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Voorwoord

Het onderzock waarvan hier verslag wordt gedaan, is tot stand gekomen door een
samenwerking tussen de vakgroep Meteorologie en de afdeling Milieuonderzock van de
KEMA. Bij de KEMA vormde dit onderzoek een onderdeel van een project dat als doel had,
de effecten van luchtverontreinigende stoffen (met name ozon) op landbouwgewassen, te
bestuderen. De eerste twee jaren maakte dit onderzoek deel uit van de eerste fase van het

Nationaal Programma Verzuringsonderzoek (Project 72).

Vele mensen hebben bijgedragen tot het tot stand komen van dit proefschrift en ik wil hen
hier dan ook graag bedanken.

Bert Wartena, mijn promotor, wil ik bedanken voor zijn energiecke manier van begeleiden die
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aangaande de materie.

Adrie, A3, Jacobs, mijn co-promotor wil ik bedanken voor zijn amicale manier van begeleiden
en ondersteunen. Vrijwel altijd vond ik bij jou een gewillig cor voor mijn theoretische en
praktische problemen. Deze afronding neemt niet weg dat er nog een aantal zaken af te
ronden zijn; nu de verhalen nog!

Ik wil de KEMA, met name Maria Janssen en Bert Elshout, bedanken voor de mogelijkheid
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Weerkunde van de LU ben ik zeer dankbaar voor hun inzet en waren altijd bereid iets op te
zetten, af te breken, te repareren etc., met name Anton Jansen, Teun Jansen, Peter Jansen,
Willy Hillen, Dick Welgraven, Kees van Asselt, Kees van den Dries.

Van de KEMA-zijde wou ik graag Peter Gamelkoorn, Rein de Vries (MMD) en Han van
Duuren, Bertus van den Beld, Hans Jaspers en Wim de Bruin (MO), bedanken voor hun
essentigle hulp bij het uitvoeren van de luchtverontreinigingsmetingen.
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gevormd door doctoraal studenten. Jeannette Beck, Alex Vermeulen, Arién Stolk en Mark

BISLIOTHELER
CANDBOUWUNIVERSITELR
WAGENINGEN




pr\_)o&%?o' LIS

1) Overdag kan de flux van ozon naar de droge bodem zo’n 20-50% uitmaken van de totale
flux van ozon, gemeten boven een maisgewas. (Leuning et al., Agricultural Meteorology 20,
1979, 115-135, Wesely et al., Boundary Layer Meteorology 15, 1978, 361-373, dit
proefschrift.)

2) De toename van de oppervlakteweerstand voor ozon, bepaald uit metingen boven een
maisgewas aan het eind van de dag, wordt naast het sluiten van de huidmondjes mede bepaald
door een verminderd transport van ozon naar de onderliggende bodem ten gevolge van de

toenemende stabiliteit van de atmosfeer. (Dit proefschrift.)

3) De secizoensvariatie in de dagelijkse depositie van ozon naar een maisgewas en de
onderliggende bodem wordt voornamelijk veroorzaakt door de variatie in de concentratie van

ozon. (Dit proefschrift.)

4) Yoor de bepaling van de dagelijkse depositie van een luchtverontreinigende component met
meteorologische technieken kan uit praktische overwegingen beter een profieltechniek dan de

eddy-correlatietechniek worden gebruikt.

5) Bij het gebruik van de eddy-correlatietechniek voor het meten van de flux van een
luchtverontreinigende component dient als controle de sluiting van de energiebalans,
betrekking hebbende op de met de eddy-correlatietechnick gemeten voelbare en latente
warmtestroom en de afzonderlijke gemeten beschikbare energie hiervoor, vitgevoerd te

worden,

6) Doordat de niet-lokale uitwisselingsterm in het gewasstromingsmodel van Li et
al.(Boundary Layer Meteorology 33, 1985, 77-83) onafthankelijk is van turbulentie, kunnen
de experimenteel gevonden gelijkvormige windprofielen in het gewas bij verschillende
windsnelheden niet worden gesimuleerd. (Van Pul en Van Boxel, Boundary Layer
Meteorology 51, 1990, 313-315.)

7) Het effect van de verhoogde depositic van een luchtverontreinigende component aan de
loefzijde van een bosrand is groter voor een langzaam deponerende component dan voor een

snel deponerende component.



8) Het gebruik van het begrip menghoogte onder alle atmosferische omstandigheden in plaats
van grenslaaghoogte leidt tot de misvatting dat alle grootheden tot deze hoogte ook goed

gemengd zijn.

9) De door Businger (Journal of Climate and Applied Meteorology, 25, 1986, 1100-1124)
getrokken conclusie, dat voor droge depositie metingen een completere beschrijving van de
oppervlakte laag en de aangrenzende planetaire grenslaag nodig is, geeft aan dat het gebruik
van de term micrometeorologische techniek in principe onjuist is.

10) De zon geeft vaak aanleiding tot schijn-verbanden,

11) De toxiciteit van een stof is positief gecorreleerd met de prijs van de analysemethode.
12) De op de Derde Internationale Noordzeeconferentie gemaakte afspraken aangaande de
emissiebeperkende maatregelen van wel 50% of meer zonder een referentiepunt te noemen,

geeft aan dat het milieuprobleem vaak nog niet au sérieux wordt genomen.

13} Het overvloedig gebruik van stoplichten leidt 1ot een slaafser weggebruik en uiteindelijk

tot een onveiliger verkeerssituatie.

14) Voor het snel aangeven van gevoelens en stemmingen bieden BWV-nummers van vele

Bach-cantates een ruime keuze.

Stellingen behorende bij het proefschrift van W.A.L van Pul:

"The flux of ozone to a maize crop and the underlying soil during a growing season”.

Wageningen, 18 maart 1992,



Kosters bedankt voor jullie werk!

En dan de man die niet bedankt wou worden, Paul van Espelo, BEDANKT!, voor je nimmer
aflatende inzet de plaatjes en krabbeltjes van mij om te zetten in zeer fraai figuren die dit
proefschrift sieren en nict te vergeten voor de omslag,

Ik bedank alle medewerkers van de vakgroep voor de zeer gezellige en leerzame periode die
ik op de vakgroep heb doorgebracht. Met name mijn kamergenoten van het eerste uur, Niek
Jan Bink en John van Boxel, bedank ik voor de vele tips en hulp die ik bij het opzetten van
de experimenten van hen heb gehad; de latere kamergenoten: Hans Hakvoort waar ik vele
discussies, meestal 'groen van aard * (wanneer is het oogstfeest ook alweer?), mee heb gehad
and Rushdi El-Kilani, lets discuss some more crop modelling again!

A special thanks to Jordi Vila-Guerau de Arellano (IMAU) who made modelruns with his
model to support me with information about the influence of chemical reactions.

Frank de Leeuw (RIVM), bedankt voor je opmerkingen op het manuscript en het geduld.
Mevrouw de Wijs en Anje Andriessen (RIVM) wil ik bedanken voor hun correcties op het
Engels en Nederlands, respectievelijk.

Ik mag me verheugen dat ik tijdens mijo promotietijd in een zeer gezellig huis heb gewoond,
al aan de Hoogstraat in Wageningen. Zonder *Centre Pom Pompidou’ zou het leven een stuk

onaangenamer zijn geweest!

Nou, Siike, het zit er op; wat een start; dank je wel!



Table of contents

List of symbols

Chapter 1 _Introduction

Chapter 2 Techniques used to determine the flux of ozone

2.1 Scaling the equations that describe the concentration and
flux of ozone

2.1.1 Mass conservation eguation applied to reference volume 1
2.1.2 Mass conservation equation applied to reference volume 2
2.1.3 The local time derivative of the flux of ozone applied

in reference volume 1

2.2 Conclusions
2.3 Measuring techniques
2.3.1 Eddy correlation technique

2.3.2 Gradient technique or profile technigque
2.3.3 Bowen ratio technique

Chapter 3 Experimental outline

3.1 Site description

3.2 Sensors used in the experiments
3.2.1 Continuous measurements
3.2.2 Incidental measurements

3.3 Data acquisition and processing

3.3.1 Continuous measurements (slow-response signals)

3.3.2 Incidental measurements (fast-response signals)

3.3.3 Pructical implications of using the eddy correlation
technique

3.3.4 Corrections due to density fluctuations

14
21
24
24
26
28
2
35
36
39
39
46
48
48
51
52

55




3.4 Some environmental conditions and plant parameters
3.4.1 Plant parameters

3.4.2 Description of the soil
3.4.3 Water balance

Chapter 4 Accuracy of the fluxes and comparison of the technigues
4.1 Accuracy of the fluxes derived with the meteorological technigues
4.1.1 Profile and modified Bowen ratio technique
4.1.2 Eddy correlation technique
4.2 Uncertainty of the flux of ozone due to chemical reactions
4.3 Comparison of the meteorological techniques used
4.4 Conclusions

Chapter 5 The resistance and conductance of a maize crop and bare soil
t0 0Zone

5.1 Theoretical background of the resistance model used

5.2 The resistance of bare soil to ozone
5.2.1 Method of calculation
5.2.2 Results and discussion

5.3 The resistance and conductance of a maize crop and the underlying
soil 1o ozone
5.3.1 Method of calculation
5.3.2 Data used and results
5.3.3 Discussion
5.3.4 Conclusions

Chapter 6 Overview of the deposition of ozone and its governing factors
during the growing season of maize in 1988

6.1 Method of calculation
6.2 Results and discussion

6.3 Conclusions

Chapter 7 Summary and recommendations

35
55
57
57
63
63
63
67

67

75
7

77
84

84
84

86
88

94

105

105
107

113

115



Samenvatting

References

Appendices

Appendix A Stability functions used in the flux profile relationships

Appendix B Estimates and corrections of some terms in the energy balance of
a maize crop and the underlying soil

Appendix C The damping of the concentration fluctuations due to sampling
through a be

Appendix D Laboratory experiments on the soil resistance to 0zone
Appendix E The influence of chemical reactions on the flux of ozone
Appendix F The probable error method

Appendix G Estimates of the daytime deposition of ozone using idealized

daily patterns of deposition velocity and concentration

Curriculum vitae

119

125

133
133

134

136

138
139
143

145

147




List of symbols

Symbol

A

description

available energy

resistance ratio

drag coefficient for the flux of O,
drag coefficient for momentum
specific heat of air at constant pressure
displacement height for momentum
displacement height for a scalar quantity
molecular diffusion coefficient for x
water vapour pressure of the air
saturated water vapour pressure

flux of O,

accelaration due to gravity

sensible heat flux

crop height

boundary layer height

initial boundary layer height

integrals of the flux of O, over the total day,
during daytime (R;>0) and between 1200-1600 GMT

daily uptake of O, by the crop or dose
during daytime

daily destruction of Qy at the soil during
daytime

eddy diffusion coefficient for x

Obukhov stability length scale



LAI

LAD

p o o

g"‘

one-sided leaf area index
one-sided leaf area distribution
latent heat flux density

latent heat of vaporization

pressure fluctuations

atmospheric pressure

energy used in the photosynthesis of maize crop per time

unit per ground arca

specific humidity

chemical production and destruction of O,
net radiation density

excess resistance due to difference in stability
functions between momentum and a scalar

total resistance at z; to Oy

aerodynamic resistance at z_;

resistance of the quasi laminar boundary layer

crop resistance t0 Oy

excess surface resistance

in-crop aerodynamic resistance

surface resistance to O,

resistance to O; in the layer from z . to d
soil registance to O,

stomatal resistance to O,

reaction rates in the photochemical reactions

of O,
global radiation

specific gas constant for moist air

-3 -1

pg > s




RC

Sl.2.3

rd
$1.23

time constant of the fast-response ozone monitor
turbulent scale of a scalar in units of that scalar
concentration of Oy, NO, and NO

concentration fluctuations of O,, NO, and NO
concentration of O, in the reservoir layer
concentration of O,

concentration of O, in the boundary layer when h = hy
heat storage in the biomass per time unit per ground area
heat storage of the soil per time unit per groﬁnd area
time

dry bulb temperature

leaf temperature

wet bulb temperature

friction velocity

wind velocity fluctuations in x,y,z direction

mean wind velocity in x,y,z direction

crop conductance to O,

deposition velocity of O,

surface conductance to O,

crop conductance to water vapour

crop conductance to O, averaged between
1200-1600 GMT

surface conductance to O, averaged between
1200-1600 GMT

excess surface conductance to O,

entrainment velocity



Z roughness length of the crop for momentum
roughness length of the crop for a scalar

It reference height in the resistance model

Zn measurement height

Greek symbols

o constant used in the Bowen ratio

B Bowen ratio

¥ temperature lapse rate in the reservoir layer

n constant between A and T,

D, dimensionless gradients of wind speed and scalars

Y modified @ function in the roughness layer

X123 X,y.z direction

K von Karman’s constant

A constant in the chemical reaction between NO and O,

Pa density of dry air

Py absolute humidity

¥os integrated stability functions for wind speed and scalars

T, time scale of the photolysis of NO,

Ty turbulence time scale

6 potential temperature

mol m? s

kg m

kg m




Chapter 1 Introduction

Ozone (O;) is a chemical component present in the troposphere and stratosphere. Ozone is
formed both by natural processes and by processes influenced by anthropogenic activities.
Within the troposphere ozone is formed during the photo-oxidation reactions of volatile
organic compounds (VOC) in the presence of nitrogen dioxide (NO,). The key reactions are
summarized below.

NG; + hv - NO + O-

0 +0, -0y

NO+0, - NGO, + O,
The critical step in the ozone formation is the photolysis of nitrogen dioxide by sunlight at
300-410 nm. In this reaction a nitrogen oxide (NO) and an oxygen (O+) atom are formed. The
oxygen-atom recombines with molecular oxygen which results in the formation of ozone. The
main chemical destruction route of ozone is the reaction with nitrogen oxide. In this reaction
nitrogen dioxide is regenerated. The photolysis reaction and the reaction of nitrogen oxide
with ozone are all very fast. Therefore, these three components are in equilibrium with each
other, the so-called photostationary equilibrium. The reactions of the photostationary
equilibrium do not lead to a net production of ozone. Production of ozone will occur when
nitrogen oxide is oxidized to nitrogen dioxide without the consumption of ozone, These types
of reactions are involved in the atmospheric oxidation cycle of VOC. The temporal and spatial
scale on which VOC contributes to ozone production depends on their reactivity. Less reactive
compounds such as carbon oxide (CO) and methane (CH,) play a role on the global scale and
contribute to the long-term average background concentration of ozone, On the continental
scale the more reactive YOC lead rapidly to ozone formation. Under special meteorological
conditions (sunny days, high temperature, stagnating weather type) so-called smog episodes
with very high ozone concentrations can occur.
Processes determining ozone at ground level are photochemical production within the

boundary layer, dry deposition (destruction at the earth’s surface) and vertical exchange with



layers above the boundary layer. Ozone is a very strong oxidizer and as such is destroyed
rapidly at various surfaces, for example, vegetation and materials. Dry deposition accounts
for about 30% of the loss of ozone in the total tropospheric ozone budget (Sloof et al., 1987).
Caused by the development of the boundary layer during the day an exchange of ozone takes
place at the top of that layer with the so-called aged smog or reservoir layer. Also, other
meteorological phenomena (such as frontal systems, transport in convective cells) on a larger
scale cause exchange of ozone between the boundary layer and the free troposphere. Builtjes
(1989) gives a review of these processes.

The increase in anthropogenic emissions of nitrogen oxides, carbon oxide, methane and VOCs
have caused an increase of the concentration of ozone of 1% per year in the last two decades

in large parts of the Northern Hemisphere (Bojkov, 1988).

The damage to plants by ozone is described extensively in the literature (Heck et al., 1982;
Krupa and Manning, 1988; Van der Eerden et al.,1988). Qzone enters the leaves mainly via
the stomata where it causes the greatest effects (Rich et al., 1970; Heath et al., 1975).

At high levels, ozone can have acute effects such as necrosis and chlorosis (Tingey and
Taylor, 1982). At ambient levels, ozone can in the long term, cause a reduction in the yield
of agricultural crops (Heck et al., 1982; Tonneijck, 1988; Van der Eerden et al., 1988).
Assessments made for agricultural crops in the Netherlands by Van der Eerden et al. showed
a reduction in the crop volume of 5%, of which 70% was caused by ozone,

To observe the effects of ozone on plants several types of experimental set-ups are used in
which plants are exposed for a certain time to a certain quantity of ozone (e.g. open-top
chambers (Mandl et al., 1973) and open-air fumigation systems (McLeod et al., 1985)). These
experiments are mostly carried out for short exposure or fumigation periods, varying from
several hours to several weeks at relatively high levels of ozone. The experimenta! facilities
differ mainly in the level of control of the environmental growth parameters.

The effects of ozone in these studies are coupled with the dose which the plants receive,
defined as the concentration times the fumigation time, leading to so-called dose—résponse
relationships (Tonneijck, 1988). Because the plants are grown under controlled conditions, this
dose is cormrelated with a certain uptake of ozone by the stomata of the plants. In some
laboratory experiments, the mass balance of ozone is calculated to obtain the real uptake of
ozone by the plants (Aben, 1990).




It is difficult to wranslate the results of these experiments towards crops growing under field
conditions. Generally, crops are grown during much longer periods in which the
environmental conditions and the concentration of ozone are strongly varying (Kruppa and
Nosal, 1989). Under these field conditions it is not @ priori possible to couple the uptake of
ozone by the crop or the effects of ozone on the crop to the concentration or dose of ozone.

To assess this uptake one has to measure or model the transport or flux of ozone to the crop.

The flux of ozone towards the crop under field conditions can be measured using
meteorological techniques (Leuning et al., 1979a,b; Wesely et al., 1978; Delany et al., 1986).
These techniques are used to quantify the turbulent fluxes of momentum, heat or air pollution
above a surface. As such they are widely used in dry deposition studies of air pollution
components {c.g. Hicks, 1986). These technigues can only be applied under certain
meteorological conditions, Many authors have pointed out that these measuring techniques can
produce fluxes with large errors if these conditions are not fulfilled (Garratt, 1980; Businger,
1986; Wyngaard, 1988). An advantage of these techniques is that & value is obtained which
is representative for a rather large area,

Using these meteorological techniques the total flux of ozone towards the surface, i.e. the crop
and the underlying soil is measured. Information on the partioning of the flux into a flux to
the crop and a flux to the soil is not obtained. Because of the complex turbulent flow in the
crop and the special sensor requirements needed, the meteorological techniques are rarely used

in the crop to measure the flux towards the soil or lower plant parts.

Often resistance models are used to evaluate these meteorological flux measurements above
a surface {(e.g. Thom, 1975). In these models the transport process of the component from a
certain height to a surface is parameterized with a chain of resistances. The resistances are
defined as the driving force divided by the flux (density) of the component, as in an electrical
circuit. Here the driving force is the difference of the component over this height. By
measuring the vertical profile and the flux of the compenent, the resistances to the transport
can be revealed.

A very simple resistance model is the so-called Big leaf model (e.g. Fowler, 1978; Baldocchi
et al,, 1987). In this model the vertical dimension of the crop is neglected and the model does

not distinguish between a flux to the crop or the soil. From this type of model, the so-called



surface resistance can be deduced, which is, in principle, only dependent on the properties of
the surface and the component. However, due to the simplification of the surface, this
resistance is also dependent on the flow features in the vegetation.

An estimate on the above-mentioned partitioning of the flux of ozone derived from concurrent
measurements of the concentration and flux of ozone and water vapour can be made using
such a resistance model (Wesely et al., 1978). In this estimate the analogy is used between
the transport of ozone and water vapour towards and in the stomata. Following this approach
Wesely et al. concluded that on two days 20-50% of the total flux of ozone measured above
a maize crop was to the soil and lower plant parts. Leuning et al.(1979a) made assessments
for the uptake of ozone by a maize crop during a growing season using flux and porometer
measurements and found that 50-70% of the flux of ozone had entered the leaves via the
stomata.

No large data sets exist on flux measurements of ozone and water vapour throughout a
growing season of a crop and consequently, no indications of this partitioning throughout the

growing season are known.

In air pollution models describing or forecasting the concentration of ozone over an area the
deposition of ozone as well is described vsing such a Big leaf resistance model (Wesely,
1989; Hicks et al., 1991). Here, the resistance of the surface is needed as input in the model.
To model this surface resistance correctly both the resistance of the crop and the soil to ozone

have to be incorporated in the total surface resistance.

The goals of this study

1) To measure the flux of ozone towards a maize crop during a growing season using
meteorological techniques. Three techniques were used to check on the performance of the
techniques and to decide which technique was the most suitable for the continuous

measurement of the flux of ozone.

2) To determine the partitioning of the measured flux of ozone into a flux to the crop and the

soil,




3) To assess the total daily integrals of the fluxes or daily deposition of ozone and its

partitioning into a flux to the crop and the soil during the growing season.

In order to reach these goals measurements were carried out during the growing season of
maize in 1988. Maize is the second most important agricultural crop in the Netherlands,
covering about 10% of the agricultural arez (CBS, 1991).

Outline of the thesis

A description of the meteorological techniques and the atmospheric conditions under which
they have to be used, are given in chapter 2. Chapter 3 presents the experimental outline in
which the sensors used in the measurements and the experimental set-up are given. Moreover,
several environmental and crop conditions are summarized. Chapter 4 describes the accuracy
of and a comparison among the three meteorological techniques. In chapter 5 the surface
resistances o ozone are determined for the crop and soil. A comparison is made between the
surface conductance to ozone and the crop conductance to ozone, based on the transpiration
of the crop. This results in a partitioning of the flux of ozone to the crop and the soil. Chapter
6 presents an overview of the daily deposition of ozone and its governing factors. As well,
assessments of the deposition based on these factors are given. The method described in
chapter 5 is used to determine the partitioning of the flux of ozone to the crop and soil.

Finally, chapter 7 summarizes the thesis and presents some recommendations.



Chapter 2 Techniques used to determine the flux of ozone

In this chapter the measuring techniques used to quantify the flux of ozone under field
conditions are described. These techniques are commonly used in dry deposition studies (e.g.
Businger, 1986; Hicks, 1986) and are based on the theory of the turbulent flow of the
atmospheric boundary layer. They are originally used to calculate flux densities of
momentum, heat and water vapour. This theory can be applied to any scalar quantity in the
analogy of heat and water vapour (e.g. Monin and Yaglom, 1971; Thom, 1975). From various
experiments evidence has been obtained that this theory is also valid for scalar quantities, like
ozone i.e. they are transported in roughly the same way by turbulence as temperature (sensible
heat) or humidity is (e.g. Droppo 1985; Zeller et al., 1989).

In applying these techniques one should keep in mind that they are based on theory , which
is only valid under certain conditions. If these conditions are not met this will lead to serious
errors in the estimated flux or deposition. For this reason some theoretical considerations are
given in section 2.1 on the processes determining the concentration and the flux of ozone in
the atmospheric boundary layer. From these considerations it can be seen under which
circumstances the measurements of the flux are in error. Besides this, estimations on the
deviation from the real flux are given. This is done by scaling the mass conservation equation
for ozone for two reference volumes (section 2.1.1 and 2.1.2 respectively). In section 2.1.3
the time evolution of the flux of ozone is analysed in one reference volume and some
qualitative results are given. In section 2.2 the conclusions which are relevant for these
experiments are given.

Finally, section 2.3 describes the measuring techniques used in this study.
2.1 Scaling the equations that describe the concentration and flux of ozone

2.1.1 Mass conservation equation applied to reference volume 1

The conservation of the concentration of ozone in a certain volume, taking the mean wind



flow along the x direction, is given by:

3 T 7T 7T - ~
Eﬂiasl . ou's, . ov's, +“78.S'1 . ow's; D s, _ ;. 211
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Here we have used Reynolds decomposition of the variables, which means that a variable, x,
can be written as the sum of the mean of the variable, )_(, and the fluctuations around this
mean, x’, in a certain averaging time or : x = X +x’. The bar indicates the averaging in time.
The 1’ indicates the directions x,y,z of a Cartesian coordinate system, where i=1,2,3. U, V,W
are the wind speeds in these three directions in m 5!, and where we have taken vV =0.

S, 23 is the concentration of [O5], [NO,] and [NO], ( ug m),

D is the molecular diffusion coefficient for ozone (m? s') and

Q is the sum of the sources and sinks of ozone (ug m™ s'1).

As sources or sinks of ozone we will consider here the main chemical reactions that produce
or destroy ozone :
(1) NO, + hv - NO + O- R, = [NO, ],
2 0,+0 =0, 212
(3) NO +0; - NO, + O, Ry = [NOJ [O5)/A .

R, is the reaction rate of reaction 1 with a reaction constant of 1/t, . The reaction constant
1/t, depends on the solar radiation density and is, among other things dependent on the
turbidity of the air, the zenith angle and the presence of clouds. Bahe (1980) derived a simple
parameterization for this reaction constant, which is solely dependent on the global radiation.
Here we use a typical value for t, = 250 s. R, is the reaction rate of reaction 3 with a
reaction constant of 1/A and is rather well-known, A = 6.75 10'* molec m™ s or 2500 ppb s
(Fitzjarrald and Lenschow, 1983).

Reaction 2 is much more rapid than the other reactions and so the net production or

destruction of ozone can be writien as:

O0=-R -R, . 2.1.3




Figure 2.1 Reference volume 1. Box over a field of maize extending to the height, Z.

If the three components form the so-called photostationary equilibrium, 6 =0

Spliting the concentrations into a mean and a fluctuating part, term Q can be written as:

NO,]  [NOJ[O;) _ [NOY'IO,)
T A A

Q- 2.14

Let us consider equation 2.1 in a volume as shown in figure 2.1 and define some

characteristic scales along with typical values (see Table 2.1).

Table 2.1 Characteristic scales and typical values used in scaling of the conservation equation
of the concentration of ozone.

Characteristic scale Symbol Typical value
Congentration scales for O,, NO, and NO, | C;, C,, G, 100, 40, 10 pg m™
respectively

Concentration fluctuation scales for O, Cys €3 C3 4 ug m>

NQ, and NO, respectively

Concentration difference scales for O, in Ac,, Ac, 2, 100 pg m?

x and z direction

Time scale of the mean concentration 1 10000 s

changes of O,

Mean wind speed scales of U \TA 5ms, 0.1cms?
and W

Wind fluctuation scales in x,y and z Vi, Vg, V3 2,2, 1mgs?!
direction )

Length scales in the x,y and z direction L,B,Z 200, 200, 4 m
Molecular diffusion coefficient for O, D 1.4 10° m? ¢!




For every variable, a, of equation 2.1 we can write:
a = a/A, where A is the scale of variable a.

Equation 2.1.1 combined with 2.1.4 can then be rewritten as:

+

C aTl AV, [ﬁa‘fl]J(ACng [I,_ﬁagl-:!+vlc1 a's) e E}O’_ﬁl’

T || L | ®| "z | #| L | & B | &

I I 111 v v

atal Y
R R Kt LA R Py RGN oy BN e 215
zZ ag zz a? T 2 A 1+3 x 1°3

N a
L

VI VI VIII

Note that all factors in brackets are dimensionless and have values in the order of unity.

Because we want to know whether our measurements of the flux of ozone at a certain
measurement level differ from the flux of ozone at the surface, we will investigate the relative
importance of the terms in equation 2.1.5 compared to the turbulence convection term, the
sixth term of the equation. Equation 2.1.5 is divided by the "turbulence mass convection scale’
v4¢,/Z, this leads to an equation in which all terms are dimensionless. If we use the typical
values from table 2.1, typical values for the dimensionless factors can be derived for our

problem:

1 local time derivative

Z6 . 0.01
1 V3C1

10




II advection by mean flow

ZV,Ac,

Lv,c,

= 0.05

III convection by mean flow

V,y4c,

V36

= 0.025

IV+V advection by turbulence

A 0.04 Zv,

B By,

— = (0.4
Lv3

*

VI convection by turbulence
1

VII molecular diffusion

c,D

V0 Z

= 0.0001

Term VIII a,b,c chemical reactions

ZC, ZC,C, Zc
- - — =0.16-0.32-0.0051= -0.16
T, V30, Avye, Av,

The magnitude of the chemical reaction term is very sensitive to the choice of the
concentration levels of the three components and whether they are in photostationary
equilibrium or not. As a maximal estimate of this term we will take here the production term
R, = [NO,l/t,.

We see that besides the chemical reactions, all other terms are at least one order of magnitude
smaller than the convection by turbulence. Therefore, as an approximation equation 2.1.1 is

reduced to:
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aw's] _ N, 2.1.6
dz T,

Equation 2.1.6 can be integrated with respect to height from the surface, z = 0, to the

measurement level, z,.:

2
—-r-r] [——, ,] hh 217
$ - =
[“’ lz_ wisi|, ‘(!.Q dz .

Positive as well as negative gradients of the vertical profiles of the concentration of nitrogen
dioxide were observed above the soil and maize crop. As a worst-case analysis we will
consider a concentration profile of nitrogen dioxide which is constant with height (In fact,
generally a net deposition of nitrogen dioxide was observed and so a small mean positive
gradient was present, but was less pronounced than for ozone). If we use this constant profile

in equation 2.1.7, we get:

[NOZ] z . 2.1.8

z, ™

[NO,] dz = 1
Ta

S
Sl 3™

Q_dz=..l.
‘tﬂ

If the deposition velocity at z,, is used, as defined by (Chamberlain, 1953):

w’s| 2.19
V) = = ,
$,@,)

equation 2.1.7 can be written as:

s, woy
Vg, - [_ 1]" - 0135, L NOIED 2.1.10
Sl (zm) Ta S1 (z,)

which indicates the difference between the measured deposition velocity and the deposition
velocity without the influence of chemical reactions.

Now some quantitative estimates can be made about the difference between the measured flux
of ozone at height, z_, and the flux of ozone at the surface. For ozone a deposition velocity

of 0.5 ¢cm s is often observed. The error in the measured flux would be smaller than 10%
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if [NO,] < 0.03 [O;]. The latter restriction is hardly fulfilled, even in rural areas, without local
sources of nitrogen oxides and so chemical reactions could, at first hand, not be neglected in
the analysis of the measurements of the flux of ozone. For an exact consideration of the
influence of the chemical reactions on the flux of ozone, the set of equations describing the
flux divergence of ozone and nitrogen oxides, and the chemical reactions, have to be solved
numerically (Fitzjarrald and Lenschow, 1983; Kramm, 1989).

The advection and convection of ozone by the mean flow are relatively small in this scaling
exercise; however, some remarks on these terms have to be made.

A small mean vertical wind velocity, W at z,,. occurs due to density fluctuations of the air
caused by a sensible and latent heat flux at the surface. Because of these fluxes less dense
air rises from the surface while colder or more dense air descends. Under the assumption that
no vertical mass flow of air is present a mean positive vertical wind velocity must exist. This
W is typically about 0.1 cm s™! and cannot be derived from the measurements. Webb et al.
(1980), give an extensive discussion on this matter and give practical formulations to calculate
this W (see alse chapter 3). No correction for this phenomenon has to be made if the quantity
is measured as a specific quantity. This means that if the quantity is measured at a constant
temperature and in dry air or in air with a constant specific humidity, the density fluctuations

are excluded from the measurements of that quantity.

The significance of the dimensionless horizontal advection term can be elaborated by
TewrTiting it as:
1 Ac

—t 2.1.11
C, Ac

¥A
L

z

z[% r A, z 1 A
L V; T L JE; C
where we have used bulk formulations for C, and C, as follows:

v |1 v,
c, - M LG
The first dimensionless ratio of the third term in 2.1.11, Z/L, is the reciprocal of the often

used fetch-to-(measurement) height ratio. The fetch-to-height ratio in this scaling was 50:1.
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The second dimensionless term, 1/C,, is the reciprocal of a drag coefficient for the flux of

ozone. This drag coefficient is dependent on properties of the surface such as the level at
which the ozone is destroyed in which the aerodynamic roughness is incorporated. This drag
coefficient is also dependent on the thermal stratification of the air flow.

The third dimensionless term indicates the ratio of typical horizontal and vertical
concentration gradients. This ratio is, among other things, dependent on the strength of the
sink of ozone of the surface above which the measurements are carried out and that of the
upwind surface.

From this exercise it can be inferred that if the horizontal advection does not seriously affect
the measurements of the flux, not only should the fetch-to-height ratio be large, but other
properties of the surface and the uwpwind surface should be taken into account as well. This
is one of the reasons why there is confusing information in the literature about an appropriate
fetch-to-height ratio under which circumstances no influence of advection would occur.
Pasquill (1972) showed that the fetch should be at least 100 times the measurement height,
this is an often used restriction.

When the upwind terrain is smoother than the observed terrain the flow adjusts more rapidly,
and the fetch-to-height ratio requirement can be relaxed to 30:1 (Gash, 1986). Lindroth (1984)
and Heilman et al. (1989) found in their experiments that this ratio could be reduced to even
20:1.

Also, the stability of the air flow is of imponance to the adjustment of the exchange processes
above the surface. This is expressed in the reverse dependency of the dimensionless horizontal
advection term on the drag coefficients. When, for instance, the stability of the air flow

increases the drag coefficients will decrease and the importance of the advection will increase.

2.1.2 Mass conservation equation applied to reference volume 2
The same reasoning as in section 2.1.1 can be applied to a reference volume which represents

the whole atmospheric boundary layer in order to get some insight into the relative
importance of the various processes which determine the concentration and flux of ozone. The
reference volume is illustrated in figure 2.2. The same characteristic scales are used as in the
previous section but some other typical values of these scales are used as indicated below:
L, B, the horizontal length scales: typical value 10000 m,
H, the vertical o sy " » 1000 m, ie. the boundary layer height,

14



Figure 2.2 Reference volume 2. Box over an area of 10x10 km extending to the boundary
layer height. Reference volume 1 is also drawn in this box.

Ac,, the horizontal concentration gradicnt scale: typical value 4 pg m™.
For this reference volume the same approach is followed as in the previous section, resulting

in the following dimensionless numbers and their values:

I local time derivative

C.H
t Ve

=25

IT advection by mean flow

Ac V| H
Lvyey

=05

III convection by mean flow

Ac,V,

Vi€

= 0.025

TV+V advection by turbulence

Hv1 Hv2
— =02, ——Z=02
Ly, By,

VI convection by turbulence
1
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VII molecular diffusion

c,D "
=35 10
Hv,e,

VI a,b,c chemical reactions

C,H C,C;H  Hc,

= 40-80-18= -42
T,V36,  AvC Av,

Again it should be emphasized that the scaling of the chemical reaction term is arbitrary,
however, it remains a very important term. This can be illustrated by the fact that if only the
accuracy in the concentration of nitrogen dioxide is considered in VII, i.e. about 1 pg m>,
as the deviation from its photostationary equilibrium value, it still remains one of the most
important terms, being in the order of 1.

In the scaling only the molecular diffusion term is very small compared to the other terms.
Furthermore it can be seen that convection by turbulence, local time derivative and the
chemical reactions are the most important terms.

As an example let us consider equation 2.1.1 in the reference volume with the assumption that

these three terms are dominant. Equation 2.1.1 is then reduced to:

3 W
a5, awls _ ;. 2.1.12
ot oz

The solution to this equation depends heavily on the choice of the vertical profiles of the
concentration of ozone and nitrogen oxides and cannot easily be solved analytically.

A solution of 2.1.12 for the special case of a non-reactive component is given. As a
non-reactive component the sum of the concentration of ozone and nitrogen dioxide, the total
oxidant, O,, (in the equations denoied with S,} is taken. Let us consider a boundary layer
driven mainly by convection. This means that all variables are rather well mixed throughout
the boundary layer, resulting in profiles independent of height, z.

Integration of 2.1.12 over the boundary layer height, h, leads to:
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=35, 7 [~
i [w’s’]- ) [W's:]o -0 . 2.1.13 .

A solution to 2.1.13 can be given using a slab model of the mixed layer as described by
Tennekes (1973a). Here we assume no temperature jump at the top of the mixed layer. The
layer above the mixed layer, the reservoir layer, has a potential temperature lapse rate, ¥ and
a zero gradient concentration profile. The entrainment of warmer air into the mixed layer is
parameterized as a fraction, a, of the surface sensible heat flux, {w'@’],, here taken 0.2
(Driedonks, 1981).

The growth of the boundary layer or the entrainment velocity, w,, can then be written as:

_ ok _ () [, _ 2.1.14
¢ o vh

The entrainment flux of the component at the top of the boundary layer can be parameterized
as (Stwll, 1988):

[W;S:L cw(5.-5) 2.1.15

where 8,7 is the concentration of the component in the reservoir layer.

The flux of the component at the surface is parameterized as:

[w’sj] 0=~V S, 2.1.16
Using equation 2.1,15 and 2.1.16, equation 2.1.13 can be rewritten as:
95 VoS, on 5:S0 2.1.17

o 5, o p

With equation 2.1.14, equation 2.1,17 can be rewritten and solved:
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(h-hy . V, (k-
- S(Oh ~w—— S [7‘-—-— _1] 2.1.18

where 5,(0) is the concentration in the boundary layer at t=0 and hy is the initial boundary
layer height at t=0 i.e. the time the boundary layer starts growing caused by convection.

In the early morning hours when V, /w, — 0, equation 2.1.18 is reduced to:

5 =5+ (s,(O)-S;)ﬁj . 2.1.19
2

X x

In figure 2.3a an example of a diurnal course of measured oxidant and ozone and in figure
2.3b the sensible heat flux and the mixing height modelled with equation 2.1.14 are given.
The sensible heat flux was taken from measurements made above a maize crop (see section
3). The initial boundary layer height and the temperature lapse rate were estimated from
radicsondes released at De Bilt at 0000 and 1200 GMT. In figure 2.4 the oxidant distribution
over the Netherlands for four time steps on August 14, 1988 is given. From this figure the
advection of oxidant was estimated at about 0.002 pg m™ s\, In figure 2.3a we see a rapid
increase of the oxidant concentration from 0800 till 1400 h (local time) at a more-or-less

constant rate of 20 ug m™ 5!

. Part of this increase was caused by the advection but could
only account for about 15% of this increase. This means that the main contribution was
caused by the entrainment of oxidant from the reservoir layer (often catled fumigation). Due
to the almost linear increase of the sensible heat flux in this time period, the mixing height
increased linearly in time as well. In the period from 0800 till 1400 h (local time) this leads
to a linear increase of the oxidant concentration and is well described by equation 2.1.19.
From the radiosonde it was inferred that the mixing height at 1200 GMT (1400 local time)
was about 1400 m. At that level a strong temperature jump was present and no further
calculations with the use of equation 2.1.14 were made. From about 1400 h (local time) the
growth was much smaller and the fumigation process ceased which can be clearly seen in
figure 2.3a by the relative constant oxidant concentration up to 1800 h (local time). From then
on a shallow stable boundary layer formed in which the oxidant was mainly removed by dry

deposition.
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Figure 2.3a Concentration of oxidant and ozone on August 14, 1988,
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Figure 2.3b Sensible heat flux and modelled boundary layer height on August 14, 1988.
A radiosonde observation of the boundary layer height is starred.
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Figure 2.4 The concentration of oxidant for four points in time on August 14, 1988.

The numbers outside the borders of each map indicate the values of the isopleths in ppb (=
2 pg m). The arrowed numbers indicate the wind velocity. (Data from National Institute of
Public Health and Environmental Protection (RIVM), Netherlands).
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The influence on the measured flux of a component at the surface by the entrainment of air
from the reservoir layer into the convective boundary layer was demonstrated by Wyngaard
(1984). He assumed that the vertical gradient, 9S,/dz, will not change in time or
0(38,/02)/91=0. This can be written as d(dS,/31)/0z=0. Using equation 2.1.12, this becomes:

7.7
azw’sx -0 . 2.1.20
922

The solution to equation 2.1.20 reads:

wisy@ = (1 - 2) w’s,ﬁ]o .2 [w’s,fL : 2.121
P P

Though this equation is only applicable in a not rapidly growing mixed layer, the deviations
in non-stationary conditions are small (Wyngaard,1984). Next we can derive some quantative
information about the influence of the entrainment on the flux at the surface.

Consider a developing mixed layer of 400 m in the morning hours with a growing rate of 0.1
m s and a concentration difference between the reservoir layer and the mixed layer of
oxidant of 100 pg m™. The influence on a typical measured flux of oxidant at 4 m of 1 ug
m? s would be 10%.

So the surface flux of a component can be altered by entrainment, especially when the
boundary layer is rapidly developing (in the moming hours) and when a large difference
exists between the concentration of the component in the boundary layer and the reservoir
layer, as is the case for oxidant. Van Aalst (1989) showed that the deposition velocity of
oxidant at 200 m was increased up to a factor of 2 in the morning hours due to this process.
The influence of the flux of ozone by entrainment can be enhanced or suppressed due to
chemical reactions during the transport from the reservoir layer to the surface. But generally,
the typical daily concentration patterns of oxidant are found for ozone as well (see figure
2.3a). This means that oxidant which is fumigated into the boundary layer consists mainly of
ozone (Colbeck and Harrison, 1985).

2.1.3 The local time derivative of the flux of ozone applied in reference volume 1
The equation which describes the vertical flux of a scalar under horizontally homogeneous

conditions is given, for example, by Businger (1982) and Busch (1973). For ozone the
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following extension has to be made for the chemical reaction terms (see also Fitzgarrald and
Lenschow, 1983):

) o o TR
w's, =5 Sy — = 5, _ w"slsa . 2122,

g T WsE Ty

The local derivative of the flux of ozone under horizontal homogeneous conditions can be

written as:
7 o 127 _ / ! - < - 3
ow's + Fﬁ s 2o+ L ".E.)f.’. Ml w’s'ﬁ - w"s'rﬁ '
ot oz gz T ' pt oz 1, A )
I I n v v A" 2.1.23

where T is the mean absolute temperature; 6" denotes the fluctuations around this mean, p,
the density of dry air and g the acceleration due to gravity.

For simplicity we neglected the Coriolis force term and the triple order reaction term.

The same scaling as in section 2.1.1 is applied, except for the pressure fluctuation term.
Pressure fluctuations were not measured in this experiment, so this term was parameterized

in the often used way (e.g. Wyngaard, 1982);

7 7
1w 2.124

.S,

where @ is a constant in the order of 1 and t,, is a characteristic turbulence time scale
approximated by Zfv,,

The same characteristic scales and typical values were used as in section 2.1.1, with the
addition of a temperature fluctuation scale, Ty, with a typical value of 1 K. The following

dimensionless groups of variables were derived:

I local time derivative

%4 - 00004
{
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II gradient production

V32 Ac
Z

Z =25

III transport of flux

2
6%

z

= 1

IV buoyancy production

Lot =013
T 1/

V pressure fluctuations

oV,
"

VI chemical reactions

c
- v3c]T3 - v3c3T' = 0.016-0013-0.08 = ~0.08

From this scaling it can be seen that the terms II, III and V are the most important. The
chemical reaction terms are very small compared to the gradient production term and the
pressure fluctuation term, which means that they do not severely influence the flux
measurements of ozone at one point,

A simple first estimate can be made of the importance of the chemical reactions on the

measured flux by considering the pressure term compared to this chemical reaction term:

"wcz_t Cs_,t c; G

w w
T, € A e, A

2.1.25.
To show the numerical values of the ratios we substitute A with 1 1, in which n is 10 with

the dimensions of a concentration.

Equation 2.2.4 can be rewritten in:
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Wl G _Gal 2.1.26.
.l M Mg

The ratio 7,/t, is known as the Damkdthler number and denotes the ratio between the
turbulence time scale and the chemical reaction time scale. Here this number is about 0.016.
Since all terms in brackets are in the order of 1, this number here indicates the influence of

the chemical reactions on the measured flux at a point.

2.2 Conclusions

From the scaling excercise in section 2.1.1 it can be concluded that the term which describes
the convection by turbulence or divergence of the turbulent flux of ozone was the dominant
term in the mass conservation equation of ozone in these experiments. This means that the

differences between the flux at the measurement height and the flux at the surface were small

l

7
[w’sl] = [w"s1
z.

or:

The second important term in this scaling was the chemical reactions which produce or
destroy ozone. However, an accurate estimate of this influence could not be given at first
hand. From the scaling in section 2.1.3 it was found that the gradient production and the
pressure fluctuation term were much larger than the chemical reaction term. Therefore it is
not very likely that chemical reactions severely influenced the flux of ozone. However, more
accurate estimations were made using a model of Vili-Guerau de Arellano et al. (1991),
which describes the flux divergence of the fluxes of ozone and nitrogen oxides. These model

runs are given in Appendix E and are briefly commented on in chapter 4.

2.3 Measuring techniques

The measuring techniques described below were used to determine the fluxes of momentum,
sensible and latent heat and ozone. For ozone this means that the first term in equation 2.1.7
was determined. Three meteorological measuring techniques were used in this study:

- Eddy correlation technique
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- Profile or gradicnt technique

- Bowen ratio technique
The eddy correlation technique is a direct way to measure turbulent fluxes. A disadvantage
of this technique is that rather fast response sensors are needed (response time typically <0.1
5). For ozone such fast response monitors have been built and used in a number of
experiments (Wesely et al., 1978; Droppo, 1985, Delany et al., 1986, Zeller et al., 1989).
The equipment used in the eddy correlation technique is less robust, which makes the
technique mainly operational in campaign-wise measurements.
The gradient or profile technique links the profile or gradient of a quantity to its flux with the
use of semi-empirical relationships. An assumption often made here is that different scalar
quantities are transported in the same way by turbulence (so-called Reynolds® analogy). The
technique can be carried out with slow-response equipment (with a typical response time of
10-30 seconds) because averages of the variables of about 10 minutes are required (e.g.
Wyngaard 1973, see below). This technique is applied in many experiments for the
determination of the flux of ozone (Leuning et al., 1979a,b; Garland and Derwent, 1979;
Droppo, 1985; Duyzer and Bosveld, 1988).
The Bowen ratio technique is also based on the principle that all scalar quantities
(temperature, humidity, trace gases) are transported by the same mechanism. Along with the
energy balance at the surface, the fluxes can be evaluated from averaged values of the scalar
quantities. This technique is often applied in determining the energy fluxes (e.g. de Bruin,
1982). It is used in the determination of the fluxes of a scalar such as ozone (Leuning et al.,
1979) and carbon dioxide (Sinclair et al., 1975).
In the profile and the Bowen ratio techniques only averages of the variables are nceded,
which makes them very suitable for continuous measurements.
The variables measured in the experiment show strong fluctuating signals due to the turbulent
motion in the boundary layer. Especially the fluxes show a strong intermittency. Therefore
they were averaged over a certain time period (denoted with the bar). This calculated mean,
however, has an accuracy which is a function of these turbulent fluctuations of the variable.
Wyngaard (1973) and Businger (1986) gave practical formulations to derive the accuracy of
among others mean variables and fluxes. The averaging time required to determine a mean
variable such as wind speed, temperature and ozone, with an accuracy of 1%, is typically 15

min. For the fluxes of these components, however, the averaging times would be a hundred
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times larger in order to determine the fluxes with the same accuracy. In practice this can
hardly be done because of experimental problems, furthermore the assumptions about the
stationarity of the variables and fluxes in that time period will be violated. Therefore, the
fluxes measured with the eddy cormrelation technique have to be averaged over much smalfer
time periods, leading to a smaller accuracy. With the averaging time used here of 30 min, the
accuracy with which the fluxes are determined will be about 20%.

In the next three sections the techniques mentioned will be described in more detail.

2.3.1 Eddv correlation technique
The transport of a quantity by turbulent parcels of air or so-called eddies in the planetary

boundary layer does take place on vertical length scales varying from millimetres to the
height of the boundary layer.

In the eddy correlation technique the vertical air movements along with the amount or
concentration of a quantity is correlated at a fixed point at the same time. If, for instance, a
higher amount of a quantity is correlated with downward movements of the air and a lower
amount of the quantity with upward movements, a net mass flux directed to the surface is
found. A flux directed from the surface is set positive and a flux directed to the surface is set
negative.

The flux, F,, of a quantity, S, can be wrirten as:

F_=ws 2,31

5

and can be rewritten when decomposing the measured signal into a mean and a fluctuating

part (see section 2.1) as:
F,= W5+ Wy . 232

When W = 0, the first term in equation 2.3.2 can be neglected and is reduced into the often

used form:

F =ws! . 233

L

Under thermally stratified atmospheric conditions or above an evaporating surface, W is
non-zero due to the density fluctuations of the air (Webb et al., 1980, see section 2.1 and

3.3.4 for practical formulations).

26




The fluxes of momentum, 7, sensible heat, H, latent heat, LE, and ozone, F51 , ¢an be defined

as (e.g. Monin and Yaglom, 1971):

T = paw’u’ 2.3.4a
H, = p,c,w'e/ 23.4b
LE = Lw'p! 2.3.4¢
Fg =w's| , 23.4d

where ¢, is the specific heat of air at constant pressure, L, latent heat of evaporation, and
where the s in equation 2.3.3 is replaced by p,u for momentum, p,c 8 for sensible heat, L.p,
for latent heat with p, as the absolute humidity or the water vapour concentration (kg m>)

and S, the concentration of ozone.
Ad 2.3.1 Some remarks on the use of the eddy correlation technique

The eddy correlation technique requires the fluctuations of the variables to be measured at the
same point and at the same time, Given the physical shape of the sensors, automatically,
spatial averaging of the signals over the measuring path takes place; as well, spatial separation
between the sensors are introduced. Another constraint is that all fluctuations contributing to
the transport of the quantity should be measured or, in other words, the (co-)variances of the
variables should be measured over the entire frequency specttum of the eddies in the
boundary layer.

If the ime constant (RC-time) of the sensors or measuring systems is greater than the smallest
period time in the signal, the fluctuations at the high frequency part of this spectrum are
attenuated.

The fluxes can be corrected for these losses by the use of given power spectra of fluxes
measured with fast response sensors (Moore, 1986). The percentage loss of the flux can then

be evaluated given the sensor or measuring system constants. In general, if the sensor
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- separation is kept smaller than 0.2 m and if the response time of the sensor (system) is less
than 0.1 s the losses will be smaller than 5%.

An extra problem can occur if an obstacle, here the mast or the sensor itself, causes a
distortion of the flow field. This can result in an erronecus measurement of the velocity
fluctuations in all three directions. Due to this distortion a part of the vertical flux is not
entirely measured but what is worse, a part of the horizontal flux is measured as a vertical
flux: the so-called cross-talk. Wyngaard (1981, 1988) treats this matter extensively and
provides possibilities for correcting the measured flux for idealized sensor shapes.

In chapter 3 the corrections applied in this study will be discussed in more detail.

2.3.2 Gradient or profile technique

The gradient technique describes the vertical flux, F,, of a quantity, S, as an analogy to

molecular diffusion as (e.g. Businger, 1973):

as
F = - K P 5 235
where K, is the eddy diffusion coefficient for the quantity, S. The K, is a property of the flow
and depends largely on turbulence in that flow,

Characteristic turbulence scales for the different scalar quantities can be defined: a turbulence

velocity scale, the so-called friction velocity:
u, = (-uwH? 2.3.6a

and a turbulence scale for the quantity of interest such as temperature, absolute humidity,

ozone etc., generally written as:

ws o 2.3.6b

The flux, F,, can be written as:

F = -us . 2.3.7

F L

The gradient in equation 2.3.5 is made dimensionless:
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XU _g4 2388

H, 0z "
k235 g 2.3.8b
5, 0z 5

where ¥ is the von Karman’s constant, here taken as (.41, The dimensionless gradients, &,
and &, are functions of the atmospheric stability parameter, z/L, where L is the Obukhov
length scale defined by:

L=-T % 2.3.9

The @ functions are obtained empirically by extensive experiments, and are rather well known
especially for momentum and temperature {e.g. the Kansas experiment by Businger et al.,
1971).

Using equations 2.3.5, 2.3.7 and 2.3.8, the eddy diffusion coefficients for scalar quantities can

be written as:
K, =502 2.3.10
o)

£

Here the assumption has been used that scalar quantities are transported in the same way
{Monin and Yaglom, 1971; for ozone Droppo, 1985; Zeller et al., 1989), consequently the

stability corrections are identical for each scalar quantity and:

Ky =K, =K; . 23.11

1

The gradient technique is often used in an integrated version, the so-called flux profile
relationships (Dyer and Hicks 1970):

U@) = i[ln(i) - \Pm(i)] 2.3.12a
K zZy L
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S(z) = i[ln(_z_) - \ys(i)] +8@) , 2.3.12b
K z, L

where W _ are the integrated stability functions {Appcendix A). z and z, are characteristic
length scales of the underlying surface for wind velocity, U, and the scalar quantity, S,
respectively. They indicate the height above a virtual zero level at which is located the centre
where the quantity is transmitted (as for momentum), destroyed (as for ozone) or released (as
heat under daytime conditions). The z,, called the roughness length, is dependent on the
roughness of the surface. The z, is mainly dependent on the vertical distribution of the sources
or sinks of the quantity at the surface.

When a surface has a certain obstacle height, the virtual zero level for momentum is
positioned at the often called displacement height, d. Then the z in the equations should be
replaced by z-d. The displacement height is dependent on the height of the obstacles, the
mean foliage distribution and the drag coefficient of the obstacles. Jacobs and Van Boxel,
(1988), found a displacement height for a maize crop when the plants were greater than 0,15
m, This 'd’ cannot be obtained from the measurements explicitly, so often a parameterization
of the d is used. Jacobs and Van Boxel (1988) propose for maize: d = 0.75 H,,, where H, is
the height of the crop. Because the levels of the sources and sinks of a scalar differ from that
for momentum, the displacement heights differ as well. Hardly any experimental values are
known for the displacement height of a scalar, and so as a first approximation, this

displacement height is assumed to be similar to that for momentum.

The scaling stated above and the flux profile relationships are only applicable in the part of
the surface layer where there is no direct influence of the obstacles at the surface; this is
called the inertial sublayer (Tennekes,1973b; Raupach and Legg, 1984). In the lower part of
the surface layer, the so-called roughness layer, the roughness elements themselves also play
a role in the scaling of the gradient of a quantity,

Garratt (1980) gives deviations of the @ functions, as given in equation 2.3.8, dependent on

a dimensionless height z/z,, where z, is the height of the roughness layer:

O =g @ et 23.13

where @’ is the a modified stability function for the rougness layer. These constants are not
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universal and have 1o be deduced by experiments for each different site.
If the equations in 2.3.8 are integrated over height z, with these new stability functions under

nentral stability (as a first approximation), we get for zy <z <z :

2
— 5 -z 2 72—z, s, z,
SG) = gt 2 p .07 ¢ 2l 23142
X | z, z, 4 23 K oz

where z is the height above the displacement height.
The concentration difference between a measurement at point z, > z, (above the roughness

layer) and one at point z; < z. (in the roughness layer) is:

! : 2
- - sl oz z 2,-z, p?z -z,
$(2)-5(z) = —JIn2 —gn L sp 2 " L BZ 75N 2.3.14b
X z z 4 ;2

Ll »
d L]

The ratio, R, between s. calculated with equation 2.3.14b and equation 2.3.12b is depicted
in figure 2.5 as a function of z. for measurements at z, = 5.0, z, = 1.0m. The constants a=(.5
and b=0.7 were taken from experiments above forests by Garratt (1980). A rule of thumb
often used is that the measurement height should be larger than 10 z, (Jacobs and Van Boxel,
198R). Using this as an estimate for the z, and a z, for mature maize crop of 0.2 m (see
section 3.4.1), it can be seen that at z, > 10 2, the deviations from the original calculated s,

becomes larger than 10%.
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Figure 2.5 The ratio, Rs., between s, calculated with equation 2.3.14b and equation 2.3.12b
as a function of the height of the roughness layer, z..
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An alternative derivation of the gradient technique can be given by using equation 2.1.23
under stationary conditions without chemical reactions and buoyancy effects. Using the same

parameterization for the pressure fluctuation term as in equation 2.1.24, we get:

—7295 _ as'w? _ wli 23.15

oz 9z T

In the absence of the second temm in this equation i.e. when measurements are taken well

above the roughness elements, equation 2.3.15 is reduced 10:

— -
Fy = wls = Tww ? _ 2316
a z

The absolute value of the factor in front of the gradient of S in the latter term of equation

2.3.16 can be seen as the eddy diffusion coefficient.

2.3.3 Bowen ratio technigue

The Bowen ratio, 3, is by definition:

gt 2317

LE

Using the gradient theory to describe the fluxes of sensible heat, H, and latent heat, LE, and
by assuming similarity in the transport of heat and water vapour, i.e. using equation 2.3.11,

we can write:

28/ 2.3.18a
%,

where o = pe /L, .

If the gradients are measured as A8/Az and Ap fAz i.c. over the same height difference,
equation 2.3.18a is reduced to:

p-ol® 2.3.18b

Ap,
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