the local terrain approximates a plane surface, which carssben@d for the
EBEX2000 site, then the normalised mean vertical velocity is a@dalsfunction of
wind direction (Figure 4.4a). After the planar fit, the normaliseticsd velocity should
be zero (Figure 4.4b). WczAK ET AL. (2001) explain systematic deviation from the

sinusoid respectively from zero as flow distortion due to nearby structures.

. 9

%) .05

0.05

orizontal

w / u,

-0.05 . . . , —0.05 . . .
90 180 270 90 180 270
wind direction (°) wind direction (°)

FIGURE 4.4: Wind direction vs. mean vertical wind velocity
normalised by the mean horizontal wind speed apreefand
b) after applying the planar fit method at positiih
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4.2.2 Spectral loss correction

The turbulent fluxes were corrected for spectral loss due t@rséns averaging and

sensor separation according to table 4.2. For details of the correction see section 3.5.2.

TABLE 4.2: Path length and sensor separation (cm) addhées at site 9.

Al A2 B1 B2 C1 Cc2
path length (cm) 11.6 15.3 14.7 18 11.6 11.6
sensor separation (cm) - 25 28 25

As shown in figure 4.5 the correction term is a function of stabllityhe unstable case

(¢ <0) the percentage increase of the turbulent flux is constant. Unbér standitions
(¢ >0) the relative correction is larger and the more stable thesgthere becomes,

the larger the resulting correction is. This behaviour can be exglayné¢he fact that
under stable conditions the eddies are smaller and therefore usoeptble to spectral

loss.

301

20r

FIGURE 4.5: Dependency  of
spectral loss correction (%) on
stability parametet for latent heat

flux during EBEX2000.

The daily course of spectral loss of the sensible and of the leantlux is shown in
figure 4.6. According to the theory, spectral loss near the groundgey lbecause the
correction is a function of the scale of turbulence and the civapeat lower heights
shows higher frequencies RISTENSEN ET AL 1997). The magnitude of correction
depends furthermore on humidity. The sensible and latent heat fllectonr terms
exhibit a contrary behaviour. The drier it gets, the larger dhnection of sensible heat
is, and the smaller the one of latent heat is. For sensibteflogaonly sensor line

averaging has to be taken into account and the absolute value of the #mall,



4. Results 32

therefore the correction is small too. At the upper level, thelatesvalue of the
correction remains constant throughout the day (less than ZWaspectively less
than 2 % of the flux). At the lower level, the correction resultsnarginal higher
absolute values (it averages about 2 W fire. about 2 % of the flux). In addition to
sensor line averaging, sensor separation has to be consideredefdr Haat flux
correction. Although its dependence on irrigation, the latent heatfingtantly shows
high values. Hence, the correction results in significant melmesauring daytime of
13 W m? (4 %) at position A2 and B2 and 34 WPrfll4 %) at position B1. At night the

mean correction term is less than 3 V¥.m

W m?)
W m?)
W m?)

(W m™)
(W m™)

(W m™)

A2 B2
b ) 75[ 75[

50 501

(W m™)
(W m™)
(W m™)

-25 . . . . . . . ) -25 . . . . . . . ) -25

time (PDT)

FIGURE 4.6: Daily course of spectral loss (corrected minacorrected flux) of a) sensible heat flux, and
b) latent heat flux (W f).
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4.2.3 Schotanus correction

The sensible heat flux, calculated by the eddy covariance methagstwates the
‘true’ flux because the temperature measured by a sonic teentitue’ air temperature
but the so called virtual sonic temperature. Hence, the magnitutiee adiccording
correction (see section 3.5.3) is particularly a function of humidtg. drier it gets, the
smaller the correction term is. Figure 4.7 depicts the daily eamfrthe correction term.
The used sensible heat flux for the Schotanus correction is the flux corrected fi@l spec
loss. For the sonics at positions, where humidity was not measuredilties of the
humidity sensor at another position were used. At night the sensididlinx is reduced
only by a few watts per meter square (it averages about *\WDnring daytime the
correction becomes significant with a mean diminution of about 20%, ¥/ ®7 at
the lower level and 25 W frat the upper level.

L L L L L L L L L
6 12 18 6 12 18 6 12 18
time (PDT)

FIGURE 4.7: Daily course of Schotanus correction (coeeaninus “uncorrected” flux, W ).
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4.2.4 Webb correction

The Webb correction (see section 3.5.4) was carried out for the laat flux. The
correction term is a function of the Bowen raffo (Figure 4.8) and thus also a function
of humidity. In the range- 0.2< <1 the Webb correction leads to an increase of the
latent heat flux. This is the case during daytime. At night drehdy in the late
afternoon sensible heat flux is directed downward and latent fheats directed
upward. Thus, the Bowen ratio is negative and the correction leaddightadecrease

of the latent heat flux (less than 5 WWnThe wetter it is, the steeper the regression line

between the correction factor and the Bowen ratio is.

-2 7‘1 (‘) 1
FIGURE 4.8: Webb correction factor as a
function of Bowen ratio.

Figure 4.9 shows the daily course of the correction term. Ddaygme the latent heat
flux is augmented by 10 W i.e. 3.5 %. At night the Webb correction averages a
slight diminution of about 1 W h The first days after an irrigation the increase is
about 10 W rif, during dry periods about 15 WmThe used latent heat flux for Webb

correction is the flux corrected for spectral loss.

(W m™)
(W m™)

(W m?)

time (PDT)

FIGURE 4.9: Daily course of Webb correction (corrected usituncorrected” flux, W ).
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4.2.5 Oxygen correction

At position A2 and B1 the water vapour content and its fluctuations mveasured by a
Krypton KH20 which has to be corrected for the fact, that withinetmgted wave
length the light is absorbed by both water vapour and oxygen. Ther&iiatdnt heat
flux is underestimated (see section 3.5.5). The correction tguimarily a function of
the Bowen ratio (see eq. 3.37). The smaller the Bowen ratio igntlées the resulting
correction term is. The daily course of the correction termHerlatent heat flux is
shown in figure 4.10. During daytime the oxygen correction result$ im@ease of
about 2 %, i.e. 5 W th At night the correction is about 5 % and negative (because of
the oppositely oriented fluxes of sensible and latent heat), but dine sonall absolute
values of the latent heat flux only a few watts per metgiare. The used latent heat
flux for oxygen correction is corrected for spectral loss dad ®Webb correction is

applied.

A2 B1

(W m™)

6 12 18 6 12 18

time (PDT) time (PDT)
FIGURE 4.10: Daily course of oxygen correction term fateht
heat flux (corrected minus “uncorrected” flux, W2m

4.2.6 Effect of the corrections and their influence on the energy balance closure

Sensible heat flux: The sensible heat flux is slightly augmented by the appicati the
spectral loss correction, but considerably reduced by the Schotamrection.
Therefore, the corrections result in a diminution of the senki¢ flux of 12 — 16 %
(Figure 4.11). Considering the mean daily course of the correetion there is only a
slight difference in magnitude during daytime between the individaia series. At the
lower level the diminution is about 25 W4rat the upper about 30 WAt night, the

correction remains negligible (less than 5 W)m
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FIGURE 4.11: Raw sensible heat flux vs. the corrected iituthe first and the third row (n is the number

of values for the linear regression) and mean dailyrse of the difference (corrected minus raw)flux
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Latent heat flux: All of the corrections applied to the latent heat flux, resultimceease
of the flux. Spectral loss correction yields in a rise of aboutfdrdthe upper level and
about 14 % at the lower level. Applying the Webb correction incrdassad heat flux
by about 3.5 % and deploying the oxygen correction, the flux is augthéyt about
2 %. Finally the corrections lead to a rise of the latent flea from 7 to 19 %
(Figure 4.12). Remember that the oxygen correction is only carriefbrotite data of
position A2 and Bl. As displayed in figure 4.12 the mean correction tserm
insignificant at night. During daytime the two levels differnmagnitude: at the upper

level the corrections raise the latent heat flux by 30 — 35 %anthe lower level it is

about twice.
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FIGURE 4.12: Raw latent heat flux vs. the corrected fluxhe upper row (n is the number of values for
the linear regression) and mean daily course ofliffierence (corrected minus raw flux).

Residual: The applied corrections lead to a change in the residual of thgydyeance
(Figure 4.13). For the data of the upper level the increase datiet heat flux is
almost compensated by the decrease of the sensible heandlukexefore the residual
is reduced only by 1—5% (less than 10 V§)mAt the lower level the gap of the

energy balance can be minimised by 13 % (maximum of 403V m
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FIGURE 4.13: Residual before vs. the residual after treections in the upper row (n is the number of
values for the linear regression) and mean dailys®of the difference (corrected minus raw fluxes)

4.3 Energy balance

The mean daily course of the energy balance components are draggam
figure 4.14, respectively the sensible and the latent heat flux arensfwwdry

conditions just before (DOY 226 — 228) and wet conditions just after igation
(DOY 231 — 233) at position A2.

Net radiation shows only little variation during the whole measarg period. The
daily maximum is reached around 1 pm with approximately 660 %amna at night the
radiative loss is about -70 WmEven the comparison of the wet and the dry situation
exhibit no significant differences. During wet conditions the serf@amperature is
significantly reduced (more than 10 K compared with dry conditions). rEatts in a

smaller loss of long-wave radiation and therefore a slight asereof the radiation
balance of about 3 % is given.
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Soil heat flux is about 10 % of net radiation during daytime and ajppataly 50 % at
night. It is directed towards the surface from 6 pm to 8 am. Da#dximum and
minimum are about +60 W fa The comparison of soil heat flux during dry and wet

conditions shows a diminution of the flux after the irrigation of 5 %.

The turbulent fluxes of sensible and latent heat feature & gaeability due to the
influence of the irrigation. During daytime latent heat flaxwice to fourfold greater
than sensible heat flux. Sensible heat flux gets positive imthr@ing and peaks just
after midday (dry conditions: 100 — 150 WPnwet conditions: 50 — 100 W In the
late afternoon sensible heat flux changes direction towardsutifigce and acts as an
additional energy source for evapotranspiration, respectively detagraniaise of the
latent heat flux. This reversal occurs every day, but is nmbe@se and earlier the first
days after an irrigation. At night sensible heat flux compenshéalso here existing
evapotranspiration. The latent heat flux reaches its maximum ieatthg afternoon,
with high values of about 400 Wfrunder dry conditions and up to 600 W mfter an

irrigation.

! | | ! | | | Rn
e I
,,,,,,,,,,,,,, _H
4007 - <o T
‘ ' — mean

fffff
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'~ dry conditions

200 - '++wet conditions
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FIGURE 4.14: Mean daily course of energy balance compsn@n m?) at
position A2.
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4.4 Energy balance closure

Energy balance closure, based on half hourly values, is diagramriigdren4.15. The
closure at position A2, B2 and B1 is 83 %, 77 % and 73 %, respectively. areeadot
of situations, the turbulent fluxes exceed the available energycuparly for the data

of position A2.

Considering the daily course of the energy balance closurer@<4gl6), it is obvious
that closure is poor at night. During daytime closure rises,samtaly up to an over-
shooting in the late afternoon. There is not much of a differendeiddily behaviour

neither between the two levels nor between dry and wet conditions.

Figure 4.17 depicts the relationship between energy balance closuweral direction,
wind velocity, stability parametef, friction velocity u. and correlation coefficient of

temperature and moisture fluctuatioRg, respectively, for dry and wet conditions at
position A2 and B1 (there is no data for wet conditions a B2). Trems to be a
correlation of the energy balance closure Wijth. andRyy. The closure clearly depends

on stability: Under stable conditions closure is poor, under unstable ioosdthe
closure is at least 50 %. The greater the friction velocityhis,better the closure is.
When temperature and moisture fluctuations are positively codetédsure is good,
whenRyq is negative closure is poor. These results agree with stogliBSIESTLEY &
HiLL (1985) or KAIMAL & GAYNOR (1991). A correlation with wind velocity could be
expected due to more intense turbulence at higher wind velod@tgswinds are too
weak that a dependency is apparent, especially at the upperAeviet lower level a
tendency to a better closure with higher wind velocitiesdegeisable. Wind direction
is defined by a well organised daily regime (Figure 3.3) and n@obworrelation with
energy balance closure is found. There is not much of a diffetszteesen the two
levels and the varying conditions concerning the energy balance closure.
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FIGURE 4.15: Comparison of half hourly values of the &akse energy R,-G, W m?) vs. the turbulent
fluxes H+AE, W m®) at position A2, B2 and B1.
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FIGURE 4.16: Comparison of the energy balance closHrelE)/(R,-G) at position A2, B2 and B1 during
two time periods, which represent dry (DOY 226 8Pand wet conditions (DOY 231 — 233).
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dry conditions wet conditions dry conditions wet conditions

wind direction vs. closure wind direction vs. closure

u_ vs. closure u_ vs. closure
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8q
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FIGURE4.17:Closure of the energy balance vs. wind directioimdwelocity, stability, friction velocity
u., and correlation coefficient of temperature andstuwe fluctuationsRy, during dry (DOY 226 — 228,
first and third column) and wet (DOY 231 — 233, @&t and fourth column) conditions at position A2
(on the left) and B1 (on the right).

The previous energy balance closure considerations are based bounigifvalues and
particularly, the heat storage ter is not regarded. However, over 24 hours the heat
storage term sums to approximately zero and can be neglectedfofbégethe fluxes of
the energy balance are added up over 24 hours (Table 4.3). Figure 4.18tlshows
course of the daily total of net radiation and soil heat flux, e &s the turbulent

fluxes, the Bowen ratio and the residual for position A2, B1 and B2. Begpifair
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weather conditions during EBEX2000, a decrease in net radiation of Hbhétitexists.
Soil heat flux depends predominantly on soil moisture content and thus, dependi
irrigation, the soil acts as a source of energy and under d@oeslitions as a sink.
However, soil heat flux is an almost negligible factor for epdoglance closure,
because throughout the experiment the amount of the daily totahastaless than
1 MJ m? day’, i.e. about 3 % of the energy derived from radiation. Although sensibl
heat flux was measured at three different positions with ttifésrent types of sonics
(Table 3.3), the different data series look very similar in behaviodirahsolute value.
Under wet conditions, the daily total is almost zero or even negagveegarded over
24 hours the sensible heat flux is directed towards the surface gimirconditions,
sensible heat flux is upwards, but still small compared with ldteat flux (about the
fifth part).

TABLE 4.3: Energy balance constituents and residual sohower a full 24 hour cycle (MJ hday?) as
well as the ratio+1E)/(R,-G) at position A2, B1 and B2 (a dot indicates najlat

DOY Re G H JE (Rr-G) - (H+E) (H+E) | (Rr-G)
A2 BL B2 A2 BL B2 A2 Bl B2 A2 Bl B2
218 16.63 -0.72 -1.66 -1.22 -1.68 1570 =+ 1502 331 =+ 401 08l =+ 077
219 16.24 -0.83 -0.69 -053 -0.89 1498 .+ 1553 278 243 084 + 086
220 1594 -063 021 040 -031 1507 =+ 1530 130 =+ 160 092 =+  0.90
291 1585 -0.82 135 153 140 1319 .+ 1339 213 188 087 =+ 089
292 1562 -0.75 0.82 154 080 1209 =« 1325 346 =+ 233 079 =+  0.86
223 14.93 -0.70 264 222 258 11.66 9.86 11 1.33 355 202 092 077 0.87
224 1473 -0.86 268 268 235 1122 10.26 11.31 170 2.66 1.93 089 083 0.88
295 1485 -056 213 196 205 1155 1056 11,33 1 2.89 203 089 081 0.87
226 1478 -0.02 142 182 157 1214 993 1233 125 3.05 090 092 079 0.94
297 14.26 -0.32 273 248 217 1213 902 10 -0.28 3.08 154 102 079 0.89
208 13.92 -0.16 235 212 202 1215 931 1128 -042 264 077 103 081 0.95
229 1402 007 287 258 258 1122 880 11 -0.14 257 -032 101 082 1.02
230 13.84 026 253 313 « 1242 910 . -137 135 + 110 090
231 1341 045 -023 -016 + 1512 1305 + -194 006 « 115 1.00 e
232 1413 -0.99 014 019 =+ 1516 1264 =+ 018 229 + 101 085
233 14.28 -1.17 213 153 . 1283 1191 + 049 202 « 097 087 e
234 14.23 -097 164 136 « 1173 1234 =+ 183 151 =+ 088 090
235 1436 -043 186 147 » 1161 1120 » 132 212 « 091 086 e
236 1430 -0.35 141 . 1064 o . 260 . 082 .
DOsz?fé‘_z% 1475 -050 1.39 139 122 1277 1061 12,69 110292 176 093 0.85 0.89
DOY 993099 1450 -036 240 227 219 1172 968 1141 074 292 127 095 080 092
Dc’)“fgggg’% 1432 -017 216 214 192 1214 942 1149 018932 1.07 099 0.80 0.93
mean wet

DOY 231.233 13.94 -0.57 0.68 0.52 . 14.37 12.53 . -0.54 145 . 1.04 0.90 .
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Latent heat flux shows a similar behaviour for the different datges, with a strong
increase just after an irrigation, a steep decrease affiew days and remaining at a
lower level under dry conditions. But, there are rather big diffe®nt the degree of
the change and the amount of the flux between the two levels. Diree tstrong
evapotranspiration throughout the experiment, the Bowen ratio is veil simder dry
conditions about 0.2 and during wet conditions almost zero. Energy balanaee ¢kos
much better than based on half hourly values: 98 % at A2, 89 % at B2 and 85 % at B1.

net radiation (MJ m™2 d7") soil heat flux (MJ m™2 d7")

sensible heat flux (MJ m™2 d™") latent heat flux (MJ m™ d™")

DoY (PDT) DOY (PDT)

FIGURE 4.18: Course of the daily total of net radiatiord &woil heat flux, as well as the turbulent fluxes,
the Bowen ratio and the residual for position AP, B1(a) and B2 §).
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5. DISCUSSION

5.1 Corrections

5.1.1  Soil heat flux

The applied method afteruEHs & TANNER (1968) for the energy stored or released
within the layer above the sensor, with its resulting time simfi increase of the
magnitude of the soil heat flux, is very common and gives religsigis (see sections
3.4.2 and 4.1). However, there are several uncertainties in the Ureroéthod. Under
conditions such as during EBEX2000, a little change in the deptle cietisors gives a
relative big change in the amount of the correction. And the aecdedermination of
the depth within a ridge is rather difficult. Another uncertaistthe calculation of the
heat capacity because — besides the soil water content — rillenad values for the
fraction of the soil components were used. But the difference betargamic and
mineral soil constituents in heat capacity is small and the faator determining heat
dissipation is soil water content. Therefore, the consequence ddeaefstimation is

remote.

5.1.2 Tilt correction

The applied planar fit method (¢zAk ET AL. 2001) needs many data runs to
determine the tilt angles by multiple linear regression ¢set&on 3.5.1). v U ET AL.
(2000) propose the determination by a surface fit (for exampleusadal fit). But a
comparison of the linear regression and the sinusoidal fit showed nicsigt
differences in the resulting rotation angles, which is a consegudnthe flat terrain.
The planar fit method is a statistical method and it is questieniathle number of runs
of the present study is sufficient. Particularly, due to the ssacg splitting of some
data series because of physical changes in the orientatibie gbnics, or due to the
dominant wind sector from NE to NW or due to the growing vegetaliba.resulting
rotation angles are quite small. The remaining run-to-run mean aleviétocity is
identified by WLCzAK ET AL. (2001) as a result of long waves and large eddies. But

what is it exactly? And how does it have to be accounted for idetegmination of the
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turbulent fluxes? For the present study it is simply ignored. Thiside to apply the
planar fit anyhow, is due to its lower susceptibility to sangplerrors. And a
comparison of the planar fit method with the much more common doublé&mnotat
shows that the difference between the two methods for sensithléatent heat flux

averages about 2 % (see appendix D).

5.1.3 Spectral loss correction

The spectral loss correction according tod®e (1986, see section 3.5.2) is based on
simplifications of the Kansas spectraa{iAL ET AL . 1972). These are on the one hand
a function of height above zero-plane displacement — the greater @agurament
height, the less important are the high-frequency eddies andattegrife correction is
smaller — and on the other hand on atmospheric stability — the moablentie
conditions are, the more the “ideal” cospectra shift to lovegquiencies (MNCRIEFF ET
AL.1997). The main restriction for the use of the correction accordiNgptore (1986)

is, that the spectra should look similar to the Kansas spectréhd-present study this
is assumed, but not checked. An other possible source of error snasfer functions,
for which different approaches exist (e.go®RE 1986,MASSMAN 2000,HORST 1997,
2000), and the non regarded causes for spectral loss (e.g. data acquidigb+pass
filtering was tried to prevent by choosing a suitable avatagime and the non-
application of a linear detrending ARNIK & VESALA 1999).

5.1.4 Schotanus correction

Due to high humidity values during EBEX2000, the correction afteto$ANUS ET AL
(1983) results in a significant diminution of sensible heat flux. Teection is widely
accepted and applied in many studies (eggvKL & GAYNOR 1991, BARR ET AL. 1994,

BLANKEN ET AL. 1998, TURNIPSEED ET AL 2002).
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5.1.5 Webb correction

The corrections for the effects of changing air density on gascentration
measurements due to humidity and/or temperature fluctuationsdagr@o WEBB ET
AL. (1980) results in a mean correction of the latent heat flux of £17i%in the same

range other studies report (e.gIL¥oON ET AL. 2002).

5.1.6 Oxygen correction

The correction of krypton hygrometer data due to the extinction cfrwaipour by
oxygen, needs the extinction coefficients for both water vapour agdeox The
extinction coefficient for water vapour for the used sensors neigidually determined
by the manufacturer. For the extinction coefficient for oxytenvalue mentioned in
TANNER ET AL. (1993) was used. AN DK ET AL. (2003) carried out individual
calibrations of several krypton hygrometers for the coeffiaerixygen. Their values
show a wide spread, but they are all smaller than the one proppSediER ET AL.
(1993). Thus, the resulting correction is smaller too. They concludet thanecessary
to calibrate the krypton hygrometers individually. Thus, the questi@esaif the
applied correction after ANNER & GREENE (1989) and ANNER ET AL (1993)
overestimates the influence of the extinction of water vapguwxiggen. However, the
influence on energy balance would be rather small, because evemeavtifgher value
for the extinction coefficient for oxygen the correction is not exceeding 3 % Gt

heat flux.

5.1.7 Conclusions of the applied corrections

As described above, latent heat flux is increased and sens#bléiuxeis minimised by
the applied corrections. At night, they result in a minimal chafhgigeaurbulent fluxes
of only a few watts per meter square. Thus, the resulting changéhin the accuracy
of the measurements. Even during daytime the corrections for the data of theeuplpe
cause no significant change of the energy balance (less thahnif). This is due to
the fact that the corrections compensate each other in thest. &Vhereas at the lower
level the turbulent fluxes are increased by 8 %. The reason $oditfference between
the two levels, is the effect that the measurements aghigiels are less influenced by
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small-scale inhomogeneities of the surface. This means, tteat becassumed that they
are really in the constant flux layer, where the assumptionghéreddy covariance
method and the corrections itself are mainly given. Additionallyfut®ilence spectra
is shifted to lower frequencies and therefore, less suscefuitdpectral loss. The most
part of the difference between the two levels is determinedhb spectral loss
correction. In comparison with other studies (e.gasBMAN 2000, LAUBACH &
MCNAUGHTON 1998, TURNIPSEED ET AL 2002), the resulting corrections for the
EBEX2000 data are rather small. This is not astonishing, becaos¢ oh the
corrections depend on sensible heat flux or Bowen ratio. Due to thaiondpoth show
only small values and in consequence the corrections are small toevétow seems
to be reasonable to apply these corrections, because the defgiehthe instruments
and the necessary set-up are known and — except the spect@rtession, which is
based on statistical similarity — the corrections are basedysicphlaws. Furthermore
if the turbulent fluxes are considered individually, the influence of ateections

becomes significant.

5.2 Energy balance closure

In many studies, where the turbulent fluxes are determined bgdtlg covariance
method, a residual of the energy balance of 10 — 30 % is reportesb{V\ET AL. 2002,
FINNIGAN ET AL. 2003). The reason is an underestimation of the sensible and the latent
heat flux or the overestimation of the available energy. Even ataarftt homogeneous
surfaces and short vegetation, which are presumably ideal conditiahe fapplication
of the eddy covariance method, this lack is reported. The assumptiengddy
covariance method is based on, such as homogeneity, stationarity@awerzeal wind
velocity, are often violated. The energy balance closure for X2BBO shows a
pronounced daily course (see section 4.4). The arising questions lagee dbes this
behaviour come from? Why is the residual so large during nigh®tiMieere does the
over-shooting in the late afternoon origin from? What are the regpernmiocesses?
Are there other existing sinks and sources of energy than glaedesl ones? Do the
sensors measure the fluxes in an accurate way? Is therer@odoen noise in the raw

data signals? Are there some conceptual deficiencies in the deteomiviatine fluxes?
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5.2.1 Instrumentation

For radiation measurements during EBEX2000 no bias in instrumentsitsuspected.
The used short-wave radiation sensors match the secondary steladsification for a
pyranometer of the WMO (World Meteorological Organisation, Garseitzerland)
and the long-wave sensors are high-end sensors modified accordimegpmposal of
PHILIPONA ET AL. (1995) (see section 3.4.1 and appendix B). Besides, three of four
sensors were calibrated at the WRC (World Radiation CenterpsD8witzerland).
Therefore, the radiation measurement is taken to be accurate.

The situation for the measurement of the soil heat flux is diffeiThe measurements
of the used soil heat flux plates can be inaccurate, bedsisigermal conductivity of a
heat flux plate and the surrounding soil are potentially unequal. Evenhttnead flux
plates typically have a conductivity similar to soil, but therrpabperties vary
temporally because of changes in soil water content, includingcdeled heat
transport YAN LOON ET AL 1998). In addition they have to be buried in a given depth to
avoid solar irradiation and the measured values have to be cdr(setsections 3.4.2
and 4.1). An additional handicap for the EBEX2000 site is the structutes afotton
field with its furrows and ridges. Therefore, several senaere buried and the idea
was to use their mean value to calculate the “true” soil heat Unfortunately, the
“furrow-sensors” are obviously influenced by solar irradiation wudry cracks which
appear. Thus, their data had to be rejected (see appendix C) Thé&iriunate because
ridges and furrows are different in their appearance. The Etteonly bare soil with
direct solar irradiation and flooded after an irrigation, the foravervegetated, thus
shadowed and never as wet or dry as the furrows. Thereforeyggsested that the soil
heat flux is underestimated in the present study. However, théestilflux is only
about 10 % of the net radiation during daytime and thus, its underestimallidre w
within the accuracy of the measurement and does not signifiagafitlence the energy
balance closure and regarding the soil heat flux on a daily basis it is alglgithe

The failures in instrumentation concerning the determination dutbhelent fluxes are
corrected in the present study (see section 3.5). The following taq@aggarded: flow
distortion, tilt error, spectral loss, moisture influenced air teatpee, density
fluctuations of moving air parcels and oxygen absorption by a Krypton KH2®.
corrections are discussed in section 5.1.
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5.2.2 Heterogeneity

The intention of EBEX2000 was to measure the energy balance deansite. With
respect to the topography and the meteorological conditions, itrtainte fulfilled.
Concerning the vegetation, slight doubts are given, because thelwaétgnown during
the experiment and the foliage got closer. Additionally, there Wiy differences in the
development of the cotton plants within the experimental site.Hguimain failure are
the temporal and spatial extremely variable humidity conditi@used by irrigation
(see section 3.1). Besides, there is no information available aboutydheldgical
situation of the surrounding fields.

Every meteorological point measurement represents a spedicige of the surface
conditions. The scale of this spatial average, depends on the type ofiegiantolved
in the measurements, mainly measurement height, stability amgitgtef cross-wind
turbulence (8HMID 1997). Considering the situation during EBEX2000, a problem
arises in the mismatch of the different source areas. Witddanguate fetch the problem
could be neglected. But, site 9 is located in the SE-edge ofxiherimental field
(Figure 3.4) and particularly with easterly winds — i.e. the soarea of the sonic
measurements is situated outside the experimental field andeeprsknown surface
conditions — and during the days the irrigation started, but has naagdted the site —
l.e. the measurements by a sonic represent moist surface @esditihile the source
area of the radiation measurement and soil heat flux represerbdditions — it is
doubtful if an adequate fetch is given due to the moisture inhomogeneities.

The effect of these spatial inhomogeneities are on the one handwtlepideent of
internal boundary layers. That means, the adjustment of air pdssmgone type of
surface to a new — in the present study, mainly a change fronsatmaidry surface or
vice versa — is not immediate throughout the depth of the boundary lbayet, is
generated at the surface and diffuses upward. The layer whase properties have
been affected by the new surface is referred to as anahteonndary layer (ARA
2001). Thus, under heterogeneous conditions the different source areagntepres
different surface conditions.

On the other hand horizontal and vertical advection is initialisetthéyeterogeneity.
As described in section 4.3 latent heat flux is upwards throughodttheand sensible
heat flux changes direction already in the late afternoon. Ircdisis, sensible heat flux
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acts as an additional source of energy for evapotranspiration aetbtbe latent heat
flux can become greater than the available energy. This behawviawlear indication
of an oasis effect. The strong evaporation from the surface ra@swtgooling of the
surface, which causes a downward sensible heat flug {987). The downdrafts, upon
reaching the warm moist lower part of the boundary layerfrageiently dryer but not
warmer than the surrounding warm moist updraftaHRir 1991) and the descending
motions are associated with stationary convective cells. Thug iheadvection of
moisture, which has to be regarded in the energy balance.

5.2.3 Non-stationarity

Due to mesoscale motions and the diurnal trend of most of thenoleigical variables,
the assumption of stationarity is hardly ever fulfilled. Thus, thegance arising from
very low frequency fluctuations is missed. This systematir ésrdue to the failure to
capture all of the largest transporting scales and leads to aresta@tion of the flux.
The systematic error can be reduced by increasing the staddies included in the
flux. But, increasing the record length risks including additionalosese variability.
The ideal choice of averaging time is long enough to reducetiz®m error, but short
enough to avoid capture of non-stationarity associated with mesa@sthleynoptic-

scale variability (WCKERS& MAHRT 1997).

5.2.4 Night-time situation

During night-time energy balance closure is poor (see section Uer stable
conditions, gradients of water vapour and temperature are often reversbe fluxes
tend to compensate each other (e.g. Figure 4.14). The stablicatrafi of the near
surface atmosphere suppresses turbulence. The exchange of ensarginly- by
mechanically induced turbulence and thus, dependent on surface roughnesadand
velocity — is diminished and the stability of the atmosphere Engthened. The
different type of energy exchange processes and the other teeo$these processes
make it questionable, if the turbulent fluxes can be determinedebgddy covariance

method.
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5.2.5 Other sinks and sources of energy

As already mentioned in section 4.4 the heat storage term isgaytied in the present
study. On the one hand considering this term over 24 hours, it suapptoximately

zero and on the other hand it is assumed to be rather small (about +F. W m

Due to the above mentioned heterogeneity of the moisture situationctiadves
assessed to be an important factor, which could explain aglgast of the non-closure
of the energy balance. Several approaches to determine thisiael¥lest from a single
tower measurement have been published recentig {1998,1999, FINNIGAN 1999,
FINNIGAN ET AL. 2003,PAw U ET AL. 2000).

5.2.6 Daily fluxes

Regarding the energy fluxes on a daily basis, a differenérpafor energy balance
closure and its constituents (Table 4.3) is shown. The differencesdrethe positions
are mainly given by the differences in latent heat flugFe 4.18). It is suggested that
the difference between the fluxes at the upper level iscpiatly given by the different
kind of used sensors for the determination of the latent heat fluxK@pton KH20,

B2: LICOR7500) and that the greater variability at the loweell is due to the more
pronounced influence of surface conditions. The mean energy balance cibsure
position A2 is rather perfect (98 %) and also the closure at B1 and B2 is araedliorat

5.3 Summary and conclusions

In this study data measured by the University of Basel gulEBBEX2000 are analysed.
The main focus is on several corrections of the turbulent fluxeshvene determined
by applying the eddy covariance method on sonic data of two messurdevels
(2.4 m and 6 m). An other topic is the consideration of the energydealand its
closure as well as possible factors causing the mismatalrtmflént fluxes Kl + AE)
and available energy{- G).

The influence of the corrections on sensible and latent heat tfloiglat is within the
accuracy of the measurements (a few watts per meter sqDare)g daytime sensible

heat flux is reduced and latent heat flux is augmented. At the uUppel they
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compensate each other in their effect. At the lower level ésglual of the energy
balance could be minimised by 13 %. The given conditions during EBEX2000, wi
vigorous changes in water availability due to irrigation, are mia®al. Given by the
dependency of most of the corrections on Bowen ratio or sensibléheatwhich are
both small in the present study — the corrections result ather small effect on the

fluxes.

Energy balance closure based on half hourly values is 83 % resp. 7®o wgiper
level and 73 % at the lower one. Regarding the daily sums cl@somedh better: 98 %
resp. 89 % at the upper level and 85 % at the lower level. Due todather conditions
net radiation shows an almost identical behaviour during the experinoanedt flux
depends strongly on the soil moisture content and therefore on angdttiis about
10 % of net radiation during daytime and about 50 % at night. The turbluees f
show also a great variability due to the extremely changweparanspiration.
Throughout EBEX2000 latent heat flux is greater than the reallyl s@wsible heat
flux. A special feature at the irrigated site, is the o@nwe of the oasis effect, i.e. in
the late afternoon sensible heat flux changes direction and is @od/muwtil the next
morning. A comparison of energy balance closure with differentnpeteas has not
shown a clear correlation. Anyhow, a correlation with wind dioacéind wind velocity
is suggested via the resulting source areas. Due to the appareisting moisture
inhomogeneities the question arises if the different source af¢las different sensors
represent the same surface conditions. A comparison of the residtia¢ energy
balance and the stability shows two situations: under stable conditmswse is poor,
under unstable conditions it is at least 50 %. Greater frictioniteleads to result in a
better closure of the energy balance, but during EBEX2000 friciefecity is too
small to shows a clear pattern. The same results from a dsopaf energy balance

closure with the correlation coefficient of temperature and moisture fliontigat

Therefore, the applied corrections seem to improve energy balmscee, and none of
the regarded parameters could explain the remaining residuadrdrey advective

terms seems to be a possibility to ameliorate the situation.
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Appendix A: Nocturnal low-level jet

A special feature is the daily occurrence of a nocturnal éwelljet, which can be seen
from Sodar data. HORPE& GUYMER (1977) use a simple slab model to explain it's
development. The atmosphere is split in three layers in the VéRigare Al): the free

atmosphere, and two sub-layers constituting the PBL.

a) DAY / b) NIGHT

4 / """""""" """"

height h

CBL

0 y wind speed 0 y wind speed

FIGURE Al: lllustration of the daytime and the night tinséuation in the slab model to explain the
development of a nocturnal low level jet. Shadegiaes mark the layers in which the stressiis
nonzero. The dotted line is the model assumptioa,dark line is the ‘realistic’ case of the winceeg
(adapted from HORPE& GUYMER 1977).

; E inversion height
& | // | > | / )} SBL

This model is the basis for the following explications. The developmsesplit up in
four phases:

(i) Daytime (THORPE& GUYMER 1977)

During daytime the atmosphere consists of two layers: tree dosphere and the
CBL. It is assumed that wind is geostrophic in the free atmospred logarithmic in
the CBL. Due to the turbulent mixing the momentum is evenly disatbint the whole

CBL. Pressure gradient force, Coriolis force, and frictional force are ihikegum.
(i) Transition period (MHRT 1981)

Nocturnal accelerations and intensity of the low level jet apfmebe enhanced by an
increase of the low level ageostrophic flow generated by isedestress divergence in

the lower layers due to the fact that the surface stressades more slowly than the
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downward transport of momentum associated with decreasing depthtaflibkence.
An imbalance between the stress-divergence, pressure gradieraridr&oriolis force
is created as the stress divergence increases, causiragcaleration across the
inversion. In modelling studies, the transition period is normally ethitir replaced

with an instantaneous collapse (e.gORPE& GUYMER 1977).

(i) Night time

Over flat terrain VIES (2000) specifies two processes for the formation of a nocturnal
low level jet: the inertial oscillation (BCKADAR 1957, THORPE& GUYMER 1977) and

the ‘quasi-steady’ state of the SBLIENWSTADT 1984). At sunset it is assumed that the
CBL breaks down, the two layers of the PBL become decoupled, and thdaygvesf

the PBL is instantly released of all frictional constraintssu#ming for simplicity

furthermore that the horizontal pressure gradient is constanttiwith and in each

horizontal plane the equations of motion for this upper layer may be written

du
—=+fv A.l
v (A.1)
dv
—=—fu A.2
v (A.2)

whereu andv are the horizontal wind componentds the time, and is the Coriolis
parameter. The solution of this two equations is a second order equhtisnan
oscillation. In other words, the remaining gradient force and theoloforce try to
reach a new equilibrium. As the inertial oscillation is a stoation with a rotation
period of about twelve hours for the EBEX2000 site, this new equilibcamnot be
attained until sunrise. ISUWSTADT (1984) showed that the stable layer associated with
the nocturnal inversion reaches a steady state, i.e. turbulees flug not a function of
time. This denotes that the time scale of turbulence is usomith smaller than the
time scale of the mean variables. Consequently, turbulence isnwoumiy in

equilibrium with the slowly changing mean field.
(iv) Sunrise

At sunrise convective mixing starts again, the inversion becomé&syls and also the

low level jet disappears just 2-3 hours after sunrise.
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FIGURE A2 shows some examples for the appearance of the low lavelujeng
EBEX2000. After sunset wind speed rises significantly with doastfrom NW. The
area of the highest values is situated at a height of 150 m — 300 m gintlmavalues
are measured shortly after midnight. The layer with strongdsvidecreases both in
terms of thickness and speed towards sunrise. Due to the beginningtconedter

sunrise the low level jet decreases even stronger and hadyewdéinished about three

hours later.
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FIGURE A2: Wind profiles: a) 07./08.08.2000, b) 09./10Z00 und c) 10./11.08.2000 (local time).
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Appendix B: Radiation sensor comparison

Each component of the radiation balance was measured by aweastferent kind of
sensors (see section 3.3). The decision which composite of senasesliss based on

the following comparison (Figure B1).

Incoming short-wave radiation

The values of both CM21 sensors do agree within 1 %, i.e. the differemeaximal

10 W m?. In the early morning the CM21#004 measures a few Watt per swpiare

more than the CM21#239, but throughout the remainder of the day about 5I¥gsn

The difference shows a diurnal behaviour with one maximum around 2 pm and a second
one at 7 pm. The CNR1 shows a diurnal behaviour with generally a feenpéower
values than the CM21#239, with a maximum of about -20 YWmthe afternoon.

Outgoing short-wave radiation

The data of CNRL1 are generally lower than the CM11 values (except around andrise
sunset), about -15 W'M(15 %) in the morning and afternoon, and about -10 % m
(5 %) around midday.

Incoming long-wave radiation

The comparison between the CNR1 and PIR#323 shows a pronounced darly patte
with larger values for the CNR1. At night, the difference is abott m? (1 %), and at
midday about 25 W (7 %).

Outgoing long-wave radiation

The comparison of the two sensors (PIR#207 and CNR1) shows a diurnaiobgha
but within a range oft 1%. During daytime the CNR1 shows larger values (about
5 W mi?). The daily course of the difference of the long-wave incomingcangoing
radiation and its correlation with short-wave radiation is probablydication that the
CNR1 filter transmits not only long-wave radiation but also 4 phthe short-wave

radiation.
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FIGURE B1: Difference in the measurement of each pathefradiation balance with different
sensors (absolute value and percentage):
a) incoming short-wave radiation: black: CM21#238M21#004,
grey: CM21#239 — CNR1#098,
b) outgoing short-wave radiation: CM11#939 — CNB&A8;
¢) incoming long-wave radiation: PIR#323 — CNR1&09
d) outgoing long-wave radiation: PIR#207 — CNR18:0#nd
e) radiation balance: (CM21#239-CM11#939+PIR#3I3#207)- (CNR1#098).
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Radiation balance

The radiation balance is calculated on the one hand with the fourserfishe CNR1

and on the other hand with the sensor combination CM21#239, CM11 and the two
PIR’s. The difference between them is mainly given by tHergifice in incoming long-
wave radiation. Net short-wave radiation of the CNR1 is about 53&mmaller, but net
long-wave radiation is about 20 W’higher. The CNR1 balance shows higher values
throughout the day: at night about 5 W and during daytime about 15 Wm

Conclusion

The leak in the filter of the long-wave radiation sensor of theRCNeads to an
overestimation of the long-wave radiation. The CM21#239, PIR#323, and PIR#207
were calibrated at the WRC. That means for the pyanometérthdadirect solar
radiation is obtained from the World Standard Group and the diffusetioadia
determined from a shaded standard pyranometer. For the long-wsixgmeants no
standardised calibration procedures exist. However, the pyrgeonaetersalibrated

with a black-body radiation source and include the determination ofetbeed factors

to be able to carry out the correction accordingHaIPONA ET AL. (1995). Thus, the
data of the sensor combination seems to be more reliable andsadss reference for

the radiation.
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Appendix C: Soil sensor comparison

Heat flux plates

Figure C1 shows the diurnal course of the uncorrected soil heat 8agured by heat
flux plates for the time period DOY 207 — 234. There are large difteebetween the
measurements at the ridge and in the furrow. After each tioilgdindicated by an
arrow) the courses get closer. Thus, it is suggested that thieewtdlux plates in the
furrow were still in contact with air until DOY 230. An other reador this estimation
is the fact that the values are very high. Often the soil fheais parameterised as a
part of the net radiation. For example 10 % by daytimeyS1988). As can be seen in
section 3.2 the maximum value of the mean net radiation is about 706. Whurs, the
values of the “furrow-sensors” with more than 100 V¥ ane definitely too high. On the
other hand the “ridge-sensors” seem to be too low. Anyhow, their svaies more

reasonable and their mean is used in further calculations.

200[

(W m™)

—-100 . . . . . . . . t . . . . . . . . . . . . . t . . . . )
210 215 220 225 230 235
DOY (PDT)
FIGURE C1: Heat flux plates fluxes (W fin measured in a depth of 3 cm. a: furrow, b: furrowsouth-

slope of a ridge, and d: north-slope of a ridgee &trows indicate the arriving water front.

Soil temperature sensors

As described in section 3.4.2 the value of the heat flux plates haeeatdjusted for the
part of the soil above the sensor. For this correction the sogeteture in a given
depth is needed. Figure C2 illustrates the course of the fouesgpktature sensors for
the same time period as shown in figure C1. The data series sheantbebehaviour as
the heat flux plates described above, i.e. they were not chargedatéhand therefore
still in contact with air until DOY 230. Thus, for the correctitve tmean value of the

two “ridge-sensors” is used.
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FIGURE C2: Soil temperature (°C) measured in a depth @h3a: furrow, b: furrow, c: south-slope of a
ridge, and d: north-slope of a ridge. The arrovaidate the arriving water front.
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Appendix D: Sonic data handling - method comparison

There are mainly three methods concerning the rotation of thelicate system of

sonic data: double rotatiorv£0 and w=0, according to KIMAL & FINNIGAN 1994),

triple rotation (v'=0), and planar fit ¢=0 and normally w#0, according to
WiLczak ET AL. 2001, see section 3.5.1). Triple rotation is not considered for the
present study. Two other issues are the necessity of a ldeeending and the
alignment of the coordinate system into the mean wind. The mderatite between
double rotation and planar fit is the regarded time period to cal¢batetation angles.
For double rotation these angles are calculated for each simgighile for the planar

fit method they are always the same (as long as the titieafonic is constant). To get
an idea of the influence of the different methods on kinematic tatype flux w @'
and kinematic moisture fluxv’_q' and therefore their influence on the energy baaac

comparison was done with the sonic data of posi#éh Figure D1 shows this
comparison including the result of a linear regessThere are differences between the
individual methods, but they are mostly within avfpercent and thus for the present
problem of energy balance closure negligible. Rothier calculations the planar fit
method is applied due to the fact that the calmrdabf the rotation angles is less

susceptible to sampling errors than double rotdierause many data runs are used.
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FIGURE D1: Comparison of double rotation (DR) vs. plafia(PF) at position A2. From left to right:
only double rotation, including streamline (ST)cluding linear detrending (DT), and including both
streamline and linear detrending. Top down fortivit velocity, kinematic temperature flux, sensible
heat flux, kinematic moisture flux, and latent hitax. Inside the grey area the differences are tean
+10 %.



