Technical report ; TR-303

Determination of the
surface sensible heat flux
from the structure parameter

of temperature at 60 m height
during day-time

Miranda Braam

De Bilt, 2008



KNMI technical report = technisch rapport; TR-303

De Bilt, 2008

PO Box 201

3730 AE De Bilt
Wilhelminalaan 10

De Bilt

The Netherlands
http://www.knmi.nl

Telephone +31(0)30-220 69 11
Telefax +31(0)30-221 04 07

Author: Braam, M..

© KNMI, De Bilt. All rights reserved. No part of this publication may be reproduced, stored in retrieval systems, or transmitted, in any form
or by any means, electronic, mechanical, photocopying, recording or otherwise, without prior permission in writing from the publisher.



KNMI

Determination of the Surface Sensible Heat Flux
from the Structure Parameter of Temperature at
60 m height during day-time.

Miranda Braam
MSc-student Meteorology and Air Quality
Wageningen University

Internship report: October 2008

Supervisor KNMI: Fred C. Bosveld
Supervisor WUR: Arnold F. Moene

WAGENINGEN UNIVERSITEIT
WAGENINGEN[NEHE






Abstract

Recently a scintillometer is installed at 60 m heigt Cabauw to determine the surface sensible heat
flux. Since 60 m is not located in the surface talye entire day, the applicability of Monin Obukho
Similarity Theory (MOST) is questionable. Therefarethis research two different theoretical cortsdp

determine the surface sensible heat flux from thecgire parameter of temperatw@Tzo obtained from a
scintilometer at 60 m under unstable conditions iawvestigated. The first concept assumes m%tat

60 m has to be scaled with the 60 m heat flux, e&®the second concept assumes (ﬂfaat 60 m has to
be scaled with the surface heat flux. To ensurepesable footprints oCT2 and the turbulent heat flux;

CT2 is calculated from the sonic anemometer/ thermemebservations at 60 m height instead of using
scintillometer data. Data from sonic anemometeefrtftometer systems at 3 m, 100 m and 180 m are
investigated as well.

By analyzing the fluxes at the four levels, we fduhat the 3 m temperature flux deviates from tire f
flux divergence corrected fluxes at the other Isv@lhe observed structure parameter at 3 m folliwes
one calculated with MOST, as expected because Rmih the surface layer the entire day. The
observations of 60 m show that neither of the twacepts is fully supported by the observations. The
moment of the morning transition is measured atstmae time for the local flux and the local struetu
parameter. Further, in the morning period the ddbesurface sensible heat flux show the bestireSn
the other hand, in the afternoon when MOST hastwdhid, the two methods differ a lot and the ukthe
local flux is the best option, which is caused hg teviation of the 3 m sensible heat flux. Thawfave
have done the same analysis with the surface farived from the 60 m flux corrected for temperature
storage below 60 m. These results are the samefaselfor the moment of transition, however, in the

morning period the observedT2 lies between the two of MOST and in the afternatinthe structure
parameters are comparable. Increasing of heighiljtrimn less correlation between observed and Gatled

C? and an increase in the underestimation of theutatted C2. Perhaps, other processes than surface
processes play a role as well.

Keywords: Structure parameter of temperature, Tertiusensible heat flux, Monin Obukhov Similarityhélory, Sonic anemometer/
thermometer, Scintillometer
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1. Introduction

Optical scintilometers can be used to determiree dhea averaged surface fluxes of sensible heat,
which are of interest for many meteorological agdrblogical studies. Area averaged surface fluxesoh
interest for the evaluation of atmospheric models satellite based retrieval algorithms. Recentlyxtra
Large Aperture Scintillometer (XLAS) of Kipp & Zonehas been set up over a 10 km path between the
Cabauw Tower (558.22 N, 455.57 E) and the TV tower of IJsselstein &2.72 N, 503.23 E) in the
Netherlands at about 60 m above the surface. Tiigel height is chosen to avoid saturation of the
scintillometer signal (Kohsiek et al. 2002; Kohsikal. 2006). From the scintillometer data thecttrre
parameter of refractive index of air is determinethjch is used to calculate the structure parameter
temperature. Normally the surface sensible heat iBuderived by applying Monin Obukhov Similarity
Theory (MOST) (Wyngaard et al. 1971, Wyngaard 1M8ene et al. 2004, Meijninger 2003, and others).
This similarity theory is defined for the surfaegér, where fluxes are assumed to be constantheitiht.
Due to the large height of the XLAS path at Cabatine,observations are not always located in thiaser
layer. This is especially the case in the mornitngmboundary layer height is relatively small.hattcase
the application of MOST can be questioned. Twoeddht theoretical concepts to obtain the surface
sensible heat flux from the structure parameteéewiperature at 60 m are investigated:

e The structure parameter at 60 m has to be scalgdtie turbulent sensible heat flux at 60 m
instead of the surface flux. The assumption is thate is a local relation between vertical heat
transport and the smaller scale fluctuations inttineulent cascad®wards the dissipation range.
To obtain the true surface heat flux a correctionthe energy that is used to heat the column
below the 60 m has to be applied.

e The structure parameter at 60 m has to be scakbdhg surface heat flux. Here it is assumed that
the surface heat flux is the driving force for thegest thermals, which are as large as the ddpth o
the boundary layer. These large thermals are brak®nsmaller eddies, which determines the
structure parameter throughout the boundary layensequently, we assume that Monin Obukhov
similarity theory can be stretched to higher lewelthis case.

We test the concepts with sonic anemometer/therrtenebservations from the Cabauw tower for a
number of clear convective days in May 2008. Thecstire parameter for temperature at 60 m is derive
from the sonic anemometer/thermometer after cafiection for small-scale attenuation. Subsedyent
the structure parameter is compared with the sarfmsible heat flux and the flux at 60 m. The soni
anemometer/thermometer at the tower is used andheotscintillometer, to minimize problems of a
different footprint between the turbulent sensibéat flux observations and at the structure pamnudt
temperature, since the XLAS measured along a palttereas the tower measurements are local. To
complete this study, heat fluxes and structurerpaters derived from the sonic anemometer/ thermenset
located at other levels at the Cabauw Tower (309, and 180 m) are investigated as well.

The main research question is as follows:

¢ How should the surface fluxes be calculated froma #tructure parameter of temperature
determined at 60 m under unstable conditions, ésheéor the morning period if the 60 m level
is situated above the surface layer?

With the next sub questions:

e Does the structure parameter that is determiné&® at, 100 m or 180 m correlate better with the
turbulent sensible heat fluxes at the respectieation or with the surface fluxes? Or in other
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words, is the structure parameter at the respeldixed more sensitive to local turbulent transport
around that level, or more sensitive to turbuleotpsses at the surface?

« Are the observed values for the structure paranst@&0 m, 100 m or 180 m more comparable
with the structure parameter calculated with MO®AnT the turbulent sensible heat flux at the
respective level or the one calculated with MOSnfithe turbulent heat flux at the surface?

« Do the sonic anemometer at 60 m and the scintilemevhich is also situated at 60 m, give
comparable values for the structure parametenopézature?

In chapter 2 some theory about turbulence, stragharameter and MOST is given. Information about
the set-up, the dataset and the applied correctiansbe found in chapter 3. In chapter 4, the tesare
presented and discussed. Finally, the conclusindsame recommendations are given in the last ehapt
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2. Theory

2.1 Turbulence
In the convective atmospheric boundary layer, thennprocess to transport heat, moisture and

momentum is turbulent transport. Some featurestmbspheric turbulent transport are (de Bruin, 2005;
Moene and van Dam, 2008; Stull, 1988):
e Turbulent transport is irregular and chaotic incgpand time.
« Turbulent transport consist of rotational three-elisional whorls of various sizes, called eddies.
The largest eddies have the same order of magrétsitiee boundary layer depth.
e Turbulent transport is diffusive, which causes thett, moisture and momentum is efficiently
well mixed in the whole boundary layer.
e Turbulent transport has large Reynolds numbers.
e Turbulent transport is dissipative: large eddiesegated by wind shear and buoyancy are broken
into smaller eddies (energy cascade process), wieishlts in energy at the larger scales being

o . . 4 : .
dissipated into heat at smallest scales (Kolmogon@ro scale:n = (v3/£)]/ , in which v is the

kinematic molecular viscosity angd is the dissipation rate).
A consequence of the dissipative feature of tumtuliansport is that one distinguished turbulemce i
different length scales. Eddies with a length s¢ale much smaller than the large scales and larger th
the smallest scales, are situated in the inertibl ringe [ <<| <<L,, in which I, the inner scale, is

related to the Kolmogorov micro scall; = 747 and L, is the outer scale). In this range, energy is only

inertial transferred from large to small scalegj aeither produced nor dissipated. Consequentiyhere
the inner scale nor the outer scale plays a roléhéndimensionless analysis in this range. By adpgly
dimensionless analysis, it can be found that in itiextial sub range the relation between the one

-5
3

dimensional temperature spectruigg § and the wave numbek() has the form of:g Ok /, which is

sometimes called the -5/3 behaviour (Nieuwstad?8].9

Because of the irregular and chaotic feature dful@nce, statistical techniques are needed to itbescr
turbulence. Often the variance and covariance see to describe turbulence; however, for this study
are interested in the structure function and stmectparameter. Another consequence of the above
described features of turbulence is that the psmeare non-local. This means that turbulence dispeot
only on the local atmospheric variables, but alsatmospheric conditions at other locations anottaer
times, due to the mixing of air by eddies with ssalhat range over several orders of magnitudetheln
surface layer, the dominant processes of turbuypeostluction at a certain level are the processdbeat
surface, whereas processes in the rest of the boyrayer, such as entrainment processes, plagsa le
dominant role. The surface layer is defined asldweest 10% of the boundary layer. In this layer the
turbulent fluxes are assumed almost constant waight; the fluxes differ not more than 10% of the
surface fluxes. Therefore, another name for thygrlas the constant flux layer. The lowest partthod
surface layer is the roughness sub layer; hersfhinces of roughness obstacles on the meangsdaie
visible. In the layer above, sometimes called ttegtial sub layer, these influences on the meamtiies
are not visible anymore. The log-linear shape efwind profile under neutral conditions charactsithis
layer. Furthermore, MOST can be used in this Igger Bruin, 2005; Moene and van Dam, 2008; Stull,
1988).
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2.2 Structure function and structure parameter
As mentioned before, we use the structure fundiiodescribe the statistical properties of turbuéenc
The structure function for temperature is definsditee average (in time or space) of the squardef t

temperature difference between two measurements.strhcture function of temperatur®£ ) between

two measurements in space is defined as (Stull8;1B8sveld, 1999; Moene et al., 2004; Meijninger,
2003; Wyngaard, 1973):

Drro(r) = (T(x+r)-T(x))? @)
in which the subscript s indicates that it is thmatil structure function,T(x) and T(x+r) is the
temperature of the two measurements in spaceaistthe spatial separation between the measurements

For spatial separation that are situated in thetimlesub range I <r <L), similarity theory gives a

relation between the structure function and stmaacparameter((:Tz):

Dpr(r)=CF 3 %° 2
The relation of equation 2 indicates that in thertiml sub range the structure function is projodi
to the spatial separation, in which the structuezameter is the proportion constant. The structure
parameter of temperature corresponds to temperfititeiations, for this reason, minimum values@
should be found if the turbulent sensible heat fluxero. This occurs around sunrise and sunsedn wle
boundary layer is neutral. Because, most of thep&rature fluctuations are in the lower part of the
boundary layer, thtﬁZT2 decreases with height.
The structure function of temperature in time ifrda as follows:

Drr,(7) =(Tt+7)-T(0)? )
in which the subscript t indicates that it concetires temporal structure functiofi(t) and T(t +7) is the

temperature of the two measurements in time, mnsl the time lag between the two measurements.

The temporal structure function can be calculatéti & sonic anemometer/ thermometer. However,
often the spatial structure function and especithlty spatial structure parameter are of interestddrive
the spatial structure function from the temporalucure function, we have to convert from time
coordinates to space coordinates. By (a) assunaigisary and horizontal homogeneous condition}, (b
applying Taylor hypothesis and (c) assuming thatdaviation of the wind vector has a three dimeraio
Gaussian distribution, Bosveld (1999) convertsciberdinates systems as follows:

D7 (7) _ D7, (r/U)

Drrg(r) = = (4)
T (el 10l 1ok ([ 1od 10i 10d
902 302 302 9U? 3U? 3U?
in which, O'UZ,V,W is the variance of respectively the deviation feé tnain wind vector in the u, v and w

direction andU is the length of the averaged wind vectdK(U (t)>2 +<v(t)>?).
To calculate the structure parameter of tempere(mfe) from the structure parameter of the refractive

index of air (Crf), which is determined from the scintillometer meaasnents, the next assumption can be
used (Meijninger, 2003; Moene et al., 2004):

2 -2
c2=c? GT—2(1+ E’J
A2

5
3 ©®)
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in which g is the Bowen ratio andA? is a function of the wavelength and the mean wlog

-2
temperature, humidity and atmospheric pressure.fatier (1+%J is called the Bowen correction,

which is a correction for humidity related scirgtlbns.
For a wavelength in the near infrared region, tirefion is as follow (Andreas, 1988):
A, =-07810° 5_? +0.126010°R, [p, = -078010° E_? (6)

in which P is the pressureR, the specific gas constant for water vapour (4615 kg?) and p, is the

absolute humidity.

Determination of the Surface Sensible Heat Fluriftbe Structure Parameter of Temperature at 60ighhéuring day-time. 8 - 36



2.3 Monin Obukhov Similarity Theory

From the spatial structure parameter of temperahadurbulent sensible heat flux can be calculated
by applying the Monin Obukhov Similarity Theory (MbD). MOST is determined for the inertial sub layer
under stationary and homogeneous conditions. MQSderived from the observation that the statistical
structure of turbulence in the surface layer ityfdetermined by three parametets, the friction velocity,

%W the buoyancy surface flux anzl the height from the surface. In MOST, the followviaquations

are used, in which equation 8 till 10 are the dtfins in MOST and equation 7 is an example how the
structure parameter of temperature can be scaled:

/
(2] >

T.2 Lob
T. =- "‘:_T (8)
u, ={uw’ +vw’ 9
Lao :;%{i :% (10)

in which T. is the temperature scalkg, is the Obukhov Lengthw'T' is the kinematic turbulent sensible
heat flux, because of the kinematic form we will tais flux the turbulent temperature flux fromwan,

uw and vw are the turbulent momentum flux in respectivelyand v-direction,x = 04 is the von

Karman constant andj = 981Ims? is the gravity acceleration. Several expresmmsf{—] exist in
Ob

literature for stable and unstable conditions (Waarg 1973; Hill et al. 1992; Andreas 1988; de Betial.
1993, for an overview see Moene et al. 2004). Fstable conditions the equations are given in Table
and Figure 1.

The structure parameter of temperature obtained fhe structure function as described in secti@n 2.
is compared with those obtained from MOST. To itigese if the structure parameter of temperatura at
respective level is more sensitive to turbulenhgport around that level or to turbulent procestethe
surface, MOST is applied in two different waysthe first way the structure parameter of tempeeathe
surface turbulent fluxes are used (MOSTSs). Thibésstandard way of using the MOST. By using MOSTs
we assume that the surface is the driving forcetlfi@rmals in the boundary layer. Since the large
influences of the surface, we assume that MOSTbeastretched to higher levels. On the other haral, t
second method (MOSTI) calculates with the turbufentes at 60 m, 100 m or 180 m. This way of using
MOST is comparable with the local scaling hypothdsiat is often used in the stable boundary layer
(Nieuwstadt, 1984).
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Table 1 Several expressions for the similarity fiomcunder unstable conditions

Z
The expression forf| — The references
ob
-2/3
VA VA
f (—J =49 [El— 7—} Wyngaard (1973)
Lop Loo
_W3
f £ |= 4.9E€1— 6.1LJ Andreas (1988)
Lob ob
-2/3
z z .
fl—|= 8.1E€1—15—J Hill et al. (1992)
Lob ob
_2/3
fl—2_|=49 [El— gij De Bruin et al. (1993)
Lob Lob
10 [ i
- Wyngaard (1975) —— 4
- Andreas (1988) ------------ -
8 Hill et al. (1992) —=—=—-

~ de Bruin et al. (1993) —-—-—-— -

0.01 0.10 1.00

Figure 1 The equations for the similarity functiomder unstable conditions, as given in Table 1.
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3. Data

The data have been measured at the Cabauw tow&8(22 N, 455.57 E) in the western part of the
Netherlands. The area around the tower is an opstuge terrain for 400m (Van Ulden en Wieringa,
1996). The analyzed period is from 3 May 20081tilIMay 2008. This period is chosen, because itistins
of cloud free days, and the synoptic weather camditshow only a little variation.

The data is processed in Mobibase ‘A database myf&ie micro meteorological observations’ (for
more information about Mobibase see: http://www.knif-bosveld). From Mobibase all the in-situ
observations are available, averaged over 10 amdiBtes. We used the 30 minutes averaged datessunl
otherwise noted.

3.1 The sonic anemometer/ thermometer
Set-up

The sonic anemometer/ thermometer (Gill Sole.,
R3, sample frequency: 10Hz) is used (a) to caleul
the turbulent fluxes and (b) to obtain the struetL
function of temperature, as described in section
The sonic path has a distance (L) of 0.15m. Four
these sonic anemometer/ thermometers are instlle
respectively 3, 60, 100 and 180 m height. The dne
3 m is located at a small mast approximately 20(
north of the main tower. The other turbulenc
instruments are placed at the South-East boontseof
tower. With easterly winds, as in the case for t
period analyzed here, no significant tower flo
obstruction occurs.

Data processing
The temperature and the turbulent temperat

flux calculated from the sonic anemomete
thermometer observations have to be corrected
wind speed and humidity (Schotanus et al. 1983; |F|gure2The sonic anemometer/thermometer at3m.
et al. 2001; Gill Instruments Ltd., 2002). The wisgdeed correction is already internally done in the
instrument, according to equation 21 from apper@iof Gill Instruments Ltd. (2002). To correct the
turbulent heat flux for humidity only, we use thst part of equation 12 of Liu (2001):

WT, =wT, - 05WQq,T (12)

in which the primes are the fluctuation.

For the turbulent temperature fluxes tilt correatire applied as well (Lee et al. 2004). The 3 rauient
flux is also corrected for low frequency loss doeatfinite averaging, whereas at the other levals is
neglected because the correction is small (Bost€ig9).

To determine the structure function of temperathremidity corrections as in equation 1 of Liu have
to be applied. However, the temperature from theicsanemometer/ thermometer and the humidity
measured by a Licor show always a bias compar#ukttrue temperature and humidity. This bias dags n
vary over time intervals used here to determinesthgcture function. Consequently, this observatian
directly be used to derive the structure function:
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(et +7)-Telt)* = (ol + 7)) (12)
According to Liu et al. (2001), the temperaturefuation corrected for humidity is:

T =T,-051'T (13)

in which T/ is the corrected temperature fluctuatidy, is the temperature fluctuation measured from the

sonic anemometer/ thermometey, is the specific humidity,T is the mean temperature. The correction
for the structure function of temperature now beesm
[T.(t+7)-T.(t)] = [T;(t +7)-To(t)+ 0517 (q't) - o'(t + r))]2
= [r(t+1)-T.(t)+ 0517 (a(t) - ot + 7))

The mean air temperature is measured with KNMI @#l@ments at 200, 140, 80, 40, 20, 10 and 1.5 m.
To determine the temperature at 3 m, 60 m, 100an1l&0 m a linear interpolation between the two esar
levels is done. The specific humidity fluctuaticare obtained by an open path sensor measuring Hymid
and CQ open path sensor, the Licor 7500. Licors are platethe same height as the sonic anemometer/
thermometer.

Initially, the temporal structure function of termpwire is determined for fixed time lags varyingnfr

0.1 s to 2 s. Consequently, the spatial separétienr (U ) varies in time after conversion of the temporal
structure function of temperature to the spatialctire function according to equation 4. The laraftthe
averaged wind vector and the variance of the maimdwector are also determined with the sonic
anemometer/thermometer. The structure parameteletermined with equation 2, for several spatial
separations. To check if the spatial separationsétated in the inertial sub range, in section thd
temperature spectrum is shown. The temperaturdrspedés calculated with the raw temperature data of
the sonic anemometer/ thermometer by Fast Fourgmsform (FFT), with a segment length of 1024 s and
a window of Welch.

From the spatial structure function and the spatglaration, the structure parameter of temper&ure
calculated. A disadvantage of using the sonic ameeter/ thermometer to determine the structure
parameter is that the temperature fluctuations lemtidan the path length, L, is not taken into actoTo
correct for these spectral losses, we use theatmmneof Hartogensis et al. (2002):

(14)

L . B
c2, =C2 DgL—ZZJ.(L - x)((r 24 x2)5 —x: jdx} (15)
0

in which CZ,, is the corrected andC?, is the measured structure parameter for temperafline
integration is done numerically.
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3.2 The scintillometer
Set-up

An eXtra Large Aperture Scintillometer (XLAS) froKipp & Zonen is set-up between the Cabauw
Tower and the TV tower of IJsselstein {82.72 N, $03.23 E). The XLAS transmits a light beam with a
near infrared wavelength of 880 nm. The apertuaendier has a size of 0.328 m. The distance bettheen
two towers is 9.8 km. The transmitter is instal&dhe TV tower at 62.1 m height; the receivensalled
at the Cabauw tower at 61.7 m height. Consequehtiyheight of the optical path above the surfadbeén
59.9 m, which is the averaged height of the receavel transmitter minus 2 meter for the earth’svature
at the middle of the path (Kohsiek, et al. 2002).

Data processing
The structure parameter of temperature is calalifiten equation 5. For the temperature we used the

10 m temperature. The Bowen ratio is determinethftbe turbulent fluxes at 60 m, which are measured
with the Licor and sonic anemometer/thermometee Bbwen correction is not applied for Bowen ratios
around -0.03 £004< 5 <-002), because the Bowen correction becomes almosttkierp consequently

the structure parameter of temperature would beartremely large.
We use the simplification of equation 6 to caloalwt? from the 10 m temperature and the surface

pressure. The latter is measured at an automatithee station site, 200 m southwest of the mairetow
The instrument is a Paroscientific 1016B-01.

Figure 3 The receiver of the scintillometer at@sbauw Tower at 61.7 m.
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3.3 Data for MOST
For the use of MOST we need still some other dEte. friction velocity is calculated for the various

heights with the turbulent momentum flux obtaineahf the sonic anemometer/thermometer. The turbulent
temperature scale and the Monin-Obukhov lengthcaleulated with various combinations of the friatio
velocity and the turbulent temperature flux for G@&m-, 100 m- and 180 m-level. For the first cldton
(MOSTI) the friction velocity and the turbulent tperature flux at the respective level are used. The
second calculation (MOSTs) makes use of the frictielocity at the respective level and the turbulen
temperature flux at 3 m. We use also the fricti@bority of the 60 m-, 100 m- and 180 m-level here,
because in Cabauw a divergence in momentum flUwvuad, due to a difference in regional and local
roughness (Beljaars, 1982). Consequently, the rdiffee between the local and surface calculations
corresponds with the use of respectively the |l@ral surface turbulent temperature flux. All theduse
combinations are presented in Table 2. The temperah the equation for determining the Monin-
Obukhov length is taken from the 10 m level.

3.4 Selection of the data
This research considered only unstable conditidftsether the atmosphere is unstable or not is height

dependent. Therefore, the selection depends oolikerved level. For every level only data is selct
where the turbulent temperature flux of that lasglositive.

The data is split in two groups for the 60 m-, b@0and 180 m-level. The first group contains data
where the respective level is located above thiaseidayer, the early morning period, whereas dwoisd
group consists of data measured in the surface.|@ye surface layer height§ ) is determined as 10%

of the boundary layer heightz(): zq = 01[¥ . The boundary layer height is determined from dxita
wind profiler (LAP 3000) following Klein Baltink athHoltslag (1997) and Beyrich and Gorsdorf (1995).

Table 2 The combinations of friction velocity amdldulent temperature flux to calculate the tempeeascale and the Monin Obukhov Length.

3m 60 m 100 m 180 m

o

MOSTI | MOSTs | MOSTI| MOSTs| MOSTIl MOST

Friction velocit
y U 3 Us 60 U g0 Us 100 Us 100 Us 180 Us 180

Turbulent temperature, /T, WT'so |WT'z3 |WT0 |[WT'3 | WT1s0 | WT'3
flux
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4. Results and Discussion

4.1 Defining the inertial sub range

Before we investigate the behaviour of the stricparameter at the various heights, we determine fo
which time lag the relation of equation 2 is valid.other words, we have to find out which wave ens
or frequencies are positioned in the inertial sarge, since the relation is only valid in this rngquation
2 implies a -5/3 power behaviour in the high freqmepart of the spectrum. The temperature specisum
calculated with a FFT from the raw temperature dzftdahe sonic anemometer/ thermometer. So, the
temperature is only corrected for wind speed artdarchumidity and spectral losses at the high diertcy
area. Figure 4 shows the temperature spectrum ,f@03 100 and 180 m at 4 May 2008 1200 UTC
averaged over 2 hours. All the four temperaturetspenave a -5/3 behaviour, however, the correspgnd
wave numbersK ) of the inertial sub range are not the same fentdrious heights. At 3 m the inertial sub
range is from approximately 0.2"niill 0.6 m*, which corresponds with a frequency { between 0.8 Hz

and 2.3 Hz k = f /U ). This range is small in comparison with the rangethe other heights. At 60 m the

range varies from about 0.03™ill 0.2 m™ (0.15 Hz till 1.0 Hz), at 100 m the inertial sunge is between
0.01 m" and 0.2 rit (0.05 Hz and 1.06 Hz) and at 180 m from 0.03titi 0.2 m™ (0.17 Hz till 1.12 Hz).
The reason for the smaller range at 3 m is thaptbduction of turbulence occurs at smaller sca\ege,
that as a consequence of aliasing the values otetfmperature spectrum are too high for high wave
numbers. Based on the results of Figure 4, we @htos following time lags for 3m: 0.5s, 0.6 &7 6,
0.8 s and 0.9 s. For the other heights we usedltigseof 1.6 s,1.7s,1.8s, 1.9 s and 2.0 s.

To ensure that these time lags are located inntbial sub range, Figure 5 shows the time evatutio
for the structure parameter of temperature at the heights. As can be seen, the structure pararoéte
temperature gives similar results for the varidogetlags at 60, 100 and 180 m, which indicate that
time lags are in the inertial sub range. The restdt the five lags at 3 m differ more than theesth
locations; a difference around 5% between is foutholvever, this is to be expected for this low level
because due to the production of small eddiesrtedial sub range is narrow for this location. Froow

on, we use atime lag of 0.7 s for calculating@ﬁeat 3 m, and a time lag of 1.8 s for the otherleve

WO0.0000;“ e 3 10,0000 [T o Ay g g
i (a) 3 i (b)
L [ HF—
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E 1.0000 & X\X 3
£ XK‘( ]
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Figure 4 The temperature spectrum for (a) 3 anch@hd (b) 100 and 180 m at 4 May 2008 1200 UTC.ddtted grey lines shows the -5/3
behaviour.
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Figure 5 The time evolution of 10 minutes averagedected structure parameter of temperature & &) (b) 60 m, (c) 100 m and (d) 180 m
averaged over the nine days. The small plots itfigluees are an enlargement from 1030 till 1130 UTC

As is shown in Figure 5, the structure parameteteofperature decreases with height. The values at
3 m are 10 times higher than for 60 m, which iagneement with the theory. Something remarkabteen
figure is that the structure parameter has an emasnpeak at 100 and 180 m in the morning, befag th
reach their minimum. The peak can be observed ah @38 well, however, this one is much smaller. The

large values ol’CT2 indicate a large amount of temperature fluctuajaovhich probably happened because

the respective levels are situated in the entramraene. This is supported by the result that tsakp are

not found at the same moment; the one at 180 mO(QAW) occurs about one hour later than those of
100 m (0600 UTC).
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4.2 Boundary layer development: Boundary layer height and turbulent temperature
fluxes
In a quasi-stationary boundary layer, temperatiuget decrease linear with height and reach their

minimum in the entrainment zone. In the surfacedathe fluxes are assumed to be constant withhheig
the fluxes differ not more than 10% of the surfflce. Consequently, we assume that the surfacer laye
depth is the lowest 10 percent of the boundaryrldf¢he observations are located in the surfaget, the
Monin Obukhov similarity theory is supposed to ladid;, since the theory is defined for this layeince,

the time evolution for boundary layer height and thrbulent temperature fluxes are important far th
application of MOST, we analyse both parametethigsection.

The development of the boundary layer is quite caraiple for the 9 days (figure not shown). The
boundary layer starts growing around sunrise (080C). It reaches the 600 m level between 0930UTC
and 1030UTC. Consequently, only in the early magrtimee 60 m level is not located in the surfacelaye
Then, the boundary layer is growing very fast: abid000UTC and 1100UTC the boundary layer is
1000 m deep. At the end of the day, the boundamsrlaeight reaches it maximum around 2000 m. Only a
5 May the boundary layer did not become deeper 1380 m.

Figure 6 presents the time evolution of the foubtlent temperature fluxes averaged over the nine

days. As expected the fluxes decrease with hefgtite morning period, when the surface layer idl@iva

In the afternoon, we see that the values and thierpaof the fluxes at 60 m and 100 m are almost
comparable: a constant flux layer. The 180 m flnaves a comparable pattern with the 60 m and 108 m a
well, however the values of the 180 m flux are lott®an the 60 m and 100 m, which we expected becaus
the turbulent flux decreases with height outsidedtirface layer. Surprisingly, in the afternoon3hma flux

is lower than the 60 m and 100 m flux, and more garable with the 180 m flux.

The deviation of the 3 m flux can also be obserfrech Figure 7. The figure shows the 3 m flux
together with the fluxes corrected for the fluxefigence of 60 m, 100 m and 180 m level. Flux diercg
correction is performed by adding the change ofpinatture storage in the air column below the
measurement levels, assuming no advection. Invthig the fluxes can be directly compared with each
other. From the figure we observe that firstly fluges at the higher levels are comparable wittezhber,
especially in the afternoon. Secondly, the 3 m fi@xiates from the other fluxes. During the whodg/,d
the values of the 3 m flux are almost 30 % lowantthose of the other fluxes.

One possible reason for the differences betweenutfiilent temperature flux at 3 m and the other
heights can be that the instrument at 3 m measamesher footprint. If for instance the soil of the
surroundings is drier than the soil around the towee latent heat flux measured at higher levehigller
than the one at 3 m and the sensible heat fluetatgowever, further investigations are neededite g
complete explanation of the deviation of the 3 ax fl

Despite of the deviation of the 3 m turbulent Haat, we choose to use the normal 3 m turbulent flu
in the section 4.3, 4.4 and 4.5. Note, that theafshe measured 3 m flux could cause that thecttra
parameter of temperature calculated with the MOSIO ahe turbulent temperature flux at 3 m
underestimates the directly observed one at 6000,nil or 180 m. Another, possibility is to use for
instance the 60 m flux corrected for the flux dg@mce as an approximation for the 3 m turbulent fhes
instead of the direct measured one. An advantagiheflast method is that the footprint between the
approximated 3 m and 60 m turbulent fluxes arestimae. In section 4.6, we investigate the use ofitixe
divergence corrected 60 m flux.

Determination of the Surface Sensible Heat Fluriftbe Structure Parameter of Temperature at 60ighthéuring day-time.17 - 36



0.08

0.06
T
(%]
S
X 0.04
—
=
0.02
0.00
7002 1 ‘ 1 | ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 1 1
4 6 8 10 12 14 18
e
Figure 6 The time evolution averaged over the seglected days of the turbulent temperature flu&rmat0) 60 m (+), 100 m (*) and 180 m(x).
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Figure 7 The time evolution averaged over the wielected days of the turbulent temperature flug at ), and the for flux divergence
corrected turbulent flux at 60 m (+), 100 m (*) at®D m (x).
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4.3 The structure parameter of temperature at 3 m
In this section, we investigate if MOST is valid four dataset and which of the proposed equations

gives the best result. We will do this by analysihg 3 m observations, since this level is locatethe

2 2/3
surface layer the entire day. Figure 8 shows trsziafed similarity relation betweefz— and %
Ob *

for 3 m and the published relationships that aretioneed before. As can be observed, the data show a
similar pattern as the proposed equations, whigh gifirst indication that for 3 m MOST is reliablEhe
similarity equation proposed by Hill et al. (19923s the best fit through the data especially umdear
neutral conditions. It is not surprising that tleiguation fits quite well here, because the equasoan
adjustment of those of Wyngaard (1973) to betteh& near neutral data. The equation of Hill eisalised

z : : .
from now on. For- —— < 003 more scatter is found. In this region, the obsédata show larger values
Ob

2 2/3
for the £
T2

*

in comparison with the proposed functions. Theresponding times of these

observations are in the late afternoon (light gweints), when the turbulent temperature flux is mad

still some temperature fluctuations are observéa dmall fluxes cause that the temperature scalentes

small as well, whereas the structure parameter natl become zero due to the observed temperature
] ] ] C‘I? Q2/3

fluctuations, which caused the high-observed values_l_—z.

In Figure 9 the variation in time, averaged ovedds, of the structure parameter of temperature
measured with the sonic anemometer/ thermometercaledlated from MOST are plotted, as well as the
3 m turbulent temperature flux. The bold part of tmes represents the unstable conditions, wHeze t
turbulent temperature flux is larger than zero. Hogation of Hill et al. (2002) gives almost thensa
results as observed from the sonic anemometemhtiraeter during daytime. When the turbulent flux is
about zero (neutral conditions) around 0600 UTC 4600 UTC, the temperature fluctuations are small.
Consequently, both structure parameters reachrtigimum.

Figure 10 presents the 3 m observed data of thetste parameter of temperature observed from the
sonic anemometer/ thermometer against the one deshpguom MOST. There is a good correlation
between the observed and computed values for thetste parameter: the correlation coefficient.830

The best fit through the data has the form®§,,osr = 089[C2Z,,. + 27107, Hence, the values of the

structure parameter from MOST slightly underestentéie measured values from the sonic anemometer/
thermometer.

Altogether, the three figures shows that the resafithe structure parameter of temperature caledla
with MOST are comparable with those directly ob¢girirom the sonic anemometer/ thermometer at 3 m.
This indicates that MOST is a good tool to estim#ie surface sensible heat fluxes from the stractur
parameter of temperature close to the surface.
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4.4 The structure parameter of temperature at 60 m

In Figure 11 the time evolution of the 60 m struetparameter of temperature measured with the sonic
anemometer/ thermometer, the scintillometer andutaied from MOST are given, as well as the tunbule
temperature flux at 3 m and 60 m. The measurecctsirel parameter from the sonic anemometer/
thermometer and the scintillometer are quite comipiar The minima of both structure parameters of
temperature are on the same time, at 0700 UTCanmbrning and 1600 UTC in the afternoon. In the
morning these minima are found at the same timenwhe turbulent temperature flux at 60 m is around
zero, which is almost 2 hours after the moment wifienturbulent temperature flux at 3 m goes through
zero. Minimal temperature fluctuations under ndutmnditions cause a temperature flux of around zer
and a minimum in the structure parameter of tempegaas well. Thus, in the morning transition pério
the pattern of the structure parameter at 60 novialthe pattern of the local turbulent temperaftlune at
60 m. The peak in the structure parameter at 0580 Worresponds with the minimum turbulent
temperature flux, which indicates that the maximumthe structure parameter is found because the
entrainment layer is around the 60 m-level, as meatl before.

One difference between the observations from tiikometer and the sonic anemometer is that the
first one gives smoother results, which is probalalysed by the difference in footprint and pathragieg.

The observations of sonic anemometer/ thermometetogal measurements, whereas the scintillometer
measures along a path. Consequently, the sonicanetar/thermometer is more sensitive to temperature
fluctuation of one local eddy, which caused a largariation in the signal. The correlation coeffict
between the data of the sonic anemometer/ thernewraetl the scintillometer is 0.80.

Although, the minimum of the structure parameter6@tm occurs at the same time as when the
turbulent flux at 60 m becomes positive, it does say anything about the behaviour of the structure
parameter in relation to the temperature flux dyrihe day. Therefore, the structure parameter of
temperature calculated with MOST is plotted in Fegdl as well. Note that the structure parameter is
calculated from the temperature flux at 60 m argl fifiction velocity at 60 m (MOSTI) and from the
temperature flux at 3 m combined with the frictiaocity at 60 m (MOSTSs).

The structure parameter of temperature calculatad the temperature flux at 60 m shows a variable
pattern, whereas those calculated at 3 m is mudotrer. At 3 m the eddies are smaller than at Ghth
much more eddies pass the sensor during the amgrigie resulting in statistically more stable \veduAs
expected, the structure parameter calculated fr@mr60 m turbulent temperature flux reaches its mmimn
around 0700 UTC, at the same moment as those lgidaterved. The structure parameter calculatea fro
the 3 m temperature flux reaches its minimum eailietime. However, the values of the structure
parameter calculated with MOSTI are lower in corgaar to the one measured with the sonic anemometer/
thermometer, and those with MOSTs are more comigatiby the afternoon, the opposite is observed: the
structure parameter calculated from the 60 m teatper flux is quite similar with the measured oranf
the sonic anemometer/ thermometer. The resultauledddd from the 3 m level are smaller. This is an
unexpected observation and does not follow ondeftivo theoretical concepts. Since, we expectithat
the afternoon, when the 60 m level is located i@ shirface layer, MOST is valid. Consequently, the
structure parameter calculated with the 3 m tempegdlux has to be the same as the one calcukted
60 m and the observed ones. The reason for thd gataés of the structure parameter measured i t
3 m flux is that the 3 m flux is smaller as wel, raentioned in section 4.2.

The conspicuous results found in Figure 11 areigoefl with those from Figure 12. Figure 12 shows
the observed structure parameter of temperatuiesighose calculated with MOST. Two different gosu
can be distinguished: dark colours indicate timégmwthe 60 m level is outside the surface layeryea
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morning period), while light colours are momentsenh 60 m is situated in the surface layer (the
afternoon). For the last period MOST is supposeduktoalid.

Considering the data during the whole day, we peediat the data calculated from MOSTI correlates
better than those of MOSTs with the observed datheosonic anemometer/ thermometer. The correlatio
coefficient of the first is 0.81, whereas the setbas a correlation coefficient of 0.71. In botlses the
correlation is much worse than the correlation leetwthe observed and measured structure paranteter a
3m. The best fit through the data calculated wile 60 m temperature flux has the form of

C2\10sn = 114[CZ ;. — 65010, The equation for those calculated with the 3 mpterature flux is as

follows: CZ o = 077C2 ;. — 29107, The first one underestimate the structure paramet

temperature measured by the sonic in particulamvameall values are observed (the morning periodg T
second one on the contrary underestimates espetigher values, which already was observed in
Figure 11.

In the second place the data outside the surfaes laill be discussed. On average, for these days
60 m is situated outside the surface layer tilllabb000 UTC. From Figure 11, one can already oleserv
that at this time the use of the 3 m turbulent terajure flux gives reliable results, while the w$ehe
60 m temperature flux underestimate the structararpeter. The linear fits through the data in Fegl2
shows just the same. Moreover, the correlation éetwthe calculated and measured data is 0.80 icee
of using the 3 m turbulent temperature flux; whertree correlation coefficient using the 60 m flaxaiuch
lower (0.66).

Lastly, for the data inside the surface layer MOSHdw almost a 1:1-relation with the observed data.
On the other hand, MOSTs underestimated the steigtarameter of temperature. Furthermore, a higher
correlation between the structure parameter cdkdilffom the 60 m turbulent temperature flux anel th
one of the sonic anemometer/ thermometer is fobad between the one measured at 3 m. The first one
has a correlation coefficient of 0.84 in comparisath 0.72.

2 —,2/3
The similarity relation between the stability paeter I and the dimensionless groupc:%
Ob *

for the 60 m level is presented in Figure 13. Fa talculation of the Monin Obukhov length and the
temperature scale the combinations of the turbulmperature flux and the friction velocity accowglito
Table 2 are used. Because the stability parametbeight dependent, one can observe that theistabil

parameter is larger for 60 m than for 3 m (Figuye@uring unstable cases withi >1, most of the
Ob

data follows the proposed equations. Only some gdatats in the early morning (from 0600 UTC till
0900 UTC) calculated with the temperature flux @tn6 and the friction velocity at 60 m are larger. A
reason for the larger values is that the turbulemiperature flux at 60 m has low values (Figure Whjch
result in small values for the temperature scale.

However, under more neutral conditions the obserdath deviates more from the equations,
especially the data calculated with the 3 m tunbufix. In general, the times when these data tscéme
observed are in the afternoon. As already showidnre 6, in the afternoon low values for the tuielt
temperature flux at 3 m are found, which caused dkerestimation in the temperature scale and
consequently in the dimensionless group as well.

Overall, the data do not confirm one of the twaootle¢ical concepts. The transition between stabte an
unstable conditions of the observed structure paramof temperature at 60 m is comparable with the
transition measured by the 60 m turbulent flux. ldger, in the rest of the morning period the observe
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structure parameter follows the one calculated with3 m temperature. During the afternoon, if@éhan
level is situated in the surface layer, the obg@wma do not follow MOST. Since, the turbulent tesrgture

flux at 60 m is larger than the one at 3 m andesninore than 10%, th€T2 calculated with the

temperature flux at 60 m correlates better than 3hma flux. In general, the structure parameter of
temperature defined by MOST underestimates thenmesured from the sonic anemometer/ thermometer.
To gain more insight into the unexpected result80m and because sonic anemometers/ thermomegers a
installed at 100 m and 180 m as well, these dad&s@issed and compared with the data at 60 neinett
section.
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Figure 11 The time evolution averaged over the sglected days 0¢;T2 observed from the sonic anemometer /thermome®&® at (x), and

the scintillometer at 60 m (*), calculated with MD8sing combination | (+) and s)(from Table 2. As well as the turbulent temperafilux
at3 m (grey) and 60 m (black). Bold are the uristabnditions (v T¢,,, > 0)-
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Figure 13 As in Figure 8, but now the data is otgdifrom the turbulent temperature flux and thetitrh velocity both at 60 m (+), and from

the turbulent temperature flux at 3 m with thetfoie velocity at 60 m«), respectively combination a and b from Table @teNthat for the
structure parameter the data of the sonic anemaoftieéemometer is used.
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4.5 The structure parameter of temperature at the other heights

Figure 14 shows the time-evolution for the struetyrarameter of temperature and the turbulent
temperature flux for 100 m (a) and 180 m (b). A¢ two levels, the measured structure parameter of
temperature from the sonic anemometer/ thermonheteia peak in the morning at the same time when the
turbulent temperature flux of the respective ldvat a minimum at these times: the respective leargls

located in the entrainment zone. The time whenl®@m flux is around zero a minimum G can be

found, which is similar with the results from the & level (Figure 11). For 180 m the structure peater
minimum is observed somewhat later than when tineifl around zero. During the morning, the strugtur
parameter calculated from MOST underestimates lisersed one for both levels. Using the 3 m turbulen
flux in MOST gives more comparable results with theasured one, than using the local turbulent flux.
the afternoon the turbulent temperature flux at @08 larger compared to the 3 m flux, whereasl®@m

flux has similar values with the one at 3 m. Conszyly, at 100 m the structure parameter of tentpeza
calculated with MOSTI is higher and is in betteresgnent with the observed values than MOSTs, wkerea
at 180 m the structure parameter obtained with MIG®Hd MOSTs has almost the same values. However,
both calculations for the two heights underestimiie observed structure parameter of temperature.
Comparing the 60 m, 100 m and 180 m level with eattier, it seems that the underestimation becomes
larger by increasing height.

In Figure 15 the observed structure parameter agtie two calculated from MOST are plotted. In the
figure, a distinction is made between the datatgdimside and outside the surface layer. On avethge
100 m and 180 m level are located in the surfagerldrom respectively about 1030 UTC and about
1300 UTC. However, at 3 May 2008 the 180 m levebusside the surface layer the whole day. From
Figure 15a can be concluded that the results ofd-0ével has the same pattern as those of 60 mtlyiif
all the data are taken into account higher coimais found between MOSTI (r=0.76) and the sonic
anemometer/ thermometer than between MOSTs (r=08&¢pndly during the morning, when 100 m is not
located in the surface layer, the use of turbulemtperature flux at 3 m provide higher correlatjor0.73).
Thirdly, in the afternoon the calculations with th80 m flux (MOSTI) correlate better with the sonic
anemometer thermometer data.

At 180 m the same pattern is found for all the @atd the afternoon, however, in the morning peaod
very small correlation (r=0.24) is found for the@&om MOSTs and the sonic anemometer/ thermometer
while at the other heights MOSTs has the highestetation if the level is outside the surface layer
Analysing the figure, the data outside the surfager calculated with the 3 m turbulent temperafiug
can be split in two groups. One scatter cloud @iad the x=y line, the other one consist of a featad
points with high values of the sonic and low valimsMOST. The last group cause the correlatiobédo
low. These data correspond with the early morniagagol, where the structure parameter of temperature
observed from the sonic anemometer does not haaehed their minimum yet, while the turbulent
temperature flux is already positive (see also FEdub).

The best fits through the data in Figure 8, FiglPeand Figure 15 indicate that by increasing the
height the underestimation of the structure paramet temperature calculated by MOST in comparison
with the one observed by the sonic anemometeriritweeter becomes larger. Further, in general, the

correlation coefficient between observed and catedl CT2 decreases with height, except for some
correlation coefficients at 180 m.
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Figure 16 presents the relation betwee%a— and CTZLWS
Lop T.2
16a and 16b. Comparing Figure 16 with Figure 10 E&done can observe that by increasing the height,
the data deviates more from the proposed equattmrslO0 m and 180 m the published similarity ielsd
fits through the data only under very unstable @bk, as observed for the 60 m too. In the magnin
period (dark colours) the data from the temperafiiug at the respective level (+) overestimate the

C'Ig &2/3

dimensionless groupT in comparison with values of the proposed equatidvhereas in the

for 100 m and 180 m, respectively Figure

afternoon (light colours) the data calculated frtme 3 m temperatures) flux varies more from the
equations.

Altogether, comparing the data of the various hisigive observe that by an increase of height @) th
correlation between the calculated and the measbif@ddecreases, (b) MOST underestimate the observed
values more and (c) the observed data deviates rfnone the proposed equations for the similarity

2 2/3
relations betweeﬂi and G . This indicates that MOST is maybe not the rigld to obtain the

Lob T.2
turbulent temperature flux from the structure pagten at these levels. Probably, processes at tffieceu
are not the only one that dominates turbulencdgitehn levels. Consequently, another parameter, asch
the boundary layer height, can be of interest ke iato account in the dimensional analysis. Traeefin
further research, it would be interesting to inigege whether for instance local-free-convectioalisg as
is described by Wyngaard (1973) can be used tardate the turbulent fluxes from the structure pagtam

of temperature.
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Figure 14 As in Figure 9, but now for (a) 100 m &o)180 m.
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4.6 The structure parameter of temperature at 60 m revised

In section 4.2 we observed that the 3 m flux shawdifferent pattern than the other levels. In the
sections above, we saw that using this flux infaemnthe results directly and make the resultscdilfito
interpret. As mentioned before, we can also usésthe flux corrected for the flux divergence as 3hm
flux, instead of using the observed 3 m turbulentpgerature flux. In this section, we discuss tlselte of
using the for flux divergence corrected 60 m flithis flux is called the 60 m base surface tempeeatu
flux.

Figure 17 shows the same results as Figure 1Inpdwtwith using the flux divergence corrected 60 m
flux as the surface flux. Now, we observe a clearstant flux layer in the afternoon. For the momaint
transition between the stable cases during thet migh the unstable cases during the day, we obsleeve
same results as from Figure 11. The minimum indtiecture parameter calculated with the turbulent
temperature 60 m flux is at the same moment asrobdevith the sonic anemometer/ thermometer. If the
60 m based surface temperature flux is used, themmaim is observed one hour earlier, at the same
moment as the 60 m based surface flux becomesvgosit

Furthermore, the results differ from Figure 11tHa morning period, neither of the two conceptegiv
the correct answer. The values for the direct nmealsstructure parameter of temperature lies between
those calculated with MOSTI and those calculatedSWI& The first one overestimates, and the secoad on
underestimate the directly measured values. Howavéhe afternoon the data show more expectedtsesu
than in Figure 11. Due to the constant flux layke structure parameter obtained from the two qaisce
give comparable results with the direct measunedttre parameter of temperature.

In Figure 18 the structure parameter of temperaneasured with the sonic is plotted against the two
obtained from MOST theory according to the two @pts. We observe that during the whole day, the

correlation between the direct measur@;f and those of MOST, is comparable for both congepts

respectively 82% and 83% for MOSTI and MOSTs. Ssing the flux divergence corrected 60 m flux
instead of the 3 m flux as the surface flux impowee results for MOSTs. Despite of the comparable
results for the correlation coefficient, a diffeceris found between the values of the structurarpeter. In
general, using structure parameter calculated tt@rlocal flux overestimated the measured one, edser
using the one from the surface flux gives loweueal as also observed in Figure 17.

In the morning period when the 60 m level lies m#gshe surface layer, the correlation is bettehéf
local flux (0.78) is used than the surface flux7@). However, the difference in the correlationftiornt
is smaller than when using the 60 m based surfamgérature flux. Inside the surface layer; we olsser
higher correlation coefficient for both methods.rél¢he use of the 60 m turbulent heat flux givessle
scatter than the surface turbulent heat flux, theetation coefficient is respectively 0.83 and 0.8
Because, the difference in the correlation coeffits is not that big anymore, it would be interestio
analyse this data with more advanced statisticdstor for more days.

Using the 60 m flux corrected for flux divergencesaurface flux gives more comprehensible results.
However, still neither of the two concepts is thmafanswer. In the morning period, the measuractsire
parameter lies even between the two structure peenobtained from the two concepts. Therefore, it
would be interesting to investigate this also fue bther levels; however, this is not done heretddack
of time in the project. Further, firstly to get @tter understanding of the behaviour of the stmectu
parameter of temperature and secondly to know wigichhe two models gives the best result, we
recommend investigating the structure parametdrigiter levels with a Large Eddy Simulation (LES).
This might shed light on the importance of diffearprocesses that act on the structure parameter.
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Figure 17 As in Figure 11 but now with using theffax divergence corrected 60 m turbulent heat fis the turbulent heat flux at 3 m. Only
the days from 4 May to 11 May are plotted.
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Figure 18 As in Figure 12 but now with using theffax divergence corrected 60 m turbulent heat is the turbulent heat flux at 3 m. Only
the days from 4 May to 11 May are plotted.
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5. Conclusions and Recommendations

In order to investigate in which way the turbulentface sensible heat flux can be estimated f@ﬁn

determined from a scintillometer at 60 m, two diffiet theoretical concepts were compared. In the fir
concept one assumed that the structure parame6 wf has to be scaled with the 60 m flux themselve
whereas in the second one supposed that the sutfamdent flux have to be used. To ensure that the

footprints ofCT2 and WT' are comparable, the structure parameter is mehéume a sonic anemometer/

thermometer as well, rather than from the scintibter. Data of three other heights are investigated
well: 3 m, 100 m and 180 m, to complete this study.

Firstly, we conclude that the turbulent temperaflur does not decrease linearly with height. Fuar t
3 m flux lower values than for the 60 m and 100smliserved in the afternoon. After correcting thenf
100 m and 180 m level for the flux divergence,déms that the 3 m turbulent temperature flux desiat
from those fluxes. A possible reason for the déwmbf the 3 m flux is that another footprint is asered,
in which the soil is more moist. However, this islyoone possible explanation. To confirm it oursfir
recommendation is that more research is necessamderstand the different pattern of the 3 m tiniu
temperature flux in the afternoon.

Secondly, we found that, as expected, MOST can $md uo determine the surface turbulent
temperature flux from the 3 m structure paramefdemperature. The structure parameter of temperatu
calculated from the turbulent temperature flux wMlDST correlates well with the one measured witn th
sonic anemometer/ thermometer. Only a slight urstienation is found.

Thirdly, the structure parameter measured fromsttiatilometer has values comparable to those of
the sonic anemometer/ thermometer at 60 m. Dueetpath averaging of the scintillometer, the data g
smoother signal than the observations of the samégnometer/ thermometer.

Fourthly, when using the measured 3 m flux, thailtedo not agree with one of the two concepts.
Investigating all the data in total, without digfinshing between morning and afternoon observations
higher correlation can be found if the structureap@eter is calculated using MOST with the local (60
100 m and 180 m) turbulent flux than the 3 m flixgeneral, both methods of calculation underegtéma
the observed structure parameter of temperature.nitrning transition between the stable and unstabl
conditions is measured at the some moment for teasored structure parameter and the structure
parameter of temperature calculated with localulett flux. However, in the rest of the morning thee
of 3 m gives the best results. In the afternoonemthe respective level is located in the surfager, it
does matter whether the 3 m or the local turbutentperature flux is taken. This is related to tinst f
conclusion.

Fifthly, we can conclude that an increase of heifhises (a) less correlation between the observed
structure parameter and the structure parametenleséd with the two MOST concepts, (b) an incréase
the underestimation of the structure parametentatied with MOST and (c) more variation between the
observed similarity relation and the published ¢igma. However, under very unstable conditionsdhta
shows still a relation with the proposed formul@Bese conclusions indicate that maybe not onlyaserf
processes are of interest, and MOST can be questibere. Therefore, we recommend investigating
whether other dimensionless scaling can improveréselt, like for instance the local free conveatio
scaling as is described by Wyngaard (1973).

Sixthly, using the surface flux from the 60 m fluaking into account flux divergence between the
surface and 60 m, gives more interpretable reddtisiever, still neither of the two concepts givies final
answer. The morning transition observed as thermim in the structure parameter calculated from the
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MOST using the 60 m flux is at the same moment has direct measured structure parameter of
temperature. In the morning period the observedcttire parameter of temperature lies between the
structure parameter calculated with the two corecdptthe afternoon, the structure parameter oftwee
concepts is comparable with the observed one. Becafithe better understandable results usingltixe f
divergence corrected 60 m flux; we recommend testigate this for the other levels as well. Funtiane,

we would recommend analyzing (a) more days, om(ith other statistical tools or (c) with Large Eddy
Simulation, to further investigate whether of thweotconcepts give the right answer and to a better
understanding of the behaviour of the structuramater of temperature at higher levels.
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