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ABSTRACT

This thesis eonsists of analysis ofthree different data sets: (i) Aireraft-based

eddy correlation data eollected above irrigated and non-irrigated agrieulturalland

in Southern California during the California Ozone Deposition Experiment (CODE)

summer 1991; CH) mierometeorologieal tower data, colleeted over grape and cotton

canopies as part of CODE; (Hi) aircraft-based eddy correlation flux data above two

grid sites in the Canadian boreal forest during the Boreal Ecosystem-Atmosphere

Study (BOREAS), spring and summer of 1994 and 1996.

Results from the CODE aircraft data document composition and size of the

dominant structures, whieh transport heat and gases (HzO, COz and ozone) over

water stressed and non-water stressed surfaces, and the relative frequency with

which structures carrying only a single scalar, or given eombinations of sealars,

were encountered along the flight paths. Interpretation of results provides further

evidence for the existence of a second (non-physiologieal) sink for ozone. The

relative preponderance of structures that carry moisture, carbon dioxide and ozone

simultaneously. particularly in the gradient-up mode, reflects the importance of

vegetation as co-Iocated source/sink forthese scalars. The detrending procedures

described in this study may help ta define a more effective separation between local

and mesoscale events in biosphere-atmosphere interaction.

Results tram the CODE tower data indicates a single vegetated ozone sink

for the grape site. but a vegetated as weil as a non-vegetated sink for the cotton

site. For both sites, structures simultaneously transporting signifieant flux
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contributions of CO2, H20, heat and ozone dominate during unstable conditions.

During stable conditions, unmixed single flux structures dominated over cotton but

not over grape. The results of this study contribute empirical evidence about the

relationship between ozone uptake and the physical and physiological state of

vegetation, as weil as the limitations placed on eddy scales in simulation models.

Results from the BOREAS aircraft data shows a decoupling between the

surface and the atmosphere, where the patterns of vegetation, greenness and

surface temperature may be quite dissimilarto those ofthe fluxes of sensible heat,

latent heat and - to a lesser degree - CO2• Reasons for this lie in the extraordinary

boundary layerconditions, high vapourpressure deficit, moist soil and hot canopies,

and the response of the vegetation to these conditions. Analysis of the coherent

structure compositions to sorne extent permits the characterization of the different

sources and sinks. Overall, this study shows the importance of understanding the

various interacting components ofsoil, vegetation and atmosphere when attempting

to design process-based models for predictions in 'micrometeorologiacally' complex

ecosystems.
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RÉSUMÉ

Cette thèse porte sur l'analyse de trois bases de données suivantes,

obtenues par la méthode des fluctuations ("eddy covariance"):

(1) Les mesures aéroportées de flux de chaleurs sensible et latente. du CO2 et de

l'ozone, recueillies en été 1991 au-dessus de terres agricoles irriguées et non

irriguées du sud de la Californie, lors de l'expérience CODE (California Ozone

Deposition Experiment):

(ii) Des flux obtenus à partir de mâts micrométéorologiques, situés au-dessus de

cultures de vignes et de coton, lors de l'expérience CODE;

(iii) Finalement, des données aéroportées provenant de vols 'en quadrillage',

effectués au printemps et en été 1994 et 1996 au-dessus de la forêt boréale

canadienne, lors du projet de BOREAS (Boreal Ecosystem-Atmosphere Study).

Les données aéroportées de l'expérience CODE nous ont permis de

documenter la composition et les dimensions des structures dominantes qui

transportent la chaleur et les gaz (H20, CO2 et 0 3) au-dessus de la végétation

soumise ou non à un stress hydrique. Ils montrent, également, la distribution

spatiale de ces structures qui transportent soit une seule quantité scalaire (chaleur,

gaz), soit une combinaison de telles quantités. L'interprétation de ces données

supporte l'hypothèse d'un deuxième puits (non-physiologique) pour l'absorption de

l'ozone. La prépondérance des structures transportant simultanément la vapeur

d'eau, le CO2 et l'ozone, particulièrement sous conditions de mouvement ascendent

de l'air, souligne l'importance de la végétation comme sources et puits co-localisés
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pour l'échange de ces gaz. Les méthodes développées pour l'élimination des

tendences spatiales dans les données aéroportées pourraient aider à démarquer

plus précisément les phénomènes locaux d'interaction biosphère-atmosphère qui

s'opèrent à méso-échelle.

Les résultats provenant des mâts micrométéorologiques de l'expérience

CODE suggèrent un seul puits (végétatif) pour l'absorption de l'ozone par les

vignes, mais deux puits (végétatif et non-végétatif) pour le coton. Pour ces deux

sites, les structures transportant simultanément la chaleur, le H20, le CO2 et l'ozone

dominent dans les cas d'instabilité atmosphérique, mais dans les cas de stabilité,

les structures non-mélangées dominent, au moins pour le coton. Ces résultats

s'ajoutent à l'information empirique déjà acquise sur les relations entre l'absorption

de l'ozone et l'état physique et physiologique de la végétation. Ils devraient aussi

servir pour mieux définir la gamme d'échelles de structures turbulentes à inclure

dans les modèles de simulation.

L'analyse des données aéroportées de BOREAS met en évidence un

découplage entre surface et atmosphère, tel que la distribution spatiale de la

végétation et celle de la température de surface peuvent se révéler différentes de

la distribution des flux de la chaleur sensible et latente et, à un moindre degré, du

flux du CO2 • Ceci est attribué aux conditions extraordinaires de la couche limite, à

un déficit élevé de la tension de vapeur d'eau dans l'air, à un sol humide couplé à

un panache végétal chaud, et à la réponse de la végétation à ces conditions.

L'analyse de la composition de ces structures 'cohérentes' permet, en principe, de

caracteriser les divers sources et puits. En général, cette étude documente la
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nécessité d'améliorer nos connaissances sur les diverses composantes en

interaction entre le sol, la végétation et ('atmosphère, si on vise le développement

de modèles de prévision biosphère-atmosphère pour les écosystèmes complexes.
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PREFACE

This thesis focuses on the links between land surface properties and fluxes

of heat, moisture, carbon dioxide and ozone exchanged between the surface and

the atmosphere. It is hoped that this work will give a deeper understanding of the

expected surface boundary layer dynamics under a variety of ecophysiological

conditions.

The thesis is presented in manuscript format. It is divided into six chapters.

Chapters 1 and 2 give a general introduction and literature review, while Chapter

6 gives the thesis summary and conclusions. Chapters 3, 4 and 5 are independent

manuscripts with connecting statements between each chapter. Chapters 3 and 4

have been published in referred scientific joumals while Chapter 5 is being prepared

for submission. Chapters 3 and 4 are essentially identical to the published paper,

with modifications only ta the equation, figure and table numbers ta give continuity

to the thesis.

References are given at the end of the thesis, and incorporate the individual

references tram each chapter ta eliminate redundancy.
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CHAPTER 1.

GENERAL INTRODUCTION

Improvements in our understanding of the interactions between the land

surface and the atmosphere have been a focal point for research in land-surface

climatology. This is of particular importance because of the implications for model

predictions of such phenomenon as climate change. In order to investigate the

various phenomena surrounding interactions between the surface and the

atmosphere, observations as weil as modelling at a variety of spatial and temporal

scales are required. One of the most frequent problems of the earth-atmosphere

system, relevant to empirical as weil as modelling studies, is the degree to which

land surface heterogeneity influences atmospheric processes. In the

parameterization of atmospheric models, a number of questions have to be

addressed, such as: what are the scales of influences for vertical fluxes? does

spatial variability in the surface conditions matter? how and at what scales should

surface heterogeneity be described? These questions directly involve the spatial

distribution of sources and sinks for heat and other scalar fluxes.

The growing interest in land surface climatology, and increasingly routine

use of remotely sensed observation of the biosphere-atmosphere dynamics,

resulted in the more frequent use of aircraft for regional observation of fluxes of

heat, moisture and trace gases (e.g. Lenschow, 1986; Desjardins and MacPherson,

1989). The majority of these studies relate flux estimates to physiological and

physical processes at the surface (Austin et aL, 1987; Schuepp et aL, 1987; Mack
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et aL, 1990; Desjardins et aL. 1992; Mahrt et aL, 1994; Desjardins et aL, 1995; Guo

et aL, 1995). However. over complex, heterogeneous terrain the interacting

conditions and processes that are responsible for the spatial distributions of flux

transport are not easily differentiated. Only a few studies have specifically related

the distinct coherent motions of turbulence (as opposed to incoherent noise) in the

surface layer, hereafter referred to as coherent structures, to surface characteristics

(Caramori et aL, 1994; Mitic et aL, 1995; Mitic et aL, 1997; Mitic et aL, 1999). These

coherent structures are responsible forthe bulk ofturbulent transport in the surface

layer and have been examined from various other perspectives (e.g. Wyngaard,

1983; Eloranta and Forrest, 1992; Paw U et aL, 1992; Mahrt and Ek, 1993a &

1993b; Paw U etaI., 1995). Thecombination ofregional atmosphericdata sampling

by aircraft, the ability to discem ecosystem characteristics and variability from

remotely sensed satellite data, and the link between coherent structures and the

underlying surface suggests the potential of improving our prediction of source and

sink distribution over heterogenous landscapes. Such relationships allow for insight

into the differential impact of the scales of surface variability on such aspects as

surface parameterization of large scale atmospheric models (ie the effective scales

at which the various surface parameters impact the atmosphere).

This thesis was motivated by the need to address sorne of the challenges

outlined above. Aircraft and tower data were utilized in order to examine the links

between surface properties and the characteristics ofthe corresponding fluxes and

coherent structures. Two different ecosystems are examined: an agricultural site in

southern California, with organized heterogeneous surface conditions in the form
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ofsurface wetness, and a boreal ecosystem with complex surface heterogeneity in

the form ofland covertype, surface moisture conditions and topography. These two

ecosystems provide very contrasting meteorological and surface-atmosphere

exchange dynamics.

OBJECTIVES

The general objective of my research is to increase our understanding of

biosphere-atmosphere exchange processes, of how they are tied ta the

characteristics of the underlying surface and of the degree to which we can predict

the ratios of combined fluxes for heterogeneous surfaces. This involves examining

the distribution patterns of fluxes of CO2, water vapour, heat and ozone and the

coherent structures which are responsible for the bulk of their transport; and a

reconstruction (within the constraints ofcurrently available techniques) ofthe actual

physical structures (in one dimension) as they occurred during the observation

period. This will be accomplished by a coincidence analysis, which results in a

statistical description of the characteristics of these structures (size, flux

composition, flux intensities). This procedure also generates information about how

the different scalars (including heat) are Iinked to each other, to the surface, and the

scales involved in these couplings.

1propose to address the relationships discussed above through the following

specifie objectives:

(1) Ta develop a method ofobjectively separating the larger mesoscale flux from

the local flux, and thereby identify the categories of scales affecting surface -
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(2)

(3)

(4)

atmosphere exchange process. This should be done while achieving a

physically meaningful definition of the means used in the calculation of the

flux estimates.

To examine, at the landscape scale (10 - 15 km), the spatial distribution,

size, and flux composition of coherent structures, their link to each other and

to the surface charaeteristics, under highly unstable conditions and for a

relatively'well behaved', 'organised' heterogenous ecosystem, such as large

scale agriculture.

To examine, atthe patch (towermeasurement) scale, the temporal evolution

and characteristics ofcoherentstructures forboth stable (night) and unstable

(day) conditions, over different crops.

To examine the scales and characteristics of coherent structures over a

more 'micrometeorologically complex' ecosystem, such as the boreal forest.

Using tower, aircraft and satellite data in a geographic information system,

to develop a spatial model to predict the distribution pattern and relative

intensities of sources and sinks of scalars (including heat) based on the

spatial mix of the surface characteristics.
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CHAPTER2.

GENERAL LITERATURE REVIEW

2.1 SURFACE·ATMOSPHERE INTERACTIONS

The need to better understand the dynamic interrelationships between the

surface and the atmosphere has become one of the more prominent objectives in

the area of atmospheric and ecosystem studies. For example, improvements in

numerical weathersimulations from mesoscale to general circulation models require

a more accurate representation ofthe interactions occurring atthe land surface, and

the scales involved in them. Over the last two decades, several large scale multi

disciplinary projects have been designed ta acquire a wide cross-section of

information using a combination of measurement techniques, at several different

scales. Such projects included HAPEX MOBILHY over a temperate forest (André

et al., 1986), the First International Satellite Land Surface Climatological Project

Field Experiment [FIFE] over prairie grassland (Sellers et aL, 1988), the Northern

Wetlands Study [NOWES] over northern wetlands (Glooshclhenko et aL, 1994), the

California Ozone Deposition Experiment [CODE] over agriculturallands (Pederson

et al., 1995) and the Boreal Ecosystem Atmosphere Studly [BOREAS] over the

boreal forest (Setiers et al., 1997). These experiments have progressed from simple

homogeneous systems to more complex heterogeneity in the attemptto understand

the dynamics underlying the physiological, physical and chemical interrelationships

within the biosphere.

These large scale ecosystem studies have yielded ïnvaluable information
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about the relationships between the ecophysiological properties of the surface and

the corresponding atmospheric response. During FI FE, for example, the boundary

layer height on a warm sunny day reached 1.2 km (Gal-Chen et al., 1992). For

CODE, the boundary layer height extended only up to 550 m (Mitic et aL, 1995),

white in BOREAS on a clear day in late spring it extended up ta 3 km in the late

aftemoon (Betts et aL, 1996), which is similar to springtime boundary layer depth

of 3 km in the Saudi Arabian desert (Blake et aL, 1983). These differences may be

related to the charaeteristics atthe surface. The FIFE grassland had an evaporative

fraction (latent heat flux divided by the sum ofsensible and latent heat flux) of-O.73

(Margolis and Ryan, 1997), the CODE fields approximated 0.85 (Mitic et al., 1999;

Desjardins et al., 1995), while the BOREAS ecosystem had only 0.32 (Margolis and

Ryan, 1997). While the FIFE and CODE ecosystem were rapidly transpiring, the

BOREAS ecosystem's vegetation and surface properties retarded the movement

of water between the land surface and the atmosphere, even though the surface

was very wet. This in turn led to the development of the very deep dry boundary

layers observed.

The most common and perhaps most valuable means of studying the

interaction between the surface and the atmosphere is through the surface fluxes

such as carbon dioxide, latent heat , sensible heat, ozone, and methane, to name

the most important ones. Meteorological towers have been and remain the

dominant means by which surface fluxes are observed. Such observations have

been made over various time scales, under varying meteorological and climatic

conditions and over many different canopies (e.g. Verma et aL, 1986 &1992;
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Laubach et aL, 1994; Valentini et al., 1996; Lee et aL, 1996; Black et al., 1996;

Pattey et aL, 1997; Baldocchi et aL, 1997; Blanken et aL, 1997;) to name only a few.

While tower observations are essential to catalogue the relationships between

different landscape patches (eg. tree species) and the atmosphere, they lack the

spatial dimension necessary ta extrapolate ta the larger surrounding region. It

therefore becomes difficult ta translate the point measurements taken at the tower

sites ta the landscape, regional and global scale. These scales consist of a mosaic

of sites, from very productive vegetation, young growth, burnt areas, mature forest,

water bodies etc., as weil as differences in terrain and soil characteristics. Ali these

differences affect the representativeness of fluxes measured at a tower site

(Baldocchi et aL, 1996).

Remotely sensed satellite observations on the other hand are fast becoming

standard in the estimation and evaluation ofthe regional surface characteristics and

progressively used in the assessment of large scale relationships between the

surface and the atmosphere. Studies such as Potter et al. (1993) looked at

ecosystem production based on satellite and surface data, and Running et al.

(1989), mapped regional forest evapotranspiration fram caupling satellite data and

an ecosystem model, while others inferfluxes of latent heat, sensible heat and CO2

directly from satellite observations (Priee 1982; Pierce and Conglaton 1988; Gao

1994). The success ofsatellite observations in effectively and accurately estimating

surface processes is essential to their incorporation into the various ecosystem and

climate models. However, as studies such as Running et al. (1989), Hall et al.

(1992), Copper et al. (1997) and Vidale et al. (1997) have shown, variabilities at the
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landscape scale are important considerations in regional estimates. Tower

observations should not, therefore, be simply aggregated upwards, and satellite

estimates cannot simply generalize based on spatially averaged observations. A

mosaic approach, with careful consideration of the scales of its constituent

elements, is most desirable (Cooper et al., 1997).

Observations made by low flying aircraft have demonstrated their potential

and ability to bridge the gap between observations made at the tower and estimates

derived from satellite data. These observations capture the spatial distributions of

surface characteristics as weil as surface fluxes at the landscape scale (15 km x 15

km). Aircraft observed fluxes and satellite observations of surface vegetation

parameters during FIFE were weil correlated (Desjardins et al., 1992; Cihlar et al.,

1992; Gao et al., 1992). Comparisons between the tower fluxes and those obtained

by the aircraft were not as impressive. Overthe years, however, our understanding

of these intercomparisons between aircraft and tower fluxes has vastly improved.

Errors may be attributed primarily ta variabilities such as footprint area (Kaharabata

et al., 1997), the logistic placement of meteorological towers within complex terrain

and its impact on the representativeness of the tower observations for the region

(Desjardin et al., 1997), vertical flux divergence and mesoscale motions (Betts et

al., 1992). During CODE, there was good agreement between bath the aircraft and

tower fluxes (Desjardins et aL, 1995), and between aircraft fluxes and satellite

vegetation parameters (Mitic et aL, 1995). Comparison between aircraft and tower

during BOREAS showed discrepancies that were attributed to aircraft run lengths

and different sampling heights as weil as the surface wetness detected by the
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aircraft vs that at the location of the tower (Desjardins et aL, 1997).

2.2 SURFACE FLUX ESTIMATES

A variety of ways exist for the calculation of localized surface fluxes. These

include aerodynamic techniques, such as the K theory gradient method, eddy

correlation and eddy accumulation techniques, based on direct sampling of the

near-surface turbulence field, as weil as more recent empirical variations, such as

surface renewal (Paw U et aL, 1995). Methods such as the gradient theory are not

suitable for canopies such as over forest due to the presence of counter gradient

fluxes. The most widely used direct technique for flux estimation is the eddy

correlation method. The main advantage lies in its physical interpretation, where

fluctuations in the vertical wind resulting from updrafts and downdrafts near the

surface are correlated with fluctuations in the transported scalarfields. This means

that the eddy correlation technique derives the flux estimate from a time- (space)

average of the fluctuations from the mean values. The definition of the mean is

therefore important to the accurate estimation of fluxes. The question of

convergence of the mean over heterogeneous surfaces for aircraft data has been

addressed by Schuepp et al. (1987). Spatial heterogeneity causes trends or

discontinuities in the traces of scalars.

Spatial heterogeneity is usually addressed through sorne form ofdetrending

procedure, such as non-linear high pass filtering (Caramori et aL, 1994; Mitic et aL,

1995, 1997, 1999; Ogunjemiyo et aL, 1997) or surface related sectional averaging

(Mahrt and Ek, 1993). These filtering procedures also allow for the identification of
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fluxes resulting from mesoscale variations associated with surface heterogeneity,

as opposed to flux from transient mesoscale motion

2.3 COHERENT STRUCTURES

The eddy correlation technique notonly allows forthe identification ofsurface

based mesoscale fluxes trom non-Iineardetrending, but also torthe definition ofthe

turbulent coherent structures involved in flux transport between the surface and the

atmosphere. A coherent structure is defined as a "connected turbulent fluid mass

with instantaneous phase-correlated vorticity over its spatial extent" (Hussain,

1986). Coherent structures have been recognised as the dominant means of

exchange between the surface and the atmosphere (Antonia, 1981; Shaw, 1985;

Lenschow and Stephens, 1980; Grant et aL, 1986;) and are ofparticular importance

within vegetation canopies (Raupach et aL, 1996).

The definition of the coherent structures depends on the operational

technique used. Coherent structures may be defined trom the decomposition ofthe

eddy correlation fluxes into quadrants or modes of transport (Mitic et aL, 1997).

Alternately they may be identified using a wavelet transform (Liandrat and Moret

Bailly, 1990; Meneveau, 1991; Collineau and Brunet 1993).
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CHAPTER3.

FLUX ASSOCIATION IN COHERENT STRUCTURES TRANSPORTING COz,

H20, HEAT AND OZONE OVER THE CODE GRID SITE

3.1 INTRODUCTION

Growing interest in land surface climatology, and in particular the potential

assessment of biosphere-atmosphere exchange processes from remote sensing

observations ofthe surface, led to increased use of aircraft for regional observation

of fluxes of heat, moisture and trace gases (e.g. Lenschow, 1986; Desjardins and

MacPherson, 1989). Such studies usually try ta relate flux estimates ta

characteristics of - and processes at - the underlying surface (Austin et aL, 1987;

Schuepp et aL, 1987; Mack et aL, 1990; Desjardins et aL, 1992b; Mahrt et aL, 1994;

Desjardins et aL, 1995; Guo et aL, 1995a). However, the various driving forces

responsible for the transport of scalars are not easily distinguishable over

heterogeneous terrain. Only a few studies have specifically related the coherent

structures, which are responsible for the bulk of turbulent transport, to surface

characteristics (Caramon et aL, 1994; Mitic et aL, 1995). although they have been

examined from various other perspectives (e.g. Wyngaard, 1983; Eloranta and

Forrest, 1992; Mahrt and Ek. 1993a. b). A study of coherent turbulent structures

allows for the improvement of our understanding of the processes operating on

surface fluxes, and of the degree to which various fluxes are associated with each

other and with the underlying sources and sinks at the surface (Mitic et aL, 1995).

Identifying the physical extent of structures and their composition, will give sorne
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indication ofthe driving forces (defined as the primaryfactors or processes initiating

transport) operating on flux transport as weil as ofhow they are partitioned between

the surface and the atmosphere. In our study, flux associations of CO2 • H20, heat

and ozone are examined for the two gradient modes of transport, where the surface

acts as a sink for CO2 and ozone, and as a source for H20 and sensible heat.

3.2 DATA COLLECTION AND SITE DESCRIPTION

The data used in this study were collected by the Twin Otter research aircraft

of the National Research Council ofCanada during the California Ozone Deposition

Experiment (CODE) in 1991. The primary objective of CODE was ta make

observations that will improve our understanding ofozone uptake at the surface and

therefore improve estimates made by regional photochemical models of ozone

deposition. A detailed account of CODE is given in Pederson et al. (1995). There

were an extensive number of data sampling flights during the field campaign. Two

of these were grid patterns (flight number 16 on July 26 and flight number 21 on

August 2) and form the data base for our study. The grid areas covered 15 km by

15 km of agricultural fields, consisting primarily of irrigated cotton, non-irrigated

fields and senescent safflower. The diagonal corners of the grids are defined at

36.083° N / 119.696° W and 35.940° N / 119.869°W, located in Kings County of the

San Joaquin Valley of Southern California. Each grid flight consisted of 22 parallel

runs, flown 30 m above the surface in an E-W direction, with an offset of 0.75 km

in the N-S direction. Given the overall offset of 0.375 km in the N-S direction

between the two grids, the 'combined grid' (incorporating both flights) represents a
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set of 44 evenly spaced. parallel f1ight trajectories, with a spacing of 0.375 km

between the Iines. Wind direction was from the North. perpendicularto the grid Iines

(345° and 23° forflights 16 and 21, respectively). Recorded f1ighttimes forthe grids

are from 1136 to 1457 hours POT (Fit 16) and 1239 to 1553 hours POT (Fit 21).

Using an eddy correlation system. flux data were digitized at 16 Hz. with an effective

data point separation of 3.75 m at an average flying speed of 60 m 5-1
•

On both days of observation the sky was clear. with average incident short

wave radiation of 892 W m-2 (Fit 16) and 863 W m-2 (Fit 21). Thermal stratification

was unstable for both days, with median zlL :::: -4.9 and -4.1 (where z=30 m). and

CBl tops at 549 m and 701 m. respectively. as determined from aircraft-based

soundings of temperature and moisture to above the capping inversion layer. A

detailed description of the aircraft instrumentation and the flight summary of

operations during CODE are given in MacPherson (1992) and MacPherson et al.

(1995).

3.3 DATAANALYSIS

The eddy correlation technique derives flux estimates from the covariance

between fluctuations of vertical wind (w') and scalar admixtures (c'). Implicit in the

procedure is the need for a realistic definition of the mean, that does not artificially

cluster the resulting modes of flux transport and removes trends that may be

present in the data. A Iinear trend over the grid site might represent mesoscale

transports with spatial scales far exceeding the dimensions of the site. which would

not be directly Iinked to characteristics of the immediate underlying surface. A
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nonlinear trend of single or multiple cycles over the grid site may represent smaller

mesoscale flux related ta the heterogeneous nature and scales of the surface

characteristics. It is therefore necessary to select a detrending technique which not

only accurately defines the mean but also achieves the most effective filtering of

mesoscale events from the local flux.

ln an attemptto satisfythe conditions stated above. both linearand nonlinear

detrending were applied ta heat, the scalar admixtures (C02, H20 and 0 3 ) and the

vertical wind component. The linear detrending was in the form of a simple Iinear

regression. and a truncated Fourier series was used to remove nonlinear trends.

Quadrantanalysis (e.g. Antonia, 1981; Shaw, 1985; Grant etaI., 1986) coupled with

the eddy correlation technique was used to determine the different modes of

transport, defined as excess/deficit up and excess/deficitdown. The procedure used

ta determine the mean of the data vector for optimum separation of local and

mesoscale flux is described below.

3.3.1 Definition of Mean and Separation of Local Events

The net local flux estimate was calculated using fluctuations against a mean

defined from linear detrending as weil as from running means defined by Fourier

series truncated at the second, third, and consecutively higher terms. In the case

of nonlinear detrending, mesoscale flux estimates were derived from the low

frequency oscillations filtered from the scalarconcentration and vertical wind fields.

The procedure, iIIustrated in Figure 3.1 for actual data of vertical wind (w) and CO2

(c), is based on the decomposition of the flux into large area averages, represented
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Fig. 3.1. Illustration of the definition of local flux (a,b) and mesoscale flux (c,d)
by nonlinear detrending

by the means in Figure 3.1 (c) and (d), as opposed ta the running (local) means

represented by c* and w*. Instantaneous fluctuations (w' and c') are defined against

the local means (Figure 3.1 (a) and (b», which may be variable due ta mesoscale

'events'. Considering this Reynolds type expansion into means and fluctuations, and

the fact that <c'> and <c*> (or <w'> and <w*» vanish by definition, the

instantaneous area-averaged vertical flux FA' observed at height haver area A at

time t, is then given, in principle, by
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A A

= <w><c> + <c*w*> + <c'w'>

(J.)

•

where area averaging <> is approximated by time-averaging in the moving frame

of reference of the aircraft. In practice, this integration can, of course, only be

approximated by discrete sampling over the area, with the expression reduced to

FA = <c*w*> + <c'w'> in the case of <w> =0, which is a reasonable assumption for

large, fiat terrain such as the San Joaquin Valley, Le. into the sum of 'mesoscale

flux' «c*w*» and 'local flux' «c'w'».

The mode of transport of the net mesoscale flux at each truncation level in

the Fourier series is identified as either gradient or counter gradient. As commonly

defined in quadrant analysis (Antonia, 1981), gradient modes for upward transport

of scalars from the surface, such as heat or moisture under daytime conditions,

associate upward (positive) excursions of vertical wind with positive excursions of

scalar concentration, and downward gusts with negative scalarfluctuations ('deficit

downl Conversely, gradient modes for flux ofscalars towards the surface, such as

CO2 or ozone, would be associated with deficit up or excess down. ln other words,

a contribution in the gradient mode increases the flux estimate in the direction

expected on the basis of the scalar gradient, so that elimination (filtering) of net

gradient mesoscale components by non-linear detrending should reduce the local

flux estimate, while filtering of net counter gradient mesoscale flux should enhance

it. The change in the net local flux (NLF) estimate with consecutively higher levels
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offiltering should, therefore, be consistentwith the net transport mode ofthe filtered

net mesoscale flux (NMF), and reflected in the magnitude of the NMF estimate. We

selected detrending levels on the basis of 'accountability', defined as the percent

change in the net local flux accounted for by the filtered mesoscale flux, as

described below.

3.3.2 Selection of detrending technique

Several criteria were used for the selection of the Fourier series truncation

level in the presence of mesoscale flux contributions. Linear detrending was used

where: (a) The change in the net local flux (NLF) estimate derived from nonlinear

detrending was negligible «4%) and mesoscale accountabilityforthis small change

either approximates 0 or exceeds 150%; (b) The change in the NLF estimate was

non-negligible (>4%), but mesoscale flux remained approximately 0 for increasing

Fourierterms; (c) The direction ofchange (increase orreduction) in the net local flux

estimate was inconsistent with the net transport mode of the mesoscale flux

estimate, and where this inconsistency persisted or was exaggerated at

consecutively higherlevels ofthe Fourier series. The definition ofnegligible change

(4% ), represents one fifth of the maximum observed change in the NLF estimate,

which was 20%.

For nonlinear detrending, the Fourier series truncation level was selected

as follows: (a) A two-term truncation was selected if the direction of change in the

local flux estimate was consistent with the transport mode ofthe mesoscale flux; the

mesoscale accountability was between 50% and 150%, and inclusion of two
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consecutively higher terms in the series did not alter these results. (b) Higher level

truncation of the Fourier series was selected, if the direction of change in the net

local flux was inconsistent with the transport mode of the mesoscale flux at one

level, but the inconsistency was corrected by inclusion ofa higher Fourierterm, with

mesoscale accountability between 50% and 150%. (c) Higher level truncation ofthe

Fourier series was also selected if the direction of change in the net local flux

estimate was consistent with the transport mode of the mesoscale flux, but

mesoscale accountability (while maintaining directional consistency with inclusion

ofhigherterms) moved closerto the 100% ideal. Graphs (a), (c) and (e) of Figure

3.2 show the change in the NLF estimate and the corresponding net mesoscale

flux (NMF) estimate of CO2 for six different runs from grid 16, with gradient flux for

CO2 resulting in negative flux. Graphs (b), (d) and (f) of Figure 3.2 indicate the

degree ta which the mesoscale flux accounts for the changes in the local flux

estimates. In the cases shawn, a two-term truncation level ofnon-lineardetrending

was selected for runs 5, 6, 8, 9 and 10, where the transport mode as weil as the

magnitudes ofthe mesoscalefluxaccountforthe changes in the local fluxestimates

as a result of filtering. Linear detrending was used for run 7.

3.3.3 Structural Analysis

Following a similar procedure used by Mitic et al. (1995), based on Duncan

and Schuepp (1992) and Caramori et al. (1994), a series of analytical steps were

taken ta identify the structures that dominate turbulent transport. These 'coherent'

structures are defined as a set of correlated flux signais (w and c excursions) in time
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and space which are distinctly different and interspersed between less coherent

components.

ln orderto separate these structures from incoherent noise, a hyperbolic hale

corresponding to 0.2 rms was imposed on the scatter plot of C' vs. W' excursions,

priorto structure definition. This is consistent with similar methods used by Antonia,

(1981); Shaw, (1985); Grant et aL, (1986); Caramori et al, (1994) and Mitic et aL,

(1995) to remove weak signais that may be positioned at the tails of structures.

Structures are identified by a series of eight or more consecutive pairs of w'

and c' excursions (corresponding to ;: 30 m in spatial extent) within the same mode

of transport (excess-up/down, deficit-up/down). This minimum spatial scale is

consistent with cospectral analysis of Twin Dtter data at the flight level, which

suggest that scales less than 30 m do not contribute significantly ta the flux (Saucier

et aL, 1991; Desjardins et aL, 1992a, b). The potential fragmentation resulting from

inclusion of unmixed parcels of air was corrected by a defragmentation procedure

as used by Mitic et al. (1995). A threshold based on a quadratic measure of the flux

contribution from each structure (for details see Duncan and Schuepp, 1992;

Caramori et aL, 1994; Mitic et aL, 1995), was then imposed ta eliminate the weak

structures and retain only the extreme events which generally occupY 20% of the

time domain of the run but contribute about 80% of the overall flux. These may be

expected to present the clearest picture of interactions among flux variables and the

surface.
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3.3.4 Coincidence Analysis

Structural analysis defines the physical locations (positions along the flight

track) of structures separately for each scalar. These separately defined structures,

termed substructures for the purpose of discussion, may physically overlap.

Coïncidence analysis attempts ta reconstructthe size (along the flight line) ofthese

structures and define their composition in terms of what scalars they are

simultaneously transporting.

According ta our concept. overlapping substructures were considered part

of a main structure whose dimensions are defined by the outer limits of the

overlapping substructures, from the begïnning of the first substructure ta the end of

the last substructure within the overlap, and whose composition is given by the

combined composition of the substructures. If one or more substructure were

embedded in a larger one, the same rule for composition applied, with the size of

the resulting structure defined by the extent of the larger substructure. It was

expected that linking these reconstructed structures ta the underlying surface would

give insight into the co-location of sources and sinks, the degree ta which driving

forces are partitioned between the surface and the atmosphere, and a qualitative

appreciation of the degree of mixing that occurs within coherent structures.

Association between fluxes was defined in two ways: (a) as a ratio (or

percentage) of the number of structures with a particular composition to the total

numberofstructures transporting a particularscalarand (b) as a ratio ofthe number

of structures with a particular composition to the total number of structures defined

across the grid site. This is an adaptation to the Jaccard coefficient used by Mitic
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• et al. (1995), which defined flux associations based only on the coincidence of two

scalars. The modifications applied in this study eliminate ambiguity of flux

associations in cases where structures simultaneously transport more than two

scalars. The flux associations for the various combination of scalars are mutually

exclusive and expressed as:

c.. k .1FA- ~,]"

N -Empx

(2 )

•

where Ci•i.k•1 is the number of coherent structures with the composition of scalars i,

j, k, l , either exclusively or in combination of one, two or three of the other scalars;

Nxis the total number of substructures for the scalar x (either i, j, k or 1), orthe total

number of substructures for ail scalars; mp is the number of sub-structures for x in

excess of one, that is incorporated in any one coherent structure, so that Nx-Lmp

is the total number of reconstructed structures.

3.4 RESULTS AND DISCUSSION

ln the combined grids (44 grid lines for each scalar), Iinear detrending was

selected in 19% of the cases, based on the criteria outlined in section 3.3.2. A

second-term Fourier series truncation level accounted for 53%, third-order

truncation for 24%, and fourth-order for 3% of the cases. Only in four cases (2.2%»)

were there unresolved inconsistencies in the direction ofchange ofthe net local flux

and the net transport mode of the mesoscale flux. The thresholding procedures

outlined in section 3.3.3 resulted in an average reduction of approximately 20 % in
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the flux estimates, as expected, indicating that 80% ofthe flux is transported by the

dominant coherent structures, comparable ta earlier observations over grassland

(Duncan and Schuepp, 1992).

3.4.1 Flux Association in the Gradient Modes

Flux associations for both gradient modes are shown in Figures 3.3,3.4 and

3.5. Figures 3.3 and 3.4 show the flux association calcufated as a function of the

total number of structures transporting the individuaf scafars (C02, HzO, heat and

0 3 - denoted by C,H,T and 0, respectively, in the designation of combined

structures) forgrid flights 16 and 21. Figure 3.5 shows flux association as a function

ofthe total numberofstructures identified within thegrid. Thefoffowing observations

are apparent in Figure 3.3 (Fit 16): Among structures transporting COz, the

dominant associations for structures moving toward the surface (gradientdown) are

with H20 and with structures carrying both HzO and ozone (H-O). For the gradient

up mode, flux association of COz with H-O dominates. In bath gradient modes the

majority of structures transporting heat are not associated with other fluxes. HzO

shows a similar pattern of flux association as COz, with dominant flux association

to COz as weil as to the C-O combination, as expected. In the gradient down mode,

the dominant proportion of ozone structures is not associated with other fluxes

(41°1<»1 with a 29%) association to COz and H20, while in the gradient up mode 0 3

association to CO2 and H20 dominates (38%). The flux associations in Figure 3.4

1) Percentage figures are rounded to the nearest integer in this and the following
discussion.
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Fig. 3.5. Flux associations, calculated as a function of
the total number of structures identified for each grid.

(Fit 21, flown two days after Fit 16), show similar relationships for bath gradient

down and gradient up modes, but the dominance of co-occurrence of CO2 , 0 3 and

H20 in the same structure (C-O-H), and of single thermal structures, is more

pronounced.

The relationships indicated for the individual fluxes are reflected in the flux

associations calculated as a functian of the total number of structures for each grid,

as shawn in Figure 3.5. For grid 16, structures transporting only ozone, and

associations of C-H-O and C-H, dominate in the gradient down mode, while the C-
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H-O combination dominates in the gradient up mode. For grid 21, flux association

in the gradient down mode is dominated by C-H-O, with single-component

structures and C-H combinations also relativelyfrequent. For the gradient up mode,

the dominant flux associations are with structures transporting only heat, and those

transporting C-H-O. The percentage of the total number of structures without heat

in its composition tends ta be larger for the gradient down mode than for the

gradient up mode. with the notable exception of C-H-O. This indicates that heat is

more important as a driving force for transport away from the surface than towards

the surface. The relative importance of structures with C-H-O composition in the

gradient up mode reflects the significant raie of stomatal exchange processes in

vegetation for the net transport of ail these scalars.

The total number of structures (by composition) for the two gradient modes

for bath grids is given in Table 3.1. The overall ratio of structures in the gradient up

mode ta those in the gradient down mode is 1.34 and 1.41 for flights 16 and 21.

respectively. for ail scalars and combination of scalars across the grid. This

indicates the importance of the surface in generating these structures. The

important raie of surface-generated buoyancy is shawn by the fact that this ratio

increases ta around 2.7 for the heat structures alone. and to 5.4 for ail structures

associated with heat. The number of structures transporting exclusively H20, CO2

and 0 3 (the latter in the case of Fit 16), and the number transporting C-O and C-H

combinations. are larger for the gradient down mode than the gradient up mode.

Structures with other compositions are larger in number for the gradient up mode.
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A closer examination of the structures in the gradient up mode, i.e. away

from the surface, may help to interpret the observed flux associations. Assuming

that uptake ofCOz by vegetation is the only daytime surface sink for COz across the

grid site, we may try ta classify the surface in terms ofvegetated and non-vegetated

areas based on the presence or absence of COz in the structure composition. We

may then subdivide the vegetated areas into water-stressed and non-water

stressed sub-categories based on the presence orabsence ofHzO. The hierarchical

classification of structures according ta this scheme is shown in Figure 3.6, and will

be the focus of discussion in the next two paragraphs.

COz flux is transported by 59% and 55% (Flts 16 and 21, respectively) of ail

structures in the gradient up mode. This figure is roughly comparable to the 60%

land cover attributed ta growing cotton within the grid area on the basis of remote

sensing observations (Mitic et aL, 1995). Of these COz transporting structures,

about 45% include either C-H or C-O combinations, while 36°fc, include both C-O

combinations and single HzO structures. Structures with 0 3 and H20 account for

39%. Of the total COz transporting structures, 21 % are related ta water stressed

vegetation for flight 16, and 20% for flight 21. This results in an approximate 4:1

ratio of unstressed to stressed vegetation for the overall grid. For flight 16, 49°~ of

structures transporting COz over the water stressed portion of the canopy are

associated with ozone and 71 % over the unstressed portions, while the

corresponding figures for flight 21 are 59% and 88%.

Grid areas that do not transport COz may be classified as non-vegetated (no

active photosynthesis). These areas account for an average of43°fc, ofail structures
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• Structure Composition Gradient Down Gradient Up

Grid 16 Grid 21 Grid 16 Grid 21

Heat 43 63 113 171

0 3 106 70 73 76

CO2 42 41 32 27

H20 59 44 32 40

03-Heat 13 14 70 68

03-C02 34 30 19 22

03-H2O 16 29 24 33

03-C02-H2O 73 135 184 276

03-C02-H2O-Heat 5 11 80 56

Heat-C02 1 5 18 12

Heat-H2O 2 1 7 3

Heat-H2O-C02 9 2 28 4

Heat-H2O-03 0 0 4 1

Heat-C02-03 9 4 29 34

CO2-H2O 92 63 79 41

TOTAL 504 512 792 864

Table 3.1. Structures identified in the gradient up and gradient down mode,
categorised by the fluxes they transport, for grid 16 and grid 21 .

in the gradient up mode, of which 65% are associated with heat and 49% with

ozone. As seen in Figure 3.6, ozone is primarily associated with structures not

transporting heat over these areas. For bath grid flights, the vegetated areas

•
account forthe bulk ofozone uptake (43% ofstructures). One quarter of structures,
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however, have ozone in their composition in the absence of CO2 , indicating an

additional non-vegetated sink for ozone.

ln the estimation of ozone uptake by vegetation, the degree of error

associated with directly linking ozone uptake to stomatal conductance of moisture

varies across the canopy (Massman et al., 1993). The flux associations given

above, suggest variations across canopies in the simultaneous uptake of CO2 and

ozone, and the release of water vapour, and that such differences vary with

variations of moisture within the canopy. This could have implications for the

estimation ofozone deposition ifthe degree ofdifferential water stressed conditions

of the canopy, and therefore the degree of association between ozone and H20 or

ozone and CO2 is not considered. Using stomatal conductances acquired over

water stressed portions of the canopy could underestimate ozone uptake for a

canopy that is not uniformly water stressed. Ozone uptake is therefore not linearly

related to stomatal conductance of H20 and changes with surface moisture

variability. Our results indicate that it would be desirable to attach differential

weights both to the relationship between ozone and CO2 and ozone and H20 in

order to make more accurate estimates of ozone uptake by vegetation.

A tentative classification and interpretation ofthe driving forces affecting flux

transport may be based on the presence/absence of H20 and heat, Le. on the

relative importance of water vapour density gradients and thermal buoyancy. As

shown in Figure 3.7, water vapour as a driving force (defined as the presence of

H20 in the absence of heat) accounts for an average of 43% of the structures,

which is about the same proportion (42%) as structures thatcontain heat. Structures
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Fig. 3.6. Hierarchical breakdown of the surface conditions based on the flux
composition of structures: presence of CO2 (vegetated); absence of H20 in
the structure composition (stressed); presence of 0 3 in structure composition
(ozone association).

transporting only ozone, CO2, or bath in association, for which shear may be

assumed ta be the dominant driving force, account for the remaining 15%. This

distribution of the driving forces underlines the importance of the surface as the

source for driving forces of vertical exchange at a height of 30 m.

3.4.2 Structure Sizes and Mean Intensities

The average diameter of the structures defined by their flux composition, as

determined from horizontal, one-dimensional transects, is given in Figure 3.8. Not
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Fig. 3.7. Partitioning of the driving forces operating on the
surface fluxes, as deduced from the composition of the
transporting structures.

surprisingly, structures moving towards the surface (gradient down) are significantly

larger than structures moving away from the surface, structures transporting a

single flux variable are generally smaller than composite structures with multiple

fluxes, and structures which contain heat are consistently bigger than those that do

not.

An examination of the flux densities carried by structures with associations

of O-C-H, Q-C and O-H from flight 16 is summarized in Figure 3.9. For O-C-H

structures, the fluxes of 0 3 and CO2 are correlated, with a low COz flux

•
corresponding to a low ozone flux and vice versa. The same holds true for the

relationship between flux densities of H20 and 0 3 in those structures, with inverse
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Fig. 3.9. Variations in the mean fluxes carried by structures with the
exclusive compositions of 0sfCOJH20, O/C02 and 0/H20. The x-axis
represents the sequence of structures with that particular composition
throughout the grid. Units of measurements are: CO2 (mg m-2 S·1), H20 (g
m-2 S-1), 0 3 (lJg m-2 S·1).

sign in the correlation, as expected. The corresponding R2 values are 0.62 for 0 3

and CO2, 0.54 for 0 3 and H20, and 0.89 for CO2 and H20. For structures

transporting only 0 3 and CO2, the relationship degrades, with an R2 value of 0.21.

Structures transporting only 0 3 and H20 have an even smaller R2 value of 0.14.

These results support the flux associations discussed earlier, where ozone,

although highly associated to H20, has a higher association to CO2.
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3.4 CONCLUSION

The flux association of coherent structures has been shawn to generate a

large amount of information about the characteristics of these structures which

dominate transport. Some findings from an earlier, more limited study (Mitic et aL,

1995) have been confirmed, where ozone show differential degree of association

to CO2 and H20, indicating variations in the spatial distribution of sources and sinks

within the vegetated portion of the site. The examination of the flux composition of

the structures indicates that ozone is still taken up by the vegetation even under

water stressed conditions. This was shawn not only by the flux association values

but also by the R squared values calculated for the mean fluxes within each

structure. The partitioning of ozone uptake between the vegetated and non

vegetated surface was also apparent, suggesting a second, non-physiologieal sink

for ozone, possibly associated with destruction of ozone by NO emission from sail

(Guo et aL, 1995b).

The study also showed that the driving forces for fluxes in the gradient up

mode are dominated by surface forcing, through watervapourdensitygradients and

thermal buoyancy, with a relatively much smaller percentage attributable only ta

shear forces. Transport in the gradient down mode is dominated by atmospheric

driving forces, and structures are larger and fewer.

Although the magnitude of the mesoscale flux across the grids was quite

smalt, the analytical scheme used ta partition the local flux events fram mesoscale

flux was very effective. This procedure may be useful in cases where there are
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much larger and more dominant mesoscale motions contributing significantly to flux

transport.

Further extension of this analysis, currently underway, includes ground

based tower data, both under stable and unstable conditions, over canopies with

different characteristics. These studies are intended to add to our understanding

of the degree of mixing that occurs as the turbulent transport structures move away

from the surface, in terms of composition and size. Our analysis should be seen in

the context of current attempts to define smaller-scale climate, energy and gas

exchange models to be nested within boundary layer models, with increasingly

realistic description of surface features, including vegetation. This raises questions

as to the scales at which surface features should be parameterized, and the height

above the surface where vertical transport loses its 'signature' of distinct surface

source and sinkdistributions. We hopethatthe study offlux associations atdifferent

heights help to link structure composition to spatial distribution patterns of surface

source and sink distributions and the spectral and thematic characteristics of the

surface. In this way, this study and those currently in progress may be useful ta

validate models of biosphere-atmosphere exchange processes, and of the mixing

among scalars within near-surface structures, at increasingly finer scales.
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CONNECTING STATEMENT BETWEEN CHAPTERS 3 AND 4

Over a spatially organised but heterogeneous agricultural surface, aircraft

data was able to successfully Iink the characteristics of fluxes and their

corresponding coherent structures to the underlying surface conditions. The resuIts

in Chapter 3 are a continuation of a paper published in Atmospheric Environment.

29,3169-3180,1995, which does notform partofthis thesis. Howeverfora more

complete understanding of the findings of the spatial analysis for the CODE grid,

this paper may be consulted.

The majority of surface observations are made from meteorological towers.

The folfowing chapter uses tower data collected over two different crop canopies in

the same agricultural region as part of CODE, ta examine the characteristics of

fluxes and coherent structures. This chapter gives sorne temporal dimension ta the

overalf study and alfows sorne general comparisons with results from Chapter 3.

The material in Chapter 3 has been published in the Journal of AgricuItural

and Forest Meteorology, 87, 27-39, 1997, and Chapter 4 has been published in

Atmospheric Environment, 33, 1159-1173. 1999. Since they were written

independently of each other, sorne duplication in analytical expression and

methodologies is unavoidable.
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CHAPTER4.

STRUCTURAL ANALYSIS AND FLUX ASSOCIATIONS OF C02J H20, HEAT

AND OZONE OVER COTTON AND GRAPE CANOPIES

4.1 INTRODUCTION

The use of models for simulation and prediction of surface-atmosphere

dynamics has become an integral partofresearch in the atmospheric/environmental

sciences. Almost ail forms of these models have to incorporate sorne form of

parameterization of the surface characteristics (McGuire et aL, 1991; Kaster and

Suarez, 1992; Sellers et aL, 1992; Melilla et aL, 1993; Bonan, 1993; Massman et

aL, 1994; Goetz and Prince, 1996; Ruimy et aL, 1996). The fact that these models

are sensitive ta spatial variability of physical surface characteristics (Wollenweber,

1995; Klaassen and Claussen, 1995; Sud et al 1988), and the uncertainty

surrounding the relative influence of the various scales of such variability (Moore et

aL, 1993), highlight the need ta improve our understanding of the atmosphere

ecosystem exchange processes. This need is reflected in the increasing number of

studies that focus on the parameterization of surface characteristics (Hanan et al.,

1995; Hall et aL, 1995; Lee et aL, 1996) and, in particular, the transport dynamics

ofvarious fluxes and their coupling ta the underlying surface (Schuepp et aL, 1987;

Mack et aL, 1990; Hollinger et aL, 1994; Massman et aL, 1993; Rochette et aL,

1995; Baldocchi, 1994; Guo et al., 1995a; Mitic et aL, 1997).

Sorne studies have specifically related the coherent motions of turbulence

(as opposed to incoherent noise) in the surface layer ta surface characteristics
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(Caramori et aL, 1994; Mitic et aL, 1995; Mitic et aL, 1997). These coherent

IIstructures" are responsible for the bulk of turbulent transport in the surface layer

and have been examined from various other perspectives (Wyngaard, 1983;

Eloranta and Forrest, 1992; Mahrt and Ek, 1993a & 1993b; Paw U et al., 1995). A

study of coherent turbulent structures allows for the improvement of our

understanding of the processes operating on surface fluxes, and the associations

ofthe various fluxes with each other and with the underlying surface. Identifying the

physical extent of structures and their composition, will give sorne indication of the

driving forces operating on flux transport as weil as their partitioning between the

surface and the atmosphere. This is of particular importance in the assessment of

the potential for predicting fluxes from surface characteristics in cases where sorne

fluxes, like those ofwater vapour and CO2, are more readily inferred from surface

observation than others, such as ozone flux.

Our study uses tower data collected at the cotton and grape sites during the

California Ozone Deposition Experiment (CODE) in the summer of 1991, to

examine flux associations of CO2, H20, heat and ozone. This is done for the two

gradient modes of transport, where the surface acts as a sink for CO2 and ozone

and a source of moisture and heat during the day, and a source of CO2 and a sink

for heat at night. The focus is on exchange processes at the "patchll scale (1 km2
),

and the objective is to characterize the temporal evolution and characteristics of

coherent structures during unstable (day) and stable (night) conditions over these

two different crop canopies. Due ta the importance ofozone deposition in the study

area and the primary objective of CODE (part of the San Joaquin Valley Air Quality
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Study, Pederson et aL, 1995), and given the fact that regional models for ozone

deposition are based on a variety of physical and physiological surface

characteristics at different scales (e.g. Massman et aL, 1994), the emphasis is on

the associations of ozone to the other flux variables. Such associations and the

spatial scales involved are of interest as bases of reference for soil-vegetatian

atmosphere transport (SVAT) models and as validation data sets for scaled-down

large eddy simulation models, which are increasingly being used to describe

canopy-atmosphere exchange.

4.2 SITE AND DATA DESCRIPTION

The data were collected at two meteorological tower sites over a cotton and

grape canopy located in the central valley of southern California at approximately

100 m above sea level (Pederson et aL, 1995). The field observation period lasted

from early July to early August, 1991. Five days were selected for study from each

of the two data sets. For each of these days, two 20 min time segments were used

for analysis, one during stable nighttime conditions and the other during unstable

daytime conditions. The daytime segments were selected from periods between

middayand mid-afternoon when the boundary layer was considered to be fully

developed, with unstable thermal stratification (zlL significantly negative). The

nighttime segments had zero solar radiation and stable stratification (positive zlL).

The selection of days for analysis depended on data quality as weil as on similarity

in conditions such as mean wind speed and atmospheric stability. The data sets

include eddy correlation observations, based on fast response sampling of the
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vertical wind component, airtemperature, and the concentrations ofC02 , H20, and

ozone. A detailed description of sites and sampling procedures is given below.

4.2.1 Cotton site

The tower at the cotton site was operated by the ASTER group from the U.S.

National Centre for Atmospheric Research (NCAR). The site was located at 36° 48'

50" N and 120° 40' 38" W, 80 km west of Fresno. The crop was planted in an E-W

row orientation spaced 1 m apart. During the observation period, the average height

of the cotton crop increased from 0.4 m ta 0.9 m, and the leaf area index from 1.8

ta 2.5. Eddy correlation systems were located at 5 m above the surface to sample

the three wind components, water vapour, CO2 and air temperature at a frequency

of 20 Hz. Data were collected continuously from July 11 to August 7. The selected

days and time segments used in this study are listed in Table 4.1. The mean wind

direction was perpendicular ta the rows. For the selected nighttime segments, the

mean wind speed ranged from 1.7 m S-1 ta 2.2 m S-1, zlL between 0.11 and 0.65, the

mean surface temperature between 22 oC and 24.5 oC, and dew was present in ail

cases. The daytime segments are characterized by mean wind speeds between 1.2

m S-1 and 2.3 m S-1, zlL between -0.19 and -2.0, mean surface temperature

between 30 oC and 38.8 oC and half hourly averaged incident solar radiation

between 946 W m-2 and 987 W m-2 with the exception of one day (Aug. 5) where

it was 750 W m-2 • The cotton fields were irrigated.
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• Cotton Grape

Date (1991) DOY night day night day

July 21 202 4:00am 1:30 pm

July 22 203 1:00 am 12:00pm 1:00 am 12:00 pm

July 23 204 4:00 am 1:30pm

July 24 205 4:00 am 12:30pm

July30 211 1:00 am 12:00 pm

July 31 212 4:00 am 2:30 pm

August 01 213 3:30 am 1:00pm

August 03 215 12:30 am 1:00pm

August 05 217 9:30pm 3:30 pm

Table 4.1. Selected dates and start time of the 20 minute segments used as case studies for
the cotton and grape sites. Times are in Pacific local time, and night refers to conditions of
zero solar radiation.

4.2.2 Grape site

The tower at the grape site was operated by the Air Quality Processes

Research Division ofthe Atmospheric Environment Service ofCanada. The site was

located 40 km northwest of Fresno, California, at 360 51' 36" N and 1200 6' 7" W.

The grape crop was planted in E-W rows spaced 3 m apart. The grass growing

between the rows was mowed about a week priorto the start of field measurements

and grew ta about 30 cm by the end of the study. The average height of the vines

was 1.7 m, and the LAI remained unchanged at 3.4 for the duration of the

experiment. Data were collected continuouslyfrom July 11 to August 8, at a height

•
of 9.4 m above the surface, at a frequency of 20 Hz. Table 4.1 shows the days and

time segments used in this study. The mean wind direction was diagonal to the
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rows. The nighttime series are characterized by mean wind speeds between 1.68

m S-1 and 2.46 rn S-1, zlL between 0.22 and 1.0 and mean surface temperatures

from 15.6°C ta 20.7 oC. During the daytime segments, the mean wind speed ranged

from 1.05 m S-1 to 3.76 m s-1, zlL from -0.19 to -3.07, rnean surface ternperature

from 28.9 oC ta 37.6 oC, and mean incident solar radiation from 837 W m-2 to 967 W

rn-2
• The grape site was irrigated twice during the observation period.

Details of the instrumentation and site characteristics for both sites may be

found in Massman et al. (1994).

4.3 DATA ANALYSIS

The analytical procedures used to define the flux estimates for CO2, H20,

heat and ozone, which identify the coherent structures and examine the

relationships and associations between the various scalars transported bty these

structures, are similar to those of Mitic et al. (1997) on aircraft data. Howeverr while

Mitic et al. (1997) provided a spatial analysis afflux and the corresponding coherent

structures, this paper is concerned with their temporal distribution and

characteristics at the stationary observation point. The mean used ta estimate the

flux in the eddy correlation technique is therefore defined across time r and the

removal of trends from the data filters out low frequency ('mesoscale' or

'mesocycle') oscillations that either represent organized large scale cycles within the

selected time segment or span a time frame larger than that being studlied. By

contrast, we define the instantaneous flux contributions within the 20 min time

segment as 'local flux events'.
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The accurate definition of the mean is an important aspect of the eddy

correlation technique, and varying approaches may be found in the Iiterature (Mahrt

and Ek, 1993a; Caramori et aL, 1994; Mitic et aL, 1995 and 1997; Ogunjemiyo et

al., 1997). Flux estimates are calculated as the covariance between the deviations

of the vertical wind (w') and scalar admixtures (c') from their means. Implicit in this

definition of a physically meaningful mean is the removal of any trends that might

be present in the time series, as weil as the separation of any large scale temporal

cycles from the local instantaneous flux events which are directly tied to the

underlying surface and the time segment under study.

The local flux estimates were calculated using the fluctuations from the local

means derived from linear detrending, in the form of a simple regression, and

nonfinear detrending in the form ofa truncated Fourier series (see Mitic et aL, 1997,

for details). In cases where a nonlinear trend is present within the time series, the

larger scale (mesocycle) flux is derived fram the low frequency oscillations filtered

from the scalar concentration and the vertical wind field. The procedure is based on

the decomposition of the flux into large scale time averages, represented by the

mesoscale means «w> and <c», and running (local) means (w* and c*)

represented by the finear or nonlinear series fitted to the data. Instantaneous

fluctuations (w' and c') are defined against the local means, which may be non

stationary due to 'mesocycle events'. Considering this expansion into means and

fluctuations (w = <w> + w* + w', etc.), applying Reynolds averaging under

consideration of the fact that <w'> and <w*> (or <c'> and <c*» vanish by definition,

the time-averaged vertical flux FT' over time T, at height h, is then given by
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• 1
FT = -f w(h, t:) c (h, t:) dt:

T T (3)

•

The conditions for Reynolds averaging may not be perfectly satisfied when a

running mean is expressed by the truncated Fourier series, but any terms excluded

from equation 3, such as <c*w'>, are bound to be negligible. In the case of <w> =

0, which is a reasonable assumption for large, fiat terrain such as the San Joaquin

Valley, equation (3) is reduced to FT =<c*W*> + <c'w'>, which is the sum of the

mesocycle flux and the local flux, respectively.

Using quadrant analysis and an imposed hyperbolic hole of 0.2 rms of the

flux, the modes offlux transport are defined for each local flux event (w'c') (Antonia,

1981; Grant et aL, 1986). Each of these instantaneous contribution to the flux,

resulting from a correlation between the vertical wind fluctuation and the scalar

fluctuation, may be characterized according to the four modes ofthe eddy covariant

transport as 'excess up' (w'(+) c'(+», 'excess down' (w'(-) cl
(+», 'deficit up' (w'{+) C'H) and

'deficit down' (w'{-) C'H), Le. the four quadrants of a (c1w') plot. Our paperfocuses on

the gradient modes, which describe the dominant direction of flux, such as an

upward transport of an excess of heat and moisture and a deficit of CO2 and 0 3

during daytime conditions. Downward gradient transport during the day is

characterized by an excess of CO2 and 0 3 and a deficit of heat and moisture. For

nighttime conditions, upward gradient transport of heat and CO2 is effected byan
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• excess of CO2 and deficit of heat. The nightlime transport modes for moisture and

03' cannot be generalized and must be determined from the empirical data.

The separation of local flux from larger scale motions was followed by

structural analysis, the process of identifying the coherent structures that transport

each scalar, and coincidence analysis, which determines ta what extent the

structures for the various scalars overlap, and examines size and composition of

these 'combined structures' (Mitic et aL, 1997). The horizontal extent of structures

is based on Taylor's frozen hypothesis (Taylor, 1938), assuming thatthe timescale

for an eddy to evolve is longer than the time it takes ta be advected past the sensor

(Powell and Elderkin, 1974). Structural analysis identifies coherent (turbulent)

structures within a time series or along a spatial transect, as a series of consecutive

instantaneous flux events above the given threshofd, within the same transport

mode (quadrant). The structure size (ss) in one dimension is then given by the

product of the duration of flux events within a certain transport mode and the

corresponding wind speed.

. 1 
ss= (N~*-) * U

f
(4)

•

Ni is the number of consecutive flux events in quadrant i, f is the sampling

frequency, and Ü is the mean wind speed. We arbitrarily defined the minimum size

of a structure (Smin) to be resolved in our analysis at twice the spatial resolution of

the sensor array (0.4 m), Le. at 0.8 m. The minimum number of consecutive flux
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events (Ni
min) required ta yield Smin' as given by equation 4, depends on mean wind

speed Ü. For the purpose ofthis study, Ü was classified inta high ( Ü > 1.5 m S-1)

and low (Ü $ 1.5 m S-1), with thresholds Nmin fixed at 10 and 16, respectively, ta

yield a threshold forthe definition of structure size. Record segments with Ni < Ni
min

are then disregarded as incoherent noise.

Our process of structural analysis initially defines coherent structures

separately for the various scalars (C02 , H20. heat and ozone). These are termed

'substructures' (Mitic et al.. 1997) since their size and composition are determined

in isolation from the other fluxes. In reality. scalars are not transported exclusively

of each other, so that coincidence analysis is used to examine the overlap of these

substructures into 'combined' structures, which transport more than one scalar

simultaneously. and ta provide a description in terms oftheir size, composition and

spatial distribution. It overlays the location ofthe substructures along the time series

for ail four scalar fluxes and combines those that are co-Iocated in sa far as there

is sorne overlap in their spatial extent. The size of the combined ('reconstructed')

structures is defined by the outer limits of its overlapping substructures. such that

if substructure A (Iocated between time vectors t1 and t3) overlaps substructure B

(Iocated between t2 and t4), where t 1 < t2 < t3 < t4 • the resulting two-component

structure is considered ta be located between t1 and t4 • Analysis of the composition

of these reconstituted structures permits us then ta define the extent to which

different scalars are associated in transport. The absence of a particular flux from

the composition of a reconstituted structure indicates that, for the duratian of time

over which that structure was observed, there was no consistent coherent
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• contribution of that flux, in the sense that the minimum requirement for significant

flux contribution (Nmin) was not met along that particular segment ofthe time series.

The frequency of association between fluxes, FA, is defined as a ratio (or

percentage) of the number of structures with a particular composition, to the total

number of structures defined for the 20 minute time series. Flux association for the

four variables examined may be defined for 15 categories based on the mutually

exclusive combinations of CO2, H20, heat and 03' These combinations represent

the presence of sustained coherent flux contribution within the structure. Using the

above definition, a structure with a composition of H20 and 0 3 (HO) indicates that,

for the duration of the structure, only H20 and 0 3 had a sustained coherent flux

contribution while the flux events of heat and CO2 within that structure have been

classified as incoherent noise. This technique is an improvement to the Jaccard

coefficient used by Mitic et al. (1995), which defined flux associations (FA) based

only on the coincidence of two scalars, and similar to Mitic et al. (1997) for aircraft

grid data sampled during CODE. The resulting definitions of flux associations

eliminate ambiguity and are mutually exclusive for the various combination of

scalars. The expression takes the form:

C.. k lFA= 2.. r Jr r

N-mp
(S)

•

Ci,i,k.1 is the number of coherent structures with the exclusive composition of scalars

i, j, k, 1(heat, H20, CO2,03)' or any combination of these ; N is the total number of

structures (before reconstruction) forthe overall time series; mp ("multiple pockets")
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• is the reduction in the number of structures as a result of overlap, so that N-mp is

the total number of reconstructed structures.

During the process of defining the flux compositions of the structures, the

mean flux of the individual scalars that make up that composition is also defined.

Correlation analysis ofthe flux intensities within the dominant FA categories is used

to complement the flux association analysis. Correlation between fluxes such as

CO2 and H20 within the FA category CHOT (representing CO2 , H20, ozone and

heat) represents the correlation of the mean magnitudes of these scalars within ail

the structures defined as having the composition CHûT.

It may be of interest to compare structure sizes generated by the above

analysis against expected length scales in the surface boundary layer. We may use

mixing length in surface scaling as a parameter that should be comparable to the

observed one-dimensional structure size. The mixing length (Q) under unstable

conditions is defined as

kz

<PM, H
(6)

•

for shear driven (M) and buoyancy driven (H) eddies, respectively, where k is the

Von Karman constant (taken as 0.4) and z is the measurement height. 4>M and 4>H

are the dimensionless wind shear and potential temperature gradient in the surface

layer expressed for non-zero surface stress (Stu", 1988) and defined as
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• kz au z -1/4
et> =--=(1-15-)

M u .. az L

kz ae z -1/2
et> =--=0.74 (1-9-)

H 8 az L

(7)

(8)

where Ü is the mean wind speed, e is mean potential temperature, u. is friction

velocity, S. is the temperature scale for the surface layer based! on u. and L is the

Obukhov Length. 1n cases where buoyancy dominates, the dimel1sionless moisture

gradient <PEmay be equated ta <!>H. Decomposition of the forces responsible for flux

transport at the surface. (discussed later) into shear, heat and water vapour. may

serve as a weighting factor for QM and QH' and the ratio of shear forces to heat and

water vapour forces defined as

(9)

where ~, ~H' ~E are the percentages of the driving forces attribLJtes ta shear, heat

and water vapour respectively. The mean mixing length as a fwnction of QM and QH

is then defined as

(10)
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4.4 RESULTS AND DISCUSSION

No consistent trends were observed in the wind and scalar data for bath

grape and cotton, for the night and day time series. For the majority of cases

nonlinear detrending was most appropriate. Only in 5 of the 50 cases were Iinear

detrending appropriate for the grape data and in 17 of 50 cases for the cotton data.

1n these cases there were no significant lowfrequency variation other than the linear

trend. Since Iinear detrending only extracts low frequency signais at a scale larger

than the sample length (vector), the resulting local flux estimate is a combination of

low and high frequency contributions. The non-Iinear high-pass filtering inherent in

isolation of the low frequency signais, at a scale which is smaller than the sample

length, will result in local flux estimate which is different from the linear estimate and

is defined only by high frequency contributions. In the case of nonlinear detrending,

the filtered low frequency mesoscale flux accounted for 95% - 110% of the

difference in flux estimate when linearwas replaced by non-finear detrending forthe

grape data and 84% - 111 % for cotton, indicating successful isolation of the local

fluxes from the larger mesocycles or mesoscale fluxes. The filtered mesoscale flux

was negligible and is not considered in the subsequent analyses, which only

examine the local instantaneous flux. For a more elaborate illustration of this

procedure see Mitic et al. (1997).

The mean flux densities for ail cotton and grape data show the surface acting

as a sink for COz (C), and ozone (0) and a source of heat (T) and H20 (H) during

the day. During the night, it becomes a source of COz, and a sink for heat, but

remains a sink for ozone and a source of HzO. This is seen in Figure 4.1 , which also
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shows consistent dominance of latent heat flux over sensible heat flux during the

day. The sensible heat fluxes from both grape and cotton are significantly lower

around day of year (DOY) 211 to 215, due ta irrigation, a situation which is not

reflected in the other variables. The observations shown in Figure 4.1 allow for the

definition of the gradient modes of transport of each flux during the day as weil as 

particularly - during the night.

4.4.1 Cotton Site Results

4.4.1.1 Flux Associations

The flux associations (FA) for ail ten case studies are shawn in Figure 4.2.

The pattern of flux associations is similar for structures in both the gradient down

and gradient up modes. Understable nighttime conditions, structures associated

with transporting only one flux component (C02 (C), H20 (H), 0 3 (0) or heat (T),

exclusively) dominate, cumulatively accounting for 35% to as high as 70% of the

total number of structures. This may indicate the relative lack of mixing within the

nighttime collapsed boundary layeras weil as sorne decoupling ofnocturnal surface

processes. The association of ozone with non-C02 transporting structures (no

sustained presence of coherent CO2 flux) during the night indicates the existence

ofa non-vegetated sinkforozone. The non-vegetated ozone sinkis indicated bythe

relative prominence of structures transporting H20-03-heat (HOT), which are also

present during the day.

During unstable day time conditions, structures simultaneously

transporting CO2-H20-03-heat (CHOT) dominate, with FA (in the gradient up mode)
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between 26% and 57%, associated with the dominant vegetated sink. This indicates

not only a higher degree of mixing, compared to the nighttime cases, as would be

expected, but presumably reflects also the co-Iocated vegetated daytime source

sink forthese variables. The association among structures transporting H20, 0 3 and

heat is the second consistently significant flux association. On DOY 213, however,

structures transporting only CO2, HzO and ozone figure prominently at 19%. This

corresponds to the low sensible heat flux during this time (Figure 4.1 ) and is a direct

result of the irrigation of the field. Coherent structures transport approximately 80%

of the total flux in about 20°1'0 of the averaging time. The association between the

flux components of structures simultaneously transporting CHOT and HOT,

indicating vegetated and non-vegetated source/sinks, respectively, was therefore

furtherdocumented by correlation analysis ofthe mean flux magnitudes within these

structures, as shown in Figures 4.3 and 4.4 The following discussion therefore deals

with the correlation of the flux

intensities within the dominant structure categories. Forthe CHOT structures, there

is a consistent high correlation between H20 and ozone flux intensities, ranging

from 0.68 to 0.91. The correlation between CO2 and ozone is more variable and

reflects the correlation pattern between COz and HzO which ranges from 0.5 to 0.8.

There is also a consistent moderate to high correlation between heat and ozone

within these structures. The correlation plots for the combined CHOT structures

from ail five days (Figure 4.4) show a positive relationship among ail the flux

components. The corresponding correlation coefficients show the highest overall
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Fig. 4.1. Mean fluxes for 20 min. time segments over the cotton and grape
sites. Bars are in the order of night-day.
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Fig. 4.2. Flux association at the cotton site for bath stable and unstable
conditions
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Figure 4.3. Correlation analysis within the dominant gradient up
structures for the cotton site during unstable conditions. Ali
sample days shown

correlation between H20 and ozone, at 0.725. The mean structure flux intensities

for the components of the CHOT structures may also be seen in Figure 4.4, with

approximate maximum values of -6.5 mg m-2
S-1 for CO2 , -4.5 ppb m S·1 for ozone

(where the negative sign indicates the surface as a sink), 2750 W m-2 for water

vapour, and 750 W m-2 for heat. For structures transporting H20, 0 3 and heat
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• exclusively (HOT structures), the relationship between H20 and ozone is even more

pronounced with a correlation coefficient greater that 0.8 in ail cases. The

correlation between ozone and heat is more variable, but in ail cases less than that

of H20 and ozone. The relationship for the individual DOY is also reflected in the

correlation coefficient for the combined cases shown in Figure 4.4, where the

highest correlation is between H20 and ozone at 0.7. In general, the correlation for

ail three fluxes is greater than 0.5. The above results suggest that under the weil

mixed daytime conditions over the cotton site, moisture and heat flux exert control

over ozone flux with H20 flux dominating in ail cases.

4.4.1.2 Driving Forces

The presence/absence of heat and H20 in the structure composition is

directly related to the buoyancy flux which incorporates terms corresponding ta both

the heat flux and the water vapour flux. The buoyancy flux (w'8'v)' Le. the virtual

temperature flux associated with the moisture content of the air, was not explicitly

calculated, but in the absence of Iiquid water in the air it can be approximated by

(1.1.)

•
where r is the water vapour mixing ratio (Stull, 1988). When w'a' is negligible, the

watervapour-related densityeffects dominate in buoyancy but even in the presence

of significant heat flux the latter contribute to buoyancy, as shown by the ratios of
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Fig. 4.5. Partitioning of the driving forces over cotton (a) and
grape (b) sites during unstable conditions.

virtual density flux ta sensible heat flux which ranged from 1.1 ta 1.4, representing

considerable enhancement of total buoyancy over that associated with sensible

heat flux only (1.0). In our analysis we differentiate between structures that have

sensible heat and virtual temperature buoyancy effects from those that do not

contain sensible heat flux, with a further category defined by the absence of

buoyancy, presumably associated with shearforces. This partitioning of the driving

•
forces operating at the cotton site during daytime conditions is shawn in Figure
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4.5(a). Heat is the dominant driving force in sa far as 50% ta 79% of the structures

have coherent heat flux in their composition.

4.4.1.3 Structure sizes

Structure size refers to the one dimensional horizontal extent (diameter) of

the structure as intercepted by the tower and defined in section 4.3. During stable

nighttime conditions the majority of the structures are less than 10 m in diameter.

During the day, the CHOT structure sizes range trom 3 m to 40 m, with a mean of

10.1 m. The sizes for HOT structures range from 2 m to 32 m, with a mean size of

6.1 m. Using equations 4 to 8 in section 3, with a À range of 0.1 to 0.22 (from Figure

4.5(a», and the values for z and zlL from sections 2.1, QM ranges from 2.8 m ta 4.8

m and QH between 4.4 m and 11.8 m. The mean mixing length (Q) then ranges from

4.2 m to 10.2 m. The mean CHOT structure sizes, correspond c10sely to QH' and fall

within the range of the expected mean mixing length (Q).

4.4.2 Grape Site Results

4.4.2.1 Flux Associations

The results from the FA analysis on the grape data are shawn in Figure 4.6.

The distribution of FA during nighttime stable conditions is verydifferentfrom that

of cotton. Here single component fluxes do not dominate, and ozone transport

appears predominantly in the presence of CO2 in CHOT structures. The distinctly

low occurrence of HOT structures in Figure 4.6 suggests that a non-vegetated sink

for ozone is not present. The consistently dominant structure compositions are
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Fig. 4.6. Flux association at the grape site for both stable and unstable
conditions
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CHOT with FA ranging from 16% to 29% and CHT with FA between 14% and 30%.

This may re1lect the much greater level of mixing during nighttime stable conditions

over grape, Iinked to the greater measurement height (almost twice that of cotton),

and possibly differences in the level of noctumal metabolic activities such as

respiration levels. The FA during the daytime unstable conditions is similarto that

of cotton with the majority of structures transporting CO2 , H20, ozone and heat

(CHaT) simultaneously, and FA between 25% and 48%. Structures with fluxes of

CO2 , H20 and ozone (CHO) are also prominentduring two sample periods, with FA

of21% and 25%.

The indication of a single dominant ozone sink for grape, that is, the one

associated with vegetation, represents a significant difference between the FA for

grape and cotton. The non-vegetated ozone sink at the cotton site may be the result

of deposition to the soil and photochemical reactions with NO, as suggested by

Massman et aL, (1995) from examining ozone flux divergence between tower and

aircraft flux.

The correlations of flux intensities within the dominant CHaT structures for

unstable daytime conditions (Figure 4.7) are similar ta those for cotton. There is a

consistently high correlation between CO2 and ozone (0.57 to 0.97), H20 and ozone

(0.64 to 0.96), and CO2 and H20 (0.67 ta 0.96). The CO2-ozone relationship,

however, does not indicate a dependence on the correlation between the flux

intensities of CO2 and H20 as appearto be the case overthe cotton canopy. This

difference may be due to the presence of the single ozone sink for the grape site.

The flux intensity correlation for the combined CHOT structures for ail five days are
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Fig. 4.7. Correlation analysis within the dominant gradient up structures
for the grape site during unstable conditions.

ail very high with CO2 and ozone at 0.88, H20 and ozone at 0.86 and CO2 and H20

at 0.91. The correlation between heat and ozone, by contrast, is much lower at

0.49.

The scatter plot in Figure 4.7 shows a positive relationship among ail four

fluxes within the CHOT structures. The mean flux intensities for the components of

the CHOT structures (also shown in Figure 4.7) indicate approximate maximum

values (excluding a few outlier) of -4.5 mg m-2 5-1 for CO2 , -3.5 ppb m 5-
1 for ozone,
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3750 W m-z for water vapour and 450 W m-2 for heat flux. Comparing the mean

structure flux between grape and cotton, CHOT structures for cotton have a higher

CO2 flux, as may be expected given the actively growing stage of the cotton crop,

as weil as higher ozone and heat flux and lower HzO flux. However, it should be

considered that the partitioning of the energy fluxes at both sites depends on the

dynamics ofthe rotating irrigation scheme. The findings on ozone flux correlate weil

with those of Massman et al. (1994, 1995), who found ozone flux to be higher at the

cotton site than at the grape site. As suggested by Guo et al. (1995), the higher

degree ofwetness indicated by the higher H20 flux and lower heat flux at the grape

site would reduce the production of NO, accounting for the lower ozone flux as weil

as the absence of a dominant non-vegetated ozone sink.

4.4.2.2 Driving Forces

The breakdown of the driving forces during unstable conditions, shawn in

Figure 4.5(b), indicates that although heat remains a principal driving force for the

surface fluxes (>50%), watervapourdensitygradients plays a more prominentrole

than was observed over cotton. This results in somewhat higher ratios of buoyancy

flux to sensible heat flux (ranging up ta 1.7 instead of 1.4), especially for days with

significantly lower heat flux around the time of irrigation (211 and 212).

4.4.2.3 Structure sizes

The sizes for the dominant daytime CHOT structures are larger than those over

cotton, ranging tram 3 m ta 69 m with a mean ot 15.7 m. Using equations 4 ta 8 in
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section 4.3, with a À range of 0.1 ta 0.15 (Figure 4.5(b», and the values for z and

zlL from sections 4.2.2, QM ranges from 5.3 m to 9.9 m and QH between 8.4 m and

26.9 m. The mean mixing length (~) then ranges from 8.1 m ta 24.3 m with the mean

CHaT structure size falling comfortable within this range. The structure sizes for

grape fall between those from the cotton site and those reported by Mitic et al.

(1997) for aircraft data at 30 m over a partly irrigated grid area with cotton as the

dominant crop. This indicates the increased mixing and subsequent coalescing of

structures with increasing height (Caramori et. aL, 1994) and verifies ta sorne

degree, the empirical definition of the physical extent of the coherent structures.

4.5 CONCLUSION

The association between fluxes of ozone and those of COz and H20, within

the turbulent structures that dominate exchange processes between cotton and

grape canopies and the atmosphere under daytime conditions, is not affected by

variations in the heat flux. Under unstable conditions, structures simultaneously

transporting COz, HzO, ozone and heat (CHaT) dominate for bath the grape and

cotton canopy. During stable conditions, the flux association differs between cotton

and grape, with the cotton canopy having more dominant single component

structures. The results for the stable conditions, however, must be interpreted with

caution in Iight of the very small magnitude of the fluxes and the difficulties

associated with sampling under nighttime stable conditions.

The separation ofozone deposition into vegetative and non-vegetative sinks

may be inf~rred from the proportion ofstructures transporting ozone in the presence
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and absence of CO2 • For the cotton site, a vegetated ozone sink associated with

CHaT structures and a non-vegetated sink associated with HOT structures were

observed. The grape site indicated only a vegetated sink for ozone associated with

the dominant CHaT structures. These results not only iIIustrate differences in the

types of sinks for different vegetation types, but should help to quantify the link

between ozone uptake by crops and their physical and physiological status. They

may be compared with those of Mitic et aL, (1997) for CODE aircraft data, where the

dominant flux association was between CO2, H20 and ozone, without significant

difference between the correlation of CO2 and Ozone, and H20 and ozone. The

aircraft data, however, were obtained at a height of 30 m above a 15 x 15 km grid

with varying crop and surface conditions. Le. at a height where considerable

coalescence of structures has already occurred.

The structure sizes indicate that on average the dominant structures at the

grape site are larger than those at the cotton site but considerably smaller than

those reported by Mitic et aL, (1997) for aircraft data fram CODE. These structures

sizes faU within range of the expected mean surface layereddy scales and may be

helpful as an empirical verification of eddy scale limitations within simulation

models.
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CONNECTING STATEMENT BETWEEN CHAPTERS 4 AND 5

The results from Chapters 3 and 4 were not entirely surprising; the

meterological and surface conditions were such that the results conform to general

expectations. Modelling the links between the surface and the atmosphere for the

CODE ecosystem would, as a consequence, be a straightforward quasi-Iinear

relationship. Chapter 5 presents a similar study but for a far more complex boreal

ecosystem.

This chapter is also self contained, and is being prepared as a manuscript

for submission.
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CHAPTER5.

SURFACE ATMOSPHERE INTERACTIONS IN THE BOREAL FOREST

5.1 INTRODUCTION

Overthe past several decades much research in the environmental sciences

has focused on global c1imate change (D'Arrigo et aL. 1987; Mooney et aL, 1991;

Field et aL. 1992; Harris and Frolking. 1992; Viau and Mitic. 1992; Melillo et aL,

1993; Chapman and Thurlow. 1996). Global change research uses large scale

atmospheric models for climate and/orweatherforecasting. and has to incorporate

sorne form of parameterization of the surface characteristics (Kaster and Suarez,

1992) for the estimation of the surface fluxes. This is especially significant and

sensitive in cases where the surface heterogeneity is such that it creates a

patchwork of sources and sinks for heat and scalar quantities. A large percentage

of the errors in the surface parameters of these model is due ta the

misrepresentation of important biophysical processes (Sellers et aL, 1997). The

need ta develop ways ta empirically validate the lower boundary conditions ofthese

models has led to the widespread use of remotely sensed data. Flux observations

by low flying aircraft. used in conjunction with satellite observation, promise to

provide a more accurate spatial picture of the surface-atmosphere exchange

dynamics.

Remotely sensed surface observations from satellites have been recognised

as a useful way to characterize surface characteristics. Their advantages overother
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data sources for regional studies include their frequent repeat cycles, large area

samples, wide spectral range, and suitability for automated classification. They also

provide a spatially explicit way ofmonitoring short term variations in vegetation, and

can be used in relatively simple modelling frameworks. Apart from the classification

of surface cover, and in particular the classification of deciduous and boreal forest

from Landsat Thematic Mapper (TM) and SPOT satellites (Nelson et aL, 1984;

Buchheim et aL, 1985; Shen et aL, 1985; Horler and Ahern, 1986; Vogelmann and

Rock, 1986; Hopkins et aL, 1988; Moore and Bauer, 1990; Bolstad and Lillesand,

1992; Beaubien, 1994), satellite images have proven their usefulness in the

derivation of a variety of indices related to the ecophysiological characteristics of

the surface, and in particularthose ofvegetation. Such variable descriptors include

the Normalised Difference Vegetation Index (NOVI) (Hanan et aL, 1995;

Wollenweber, 1995; Hall et aL, 1995), PhotosyntheticallY Active Radiation (PAR),

Net Primary Productivity (NPP) and Leaf Area Index (LAI) (Lee et aL, 1996; Hanan

et aL, 1995; Goetz and Prince, 1996). These descriptors have been applied

extensively to forest ecosystems.

This study uses data collected bythe Canadian Twin atter aircraft, and sorne

meteorological towers and satellite systems during the Boreal Ecosystem

Atmosphere Study (BOREAS) intensive field campaigns of 1994 and 1996.

BOREAS was a large scale multi-disciplinary international investigation in the

Canadian boreal forest, designed to improve our understanding of the exchange

processes between the boreal forest and the lower atmosphere. Similar to such

studies as the First International Satellite Land Surface Climatology Project Field
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Experiment (FIFE) (Hall and Sellers, 1995), Hydrological Atmospheric Pilot

Experiment (HAPEX) Goutorbe et aL, 1994) and Califomia Ozone Deposition

Experiment (CODE) (Pederson et aL, 1995), BOREAS had a nested multiscale

measurement strategy, designed ta capture and integrate observations from the

process scale at 1m2- (100 m)2 to the regional scale at (1000 km)2 (Figure 5.1).

The objective of this paper is ta examine the spatial scales and

characteristics of fluxes of CO2, H20, and heat and their corresponding coherent

structures for two sites in the Canadian boreal forest. Satellite and aircraft data are

used to develop a spatial model to predict the distribution patterns and relative

intensities ofsources and sinks of heat, water vapour and CO2 based on the spatial

mix of the surface characteristics.

5.2 DATA COLLECTION AND SITE DESCRIPTION

The BOREAS site is located in the Canadian boreal forest of northern

Saskatchewan and Manitoba. It is dominated by black spruce, jack pine, aspen,

birch, larch, in various stages ofregeneration, along with numerous lakes, bogs and

fens. The climate is characterized by strong seasonal variations with short,

moderately warm and moist summers and long, extremely dry and cold winters. The

BOREAS site extends 1000 km x 1000 km from the southem edge to the northern

regions of the boreal forest. Within this region there are two localized sites. The

Southern Study Site (SSA) is located atthe southem edge ofthe boreal zone, in the
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Region

1000 x 1000 km

5tudy Area

SSA 130 km wiele x 90 km
N5A 100 km \\rïde x sn km

l\'{odehng Sur. Area

SSA 50 km wide x 40 km
N5A 40 km \vide x 30 km

Tower Aux Site

-lkmxlkm

Process/ Auxiliary Site

-1 m2 - 1000 m2

Figure 5.1. Multiscale measurement strategy. Source BOREAS Information System.
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vicinity of Prince Albert, Saskatchewan. It covers 11,170 km2 and is expected to be

waterlimiting during the growing season. The Northem Study Area (NSA) is located

500km northeast of the SSA and 40 km west of Thompson, Manitoba, with a size

of 8000 km2
. It is near the northern limit of the boreal forest where the ecosystem

is expected ta be temperature limiting during the summer. Figure 5.2 shows the

location of these sites.

The NSA is fiat with gentle rolling hills. This relief, along with the

predominantly clay soil, results in poor drainage with abundant wetlands. The area

contains a few lakes, mainly black spruce with scattered birch and stands of jack

pine in the drier areas. The SSA is gentle in relief with soils ranging fram gray

wooded to degraded black. The vegetation consist of a mixed-wood zone and an

aspen grove section. Feather mosses dominate the forest floor in the conifer

dominated stands. The deciduous and mixed deciduous stands have an extensive

low shrub/herb understory.

The Canadian Twin Otter aircraft team established one grid site for more

intensive observation within bath the SSA and the NSA. Each grid site is 16 km x

16 km.

The Twin Otter aircraft made grid flight observations during the three BOREAS

Intensive Field Campaigns (lFC) in 1994 (May 24 - Sept. 19) and one in 1996 (July8

- Aug.8), at both the southern and northern sites. Each grid flight consisted of nine

parallellines, separated by 2 km, flown twice in opposite direction in a time-centred

mode such that each line was sampled at the same average time (Ogunjemiyo et

aL, 1997). A total of32 grids were flown. Among other parameters, eddy correlation
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Figure 5.2. Location of the BOREAS study site,the Northern Study Area (NSA) and the
Southem Study Area (SSA).
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data on water vapour, air temperature, CO2• the three components ofwind. as weil

as radiometric surface ternperature and a simple ratio vegetation index were

collected at a frequency of 16 Hz. 30 - 45 m (100 - 150 feet) above the surface. Ali

data were geographically referenced to latitude and longitude coordinates.

Six grid flights were selected for study from three different 1FCs t selected for

optimum radiation conditioens. Two grid flights each from IFC 1 and IFC4 were

analysed for the northem site, and two grid flights from 1FC 2 for the southern site.

Grid 13 flown on June 7, 1!994 in an E-W direction and grid 15 flown on June 8,

1994 in a N-S direction represent IFC1. Grid 26 flown on July 24. 1994 in an E-W

direction and grid 30 flown on July 26, 1994 in a N-S direction represent IFC 2. Grid

76 flown on July31. 1996 in an E-W direction and grid 79 flown on August in a N-S

direction represent IFC4.

5.2.1 Northern Grid Site

The northern grid is located in the west-central section of the NSA at 55.800

- 55.94° N and 98.39° - 98.65° W. Figure 5.3 shows the surface Landsat TM

surface classification (proviided by the BOREAS Terrestrial Ecology 18 team). This

site has a distinct north soutth characteristics. The northern section consists of fen

(14%). characterized by areas with a watertable very nearthe surface. deciduous

species (18%) primarily aspen/birch. and wet conifers (4%). primarily black spruce

and jack pine, with unders10ry of feather moss and sphagnum. The southern

section of the site is dominated by regenerating conifers (20%) (black spruce and

jackpine) and deciduous (330/0) (aspen) regrowing upto 10 years aftera burn. The
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canopy height in the northem section averages 20 m with a predominantly wet to

saturated moss understory.

During IFC 1, gird 13 flight had a mean vapour pressure deficit (VPD) of 1.41

kPa, representing a relative humidity (RH) of28%, mean airtemperature of 17.3°C,

average Sowen ratio (ratio of sensible to latent heat flux HILE) of 1.9, with an

evaporative fraction (LE/(H+LE» of0.34. Conditions were c1earwith southerly winds

at 4 mps. Grid 15 flight had a mean VPD of 2.6 kPa, representing a RH of 17%,

mean air temperature of 24.7 oC, average Sowen ratio of 1.35, and evaporative

fraction of 0.42, with c1ear conditions and WSW winds at 5 mps.

During 1FC 4, grid 76 flight had a mean VPD of 1.56 kPa, representing a RH

of 47%, mean air temperature of 23.7 oC, average Bowen ratio of 0.67, an

evaporative fraction of 0.60, with mostly clear skies and a south wind at 3.1 mps.

Grid 79 flight had a mean VPD of 1.8 kPa, representing an RH of 400k, mean air

temperature of 24.1 oC, average Sowen ratio of 0.51, evaporative fraction of 0.67,

mostly clear skies with SW winds at 5.1 mps.

5.2.2 Southern Grid Site

The southern grid site is located in the east-central section of the SSA at

53.78° - 53.93° N and 104.560
- 104.800 W. Figure 5.4 shows the surface Landsat

TM surface classification (provided by the BOREAS Terrestrial Ecology 18 team).

This site shows variation of surface cover in a diagonal NE to SW direction. The SW

section is characterised by a mixture of fen (11.5%), medium-aged regenerating

conifers (14.49°k) and sorne mixed deciduous and conifers (9.04%). The NE section
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Figure 5.3 Surface Classification of the Northem Grid fram June 21 1995
Landsat-5 TM image. Scenes Provided by BOREAS TE-18 group.
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Figure 5.4 Surface Classification of the Southern Grid fram September 02, 1994
Landsat-5 TM image. Scenes Provided by BOREAS TE-18 group.



• has patches of conifers on dry soil (8.85%), and conifers on wet soil (38.38%) as

weil as sorne new regenerating conifers (4.09%), new regenerating deciduous

(3.62%) and disturbed, recently cleared patches (4.29%). There is also a large SE-

NW strip of wet conifers across the middle of the site.

During IFC 2, grid flight 26 had a mean VPD of 1.5 kPa, representing a RH

of 31 %), mean air temperature of 19.9 oC, average Sowen ratio of 0.89, an

evaporative fraction of 0.52, with clear skies and a north wind at 5 mps. Grid flight

30 had a mean VPD of 1.7 kPa, representing an RH of39%, mean airtemperature

of 22.9 oC, average Sowen ratio of 0.78, evaporative fraction of 0.56, with mostly

c1ear skies with light SW to NW winds.

5.3 DATA ANALYSIS

The analytical procedures used ta define the flux estimates, identify the

coherent structures and examine the relationships of flux associations, are similar

to those used by Miticetal. (1997 & 1999) in Chapters 3 and 4. The area averaged

flux FA is estimated by the eddy correlation technique, as the covariance between

the deviations of the vertical wind (w') and scalar admixtures (c') from their means

at a height h, as a factor of time t, integrated over interval A as

•

FA = -=-f w(x, y, h, t) c (x, y, h, t) dxdy
A A
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• This is similar to Equation (1) where FA is separated into the domain average

<w><c>, the running mean <c*w*> and the instantaneous flux <c'w'> as described

in Chapter 3 section 3.3.1.

Acombination oflinear(simple regression) and non linear(truncated Fourier

series) detrending techniques, is used to separate the local instantaneous fluxes

relating directly to the underlying surface from the larger scale low frequency

oscillations (termed me50scale flux). Selection ofa particular detrending technique

is according to the criteria used in Mitic et al. (1997), given in Chapter 3.

Quadrant analysis is used to identifythe modes oftransport (excess up/down

and deficit up/down), and coherent structures are identified as a series of8 or more

consecutive pairs of w'c' excursions (equivalent to a spatial dimension of ~ 30 m)

within the same quadrant, where the one-dimensional structure size 55 (in time

units) is given by

. U
ss=N~*-

f
(13)

•

Ni is the number of consecutive flux events in quadrant i, Ü is the mean horizontal

wind and fis the sampling frequency. Only the gradient modes of flux towards the

surface (gradient down) and away from the surface (gradient up) are used in this

study. During daytime conditions this represents an excess of moisture and heat

and a deficit of CO2 transported away from the surface, and a deficit of heat and

moisture and an excess of CO2 transported towards the surface. The degree of

association between the fluxes is determined by coincidence analysis, which
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• basically redefines the composition and locations ofstructures which overlap in their

physical extent. It is then defined as a ratio of the number of coherent structures

with a particular composition to the total number of structures identified across the

grid. This flux association is given by

c.. kFA- ~,J,

N-mp
(14)

•

Ci,j,k is the number of coherent structures with the exclusive composition of scalars

i, j, k (heat, H20, CO2) or any combination of these, N is the total number of

structures (before reconstruction) forthe overaIl time series, mp ("multiple pockets")

is the reduction in the number of structures as a result of overlap, so that N-mp is

the total number of reconstructed structures. A more elaborate definition of the

coincidence analytical procedure may be found in Mitic et al. (1999), given in

Chapter4.

ln orderto investigate the degree to which the spatial distribution of surface

fluxes may be predicted from the surface characteristics, simple and multiple

correlation/regression analyses are performed. The simple correlation/regression

takes the form of Pearson Iinear regression, and looks at pairs of fluxes, as weil as

fluxes and surface parameters (greenness, radiative surface temperature). The

step-wise multiple regression uses greenness index and the fractional influence of

the surface type (eg. conifer), adjusted by surface temperature excess, to predict

the distribution of CO2, H20 and heat fluxes. The footprint corrections for one of the

multiple regression models is based on solutions tram Kaharabata et al. (1997).

This footprint model uses the fractional contribution of each caver type contained
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in the upwind area ofthe sampled data points (which represents the correlation grid

points), according to the footprint estimates. The footprint adjusted model is done

only for IFC1 grid 13. An altemate variable scale model does not use the footprint

adjustments because its pixel size overlaps the calculated upwind footprintdistance.

The variable scale model is used for the combined grids 13 and 15 from IFC1,

combined grids 26 and 30 trom IFC2 and combined grids 76 and 79 from IFC4.

These models are created for two spatial scafes which represents the correlation

pixel size. The land caver type independent variables are eafculated over a 240 m

x 240 m area (pixel) and over a 560 m x 560 m area (pixel). The land cover

variables then represent the frequency of the various land caver classes within

these areas.

5.4 RESULTS AND DISCUSSION

5.4.1 IFC 1 Northern Grid Site

5.4.1.1 Flux Magnitudes

IFC 1 is represented by grids 13 and 15 flown on June 7 and 8, 1994,

respectively. The detrending and flux separation procedure resufted in the

mesoseale:foeal flux ratios shown in Figure 5.5. For both Grid 13 and grid 15 a

significant portion of the flux (> 10%) ofwatervapour and CO2 is represented bythe

larger scale low frequency oscillations (mesoscafe flux), while only a very small

percentage of the heat flux « 4%) is accounted for by the mesoscale flux. This

suggests that while heat flux is primarily generated by local sources at local spatial

scales, the latent and sensible heat fluxes have a wider range of spatial scales

associated with signifieant transport, representing bath local as weil as more
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Figure 5.5. Ratio of mesoscale flux to local flux for
grid 13 and grid 15 from IFC1 northern site.
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wide-spread sources and sinks. The mean fluxes for both grids shawn in Figure 5.6

indicate the dominance of sensible heat flux in the energy balance. giving rise to a

Sowen ratio for grids 13 and 15 of 1.9 and 1.35. respeetively. Grid 13 has mean

fluxes of -1 .6 mg m-2
S-l. 111 W m-2 and 213 W m-2 for CO2 • fatent and sensible heat

flux. respectively. Grid 15 has mean fluxes of -0.9 mg m-2 s-1, 142 W m-2 and 192

W m-2 for CO2 • latent and sensible heat fluxes, respeetively. The flux estimates for

CO2 are quite low. reflecting a significantly lower overaIl photosynthetie rate

compared to levels observed over the CODE sites. The refativefy low latent heat

flux, compared to the sensible heat flux. over this predominantly wet surface. may

be partly attributed to the fact that the air is very dry, as indicated by vapour

pressure deficits above 1 kPa. This causes stress on the vegetation which, due ta

physiologieal charaeteristics, is not able to take up moisture from the partly frozen

sail at an adequate compensating rate. This is further demonstrated in the next

section.

5.4.1.2 Fluxes and Surface Characteristics

One kilometre averages were used to ereate spatial flux and surface maps

with a Geographie Information System (GIS), using a potential mapping procedure

with a seareh radius of 2 km. The E-W runs from grid 13 and the N-S runs from grid

15 were eombined to yield a higher spatial resolution and a higher confidence in the

resulting spatial patterns. Figure 5.7 shows the spatial distribution pattern for

surface temperature excess (surface temperature minus air temperature)and

greenness index (infrared : red ratio), Figure 5.8 shows the leaf area
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Figure 5.7 Twin Otter Surface Temperature Excess and Greenness
index for the northern grid IFC1
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Figure 5.8. NOAA AVHRR FPAR and LAI for the narthem
grid fram IFC1. Source: CCRS
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index (LAI) and the fraction of the photosynthetically active radiation (FPAR) and

Figure 5.9 shows the spatial flux pattern for CO2, latent and sensible heat fluxes.

The spatial patterns of the surface temperature excess and the greenness

index reflect the vegetation pattern shown in Figure 5.3. High surface temperatures

and low greenness are located in the southern section of the site which is an area

undergoing regeneration. The lower surface temperatures and higher greenness

are in the northern section ofthe site which is dominated byfen, deciduous and wet

conifers. These patterns are similarly reflected in LAI and the FPAR. The surface

characteristics are not as clearly reflected in the spatial distribution patterns of the

fluxes. The CO2 flux pattern reflects that of the greenness, LAI and FPAR. This

indicates that the higher levels of photosynthesis occurs in the northern section of

the site. It would, therefore, be conventionally expected that this area should exhibit

a low sensible heat flux. This, however, is not the case, as seen from the map of

sensible heat flux. 1n contrast to the distribution pattern of surface temperature

excess, the higher sensible heat flux is concentrated in the northern section of the

site. This means that there is a high level of decoupling between the surface and

the atmosphere and that the heat flux is not generated by the surface but

predominantly by the tree canopy.

As has been previously noted and described (e.g. Ogunjemiyo et al., 1997),

the inconsistencies between the surface temperature, the sensible heat flux and

CO2 may be explained by the complex combination ofcharacteristics at the surface.

While the northem section has tall thin mature trees, its understory has a moss and

sphagnum layer on very wet ta saturated soil conditions. The downward looking 1R
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thermometer responds ta moist coolersurface between the often sparse trees, while

the contrast between mature trees and understory vegetation is much less

pronounced for the properties recorded by the optical sensors for greenness, LAI

and FPAR. The much shorter vegetation in the southern section gives a more

complete picture ofboth the canopy and the surface. The high VPD and the varying

response of the different species ta environmental conditions may also explain the

decoupling of the heat flux from the surface temperature and differences in the

response of photosynthetic levels. Dang et al. (1996) showed that the magnitude

of vapour deficit limitation varies with tree species, with deciduous species such as

aspen (dominant as new regeneration in the southem section of the site) having

a much higher stomatal sensitivity than conifer species, such as black spruce found

in the northern section of the site. This causes the aspen species to restrict

stomatal opening and consequently CO2 uptake under high VPD. The conifer

species are able to fix CO2 to sorne extent under these conditions. Species such as

black spruce, growing in an environment of organic soil, moss-covered, with low

thermal conductivity and lower oxygen concentration, are adapted to a more

rigorous extraction of sail moisture, and can tolerate a much lower shoot water

potential (Dang et aL, 1996). On the other hand, the conifer needles have a lower

leaf boundary layer resistance than the deciduous species.

These atmospheric, surface, and physiological conditions may explain why

the canopy in the northern section of the site would heat up and generate a higher

sensible heat flux but also maintain the higher levels of photosynthetic activity as
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indicated by the greenness and CO2 maps, while the southem section of the site

would have the higher surface temperature but lower sensible and CO2 fluxes.

The distribution pattern of the latent heat flux is probably more indicative of

surface evaporation than transpiration, and iIIustrates the overall wetness of the

site. Oncley et al. (1997) found that the contrast between aspen dominated and

conifer dominated forest is not as great in the CO2 exchange as in the latent heat

exchange, indicating that evaporation probably contributed significantlyto the latent

heat flux. Similarly, Baldocchi and Vogel (1996) and Moore et al. (1996) observed

that evaporation from the soil surface accounted for a large percentage of the latent

heat flux from the jack pine forest during BOREAS

5.4.1.3 Coherent Structures and Sources and Sinks

The association of fluxes within the coherent structures responsible for the

bulk of flux transport, and the spatial distribution of these structures, give sorne

indication of the distribution of the sources and sinks for the fluxes at the surface.

Figures 5.10 and 5.11 gives the flux association for grids 13, 15 and the combined

grids. The exclusion of a particular flux from the composition of a structure means

that there was no sustained significant contribution of that flux over the duration for

which the structure was observed. For both grids, four distinct, dominant structure

compositions are evident, as indicated in Figure 5.11: structures simultaneously

transporting CO2 • H20 and heat (CHT), or H20 and heat (HT), and those

transporting exclusively heat or H20. This distribution may indicate the two distinct

source/sink characteristics of the surface and the canopy. The difference in
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dominant structures compositions between grids 13 and 15 (Figure 5.10) may be

a reflection ofthe difference in the VPD between thetwo days (1.9 kPa vs 2.6 kPa).

The assumption can be made that the H20 structures represent unmixed

evaporation from the surface, the heat structures represent unmixed sensible heat

plumes from the canopy, the HT structures represent a mixture of surface H20 flux

and canopy sensible heat flux, and the CHT structures represent the transpiring

portion of the canopy. The difference in the structure compositions for the two grid

could then be interpreted as a result of the higher VPD stress exerted on the

vegetation resulting in higher stomata conservation. This would be expected ta

lower the CHT structures and increase the HT and heat structures.

The spatial distribution of the dominant structures across the TM classes of

surface vegetation is shawn in Figure 5.12. Unlike the results obtained in CODE, the

distribution of the structures is relatively constant for the dominant surface types,

both in the northern and southern sections. Possible reasons for the Jack of

distinction in the spatial distribution of the structures is similar ta that of the spatial

fluxes: the decoupling of the fluxes tram the surface, as weil as the fine scale of the

surface heterogeneity, which exhibits no extended, contiguous areas within any

given surface classification.

The composition of the coherent structures is used to determine the

partitioning of the driving forces at the surface. As shawn in Figure 5.13, the

dominant driving force at the surface is heat, accounting for> 80% of the forcing.

This is confirmed by the correlation of 99°..'0 between sensible heat flux and

buoyancy flux.
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The one-dimensional cross-sections of the dominant mixed structures are

much larger than those of the unmixed single component structures. The eHT and

HT structures have mean sizes of 122 m and 95 m, and maxima of 555 m and 664

m, respectively. The H20 and sensible heat structures have means of 66 m and 68

m and maxima of 304 m and 276 m, respectively.

5.4.1.4. Correlation and Regression

A simple correlation and regression analysis (y = a ± f3x) was done for the

fluxes and surface characteristics to enhance the interpretation of the spatial flux

distributions. Table 5.1 gives the correlation and regression parameters for the

combined grids13 and 15. The degree ta which the surface is decoupled from the

fluxes is evident in the correlation parameter r. The highest correlations are among

the fluxes ofeo2 , H20, heat and buoyancy. e02 has a moderate positive correlation

with greenness as was evident in the flux maps, and the surface characteristics ail

have a moderate to high correlation with each other. The almost perfect correlation

between sensible heat flux and buoyancy indicates that buoyancy is almost

completely driven by heat, as is evident in the driving force partitioning in Fig. 5.13.

5.4.2 IFe 4 Northern Grid Site

5.4.2.1 Flux Magnitudes

IFe 4 is represented by grids 76 and 79 flown on July 31 and August 02,

1996, respectively. Unlike IFC 1, the detrending procedure indicates that the bulk

of the flux has a local source areas, with the exception of the CO2 flux fram grid 79
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H20 CO2 -0.51 71.06 -441.27 62.26

H20 Heat 0.45 47.895 0.3881 64.4

H20 STExcess -0.08 136.84 -2.127 72.09

H20 Greenness 0.02 112.76 6.23 72.28

CO2 Heat 0.55 -0.016 0 0.07

CO2 STExcess 0.02 -0.129 0.001 0.08

CO2 Greenness 0.35 0.104 -0.1034 0.08

Heat STExcess 0.02 199.51 0.696 84.67

Heat Greenness 0.17 91.05 50.25 83.5

Buoyancy Heat 0.996 0.0039 0.001 0.007

Buoyancy H20 0.52 0.115 0.001 0.06

STExcess Greenness 0.48 14.52 -4.366 2.27

Table 5.1 Regression analysis for the combined IFC 1 Northern grids 13 and 15

•

which has 14% of its total flux contribution from larger low frequency structures.

The mesoscale:local flux ratios for grids 76 and 79 are shown in Figure 5.14. Also

unlike IFe 1, sensible heat flux does not dominate the energy budget. Figure 5.15

shows the mean fluxes for both grids. Grid 76 has a mean CO2 flux of -0.2 mg m-2

S-1, a mean sensible heat flux of 103 W m-2 and a mean latent heat flux (H20) of 153

W m-2
. Grid 79 has mean fi uxes of -0.17 mg m-2 S-1, 77 W m-2 and 152 W m-2 for

CO2 , sensible heat and latent heat fluxes, respectively. This gives a Sowen ratio of

0.67forgrid 76, and 0.51 forgrid 79. These data indicate changes in the 'behaviour'

of the surface, compared to 1FC 1. The lower CO2 flux reflects a reduction of
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Figure 5.14. Mesoscale flux to local flux ratios for
grid 76 and 79 trom 1FC4 northern site.
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Figure 5.15. Local flux estimates for grids 76 and
79 from IFC4 northem site. Sensible and latent heat
fluxes are in W m-l
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photosynthesis. There is also an absolute reduction in the energy fluxes, with water

vapour dominating the budget. These differences could be the result of the

increased heat stress placed on the vegetation as a result of an overall increase

in air temperature. The prominence of the moisture flux could be a result of soil

moisture being made more available to the regenerating deciduous vegetation as

the growing season progresses. This is explored further in the next section.

5.4.2.2 Fluxes and Surface Characteristics

The spatial distribution of the surface conditions observed from the aircraft

is shown in Figure 5.16. The distribution pattern of the surface temperature excess

is similar to that of 1FC 1 with low surface temperature excess in the north which has

a high percentage offens and wetto saturated soils, and high surface temperature

excess to the south. The greenness index, however, is now higher in the southern

section of the site. This area is dominated by regenerating aspen in the former burn

area which, by the middle ofthe growing season, has completed its leaf-out. Overall

the level of greenness is higher as would be expected as the growing season

progresses. The FPAR and LAI were not available for this period. Figure 5.17

shows the spatial distribution pattern of the surface fluxes. The CO2 flux pattern

does not show the same degree of correspondence ta greenness as during 1Fe 1.

Highervalues of the moisture flux are seen in the southern section of the site, while

the higher sensible heat fluxes are concentrated towards the northern section.

Similar to IFC 1, there is a decoupling of the surface from the atmosphere in terms

of the haat flux, moisture flux and surface temperature excess, although the
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index for the northern grid IFC4
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distribution patterns of the moisture flux to some extent reflects the surface

greenness. These patterns indicate the complex set of micrometeorological

dynamics operating at this site, and so far suggest that the distribution patterns of

fluxes may not be accurately deterrnined trom the patterns of greenness and

surface temperature alone.

5.4.2.3 Coherent Structures and Sources and Sinks

Figure 5.18 gives the flux association (FA) for grids 76, 79 and the combined

grids. As in IFC 1, the four dominant categories of coherent structures in the

gradient up mode are those which simultaneously transport CO2, H2 0 and heat

(CHT) or H20 and heat (HT), and those transporting only heat or H20. These

categories are more prominent for grid 76. The large FA for single component

structures of heat and H20 again suggests the significant presence of heat and

moisture plumes off the surface in the absence of sustained photosynthesis.

The FA for grid 79 are lower for the single component structures, and the

significant percentage of combined moisture and heat plumes suggest that

vegetation was more active in evapotranspiration. However, the FA results also

indicate that many of the sources for water vapour flux and sensible heat flux are

not co-Iocated, as was seen in the Figure 5.17 flux maps.

Figure 5.19 gives the spatial distribution of the coherent structures for the

different surface classifications. Similar ta IFC1 the spatial distribution of ail four

dominant categories are fairly evenly distributed on the three dominant surface

classifications. There is, however a 10% shift (compared ta IFC1) in the number of
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CHT structures from medium aged regenerating conifers ta the new regenerating

deciduous surface class. This may reflect changes in the environmental conditions

for the new regenerating deciduous as a more active source/sink.

The mean one-dimensional size for the CHT and HT structures were 112 m

and 84 m, and the maxima 300 m and 244 m, respectively. The heat and H20

structures had means of 56 m and 60 m, and maxima of 180 m and 229 m,

respectively. These sizes are smallerthan those observed in IFC 1, and may be an

indication of the more localized source/sink areas.

The driving force partitioning derived from the coherent structure

compositions is shown in Figure 5.20. Similar to IFC 1 heat is the dominant driving

force at the surface. This dominance of heat as a driving force is further

corroborated in the almast perfect correlation of 99% between heat and buoyancy

flux (Table 5.2).

5.4.2.4 Correlation and Regression

The degree ta which the surface is decoupled from the fluxes is evident in the

correlation parameter r given in Table 5.2. The highest correlations are among the

fluxes ofC02 , H20, heatand buoyancywhich ail have a direct (positive) relationship

to each other. CO2 has a low correlation with greenness as was indicated by the flux

maps, and the surface characteristics ofgreenness and surface temperature excess

have a low correlation with each other. Unlike the results from IFC 1, ail the

correlations are below 0.5 (50°J'o) with the exception of buoyancy and heat.

101



• y x r a J3 se

H20 CO2 0.31 111.88 -219.96 83.49

H20 Heat 0.25 111.65 0.45 85

H20 STExcess 0.09 144.57 4.42 87.54

H20 Greenness 0.079 77.73 30.3 87.61

e02 Heat 0.29 -0.12 0 0.12

e02 STExcess 0.15 -0.18 -0.001 0.12

e02 Greenness 0.19 0.07 -0.1 0.12

Heat STExcess 0.37 71.52 10.18 45.3

Heat Greenness -0.047 114.8 -10.12 48.72

Buoyancy Heat 0.99 0.008 0.001 0.006

Buoyancy H20 0.38 0.06 0 0.041

STExcess Greenness -0.11 3.86 -0.84 1.77

Table 5.2 Regression analysis for the combined IFC 4 Northern grids 76 and 79

•

5.4.3 IFe 2 Southern Grid Site

5.4.3.1 Flux Magnitudes

The detrending procedure resulted in the mesoscale:local flux ratios shown

in Figure 5.21. The relative importance of the mesoscale component is not as

consistent between grids as in IFC 1, and its contribution is not as significant as for

IFe 1 and IFe 4 in the northern grids. For grid 26, less that 2% of the flux is

accounted for by larger scale transport and less than 10% for grid 30. In this case,

however, CO2 flux has the largest mesoscale contribution. Considering the generally

small mesoscale contributions, we may conclude that the fluxes for the southern

102



•
10

8-::.St
6a...

0

âi 4
a:

2

0

Mesoscale : Local Flux Ratio

C02 H20 HEAT

1 • Grid26 ~Grid3D ,

•

Figure 5.21. Ratios of mesoscale flux ta local flux
estimates for grids 26 and 30 trom IFC2 southern
site.

Mean Fluxes

250 0

200
-0.1 rn

~ 150 -~
E -0.2 E-~ 100 -Cl

-0.3
E

50

0 -0.4

Grid26 Grid30

1• C02 • H20 lZl Heat 1
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grid are generated primarily at the local scale. The mean fluxes for both grids are

shawn in Figure 5.22. The difference between the sensible and latent heat flux is

not as large as at the northern grid, while the CO2 flux is considerably larger. The

sensible heat flux, in this case, does not dominate and is in fact less than the latent

heatflux, with a Sowen ratioforgrids 26 and 30 of0.89 and 0.75, respectively. This

partitioning is indicative of the surface, where a larger percentage of vegetation is

at maturity than at the northem site. Grid 26 has mean fluxes of -0.29 mg m-2
S-1,

193 W m-2 and 172 W m-2 for CO2 , latent and sensible heat flux, respectively, and

grid 30 has -0.31 mg m-2
S-1, 187 W m-2 and 146 W m-2 for CO2 , latent and sensible

heat flux, respectively.

5.4.3.2 Fluxes and Surface Characteristics

The spatial distribution ofthe surface temperature excess and the greenness

index shawn in Figure 5.23 reflects the distribution pattern of the surface cfasses

shown in Figure 5.4. The higher surface temperatures and the lower greenness are

found in the northeastern section of the grid which has disturbed areas from recent

logging, sorne bare sail as weil as conifers on dry soil Oack pine). The southwestern

section, which has low surface temperature and high greenness, reflects a surface

cover dominated by fen and conifers (black spruce on wet soil) and mixed

deciduous/conifer vegetation. The LAI and FPAR (Figure 5.24), although showing

similar patterns, do not readily reflect the dominant characteristics of the surface.

The flux maps for CO2 , H20 and heat are shawn in Figure 5.25. The distribution

patterns for CO2 and H20 fluxes retrect the diagonal surface feature and the
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distribution pattern of the greenness index. Similarto the northern site, the heatflux

is decoupled from the surface and shows no distinct similarity to the pattern of

surface temperature excess.

5.4.3.3 Coherent Structures and Sources and Sinks

The flux associations for the coherent structures for grid 26, grid 30 and the

combined grids are shown in Figure 5.26. It is readily obvious that structures

transporting CO2 , H20 and heat (CHT) simultaneously dominate (37%), seconded

by heat structures (180/0), with structures transporting H20 and heat at about 12%

for grids 26 and 30. This, again, documents the existence and relative importance

of the two major source/sink areas (vegetation-based and non-vegetated) across

the grid.

The distribution of the coherent structures overthe different surface classes

is shawn in Figure 5.27. The majority of the structures are located on the areas of

wet conifer (black spruce), the dominant surface class, which consequently acts as

the dominant source/sink across the site for ail three fluxes. Given the fact that ail

four types of dominant structures are significantly represented in this classification,

it is difficult to distinguish the separate sources and sinks as indicated by these

structures, except for the obvious importance of heat (both in exclusive thermal

plumes and mixed plumes with heat), also over the dry conifers. There is sorne

indication of characteristic differences in structure distribution for sorne of the ether

surface classification (such as the relative dominance of CH over the new
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regenerating class), but in view ofthe small areas involved, such differences cannat

be distinguished with assurance.

The driving forces at the surface determined from the composition of the

coherent structures are shown in Figure 5.28. Similar ta the northem site, the

dominant driving force is heat, accounting for>75% in the gradient up mode. Similar

also ta the northem site, the correlation between the heat flux and the buoyancy flux

is almost perfect at 99%.

The mean one-dimensional sizes for the CHT and CH structures were 110

m and 83 m, and the maxima 442 m and 277 m, respectively. The heat and H20

structures both had means of63 m, and maxima of330 m and 225 m, respectively.

5.4.3.4 Correlation and Regression

The simple correlations and regressions given in Table 5.3 show much

higher values than those observed at the northern site. The higher correlations are

not only between the fluxes but also with the surface, as was evident from the flux

maps. Fluxes of CO2 , H20 and heat ail have a moderate ta high correlation with

each other, and the sensible heat flux for this site is still essentially decoupled fram

the surface, with a 0.09 correlation to surface temperature excess.

5.4.4 Model Prediction of Surface Fluxes

5.4.4.1 Footprint Adjusted Model

The footprint adjusted step-wise regression model uses the upwind area

generating up to 80%) of the flux, and a width of 500 m as correlation sample ceUs.
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H20 CO2 0.75 35.32 -523.34 63.89

H20 Heat 0.52 81.9 0.68 81.73

H20 STExcess -0.13 191.6 -4.56 94.9

H20 Greenness 0.25 30.31 56.95 92.87

CO2 Heat 0.43 ·0.17 0 0.12

CO2 STExcess ·0.34 -0.3 0.02 0.13

CO2 Greenness 0.42 0.096 -0.14 0.124

Heat STExcess 0.09 157.9 2.26 73.3

Heat Greenness -0.08 197.92 -13.96 73.38

Buoyancy Heat 0.9957 0.0058 0.001 0.006

Buoyancy H20 0.59 0.073 0 0.055

STExcess Greenness ·0.62 12.81 -4.43 2.3

Table 5.3 Regression analysis for the combined IFC 2 SOUlthern grids 26 and 30.

•

The frequency of the caver types within these cells ar.e used as indices for

independent variables. The model input of independent variables therefore consist

of indices of ail the relevant covertypes present in Figure 5_3 as weil as greenness

index and incident radiation.

The step-wise regression for CO2 flux yielded an r2 of 0.3032, significant at the

0.1500 level, and includes the following independent variablEs: greenness, incident

radiation, and disturbed, medium-aged regenerating conifers, and new regenerating

deciduous cover types. The model for H20 flux had an r2 of 0.0482, significant at

0.1500 level, and consist of incident radiation, conifer (wet), mixed deciduous,
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disturbed and medium-aged regenerating conifer caver types. The model for heat

flux had an r2 of 0.0835, with independent variables greenness, incident radiation,

disturbed, conifer (dry), conifer (wet) and new regenerating conifers.

The model equations are not given due ta the low predictive results. The use

of a Iinear step-wise multi regression is unable to significantly predict the surface

flux estimates in this case. The moderate r2 value for the CO2 flux is a result of the

greenness index, as seen from the simple regression in Table 5.3.

5.4.4.2 Variable Scale Model

The same independent variables used in the footprint adjusted model in

section 5.4.4.1 were used in this model. 80th the TM image and the aircraft derived

maps were gridded ta the same spatial resolution. The land caver types class

frequency was then calculated over a 240 m x 240 m (scale one) and 560 m x 560

m (scale two) area.

The variable spatial scales used ta calculate the class frequencies did not

make any significant difference in the r2 values, although they are ail slightly higher

for scale two model. Possible reasons may be that the change in scale was not

large enough or significant enough ta have an impact on the relationships, or

introduce any underlying influence that may have been missing. Similar to the

footprint adjusted model, the model for CO2 had the best results with an r2 of0.3366

and 0.3645 for IFC1, 0.4076 and 0.4148 for IFC2 and 0.1533 and 0.1734 for IFC4,

for scale one and scale two, respectively. The relatively poor performance for IFC4

may be the result of the more dominant effects of midsummer atmospheric
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• conditions such as higherair temperature and vapour pressure deficit. The r2 values

for H20 and heat flux were much lower and are listed in Table 5.4.

IFCi NSA. Grid IFC4 NSA . Grid IFC2 SSA. Grid

•

scale 1 scale 2 scale 1 scale 2 scale 1 scale 2

CO2 0.3366 0.3645 0.1533 0.1734 0.4076 0.4148

H20 0.0302 0.0526 0.1029 0.1158 0.1736 0.182

Heat 0.1307 0.1858 0.221 0.2664 0.1299 0.1733

Table 5.4 Values for r2 from the variable scale regression models. Scale one
represents a 240 m x 240 m area and scale two represents a 560 m x 560 m area.

The best model for CO2 flux prediction is the 1FC2 southern grid larger scale two

model with an r2 value explaining 42% of the variability in the CO2 flux. The larger

scale two model for IFC4 northern grid was the best predictor for the heat flux,

explaining 22% variability. The larger scale two model from IFC2 southern grid was

the best predictor for the H20 flux, explaining 180/0 of the variability.

An important variable missing in the models was the vapour pressure deficit

or relative humidity. The extremely high VPD is a significant forcing on the various

vegetation types. Hog and Hurdle (1996), and Dang et al. (1996), showed a strong

nonlinear response between bath boreal conifer and deciduous conductance and

VPD. There was, however, very Iittle spatial variability ofVPD across the grid sites

as weil as between the different IFCs examined, sa that VPD was not included in

the models. It may not be possible ta make an accurate prediction of spatially

averaged surface fluxes at the landscape scale with a straightforward linear model
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Atthis scale, the surface variability is very small in comparison to the variabilities in

such parameters as soif moisture, soit temperatures and soil type. Vegetation

influence, although noticeable at this scale, is difficult to translate into fluxes,

particularly in view of the nonlinear relationship between the vegetation and the

fluxes. Baldocchi et al. (1997) showed a nonlinear relationship between latent heat

and canopy resistance, and between canopy CO2 uptake and transpiration for old

jack pine and deciduous forest. These vegetation parameters were unavailable for

incorporation into the models.

5.5 CONCLUSIONS

One of the most obvious conclusions to emerge from this study is that the

boreal ecosystem is very complex, without straightforward inter-relationships

between structure and composition of the soil and vegetation, and characteristics

of the atmospheric boundary layer and its transport processes. The vegetation

patterns seen in the classification maps are reflected in the spatial distribution ofthe

surface temperature and the greenness index for both the northern and southern

grids. This does not, however, translate into corresponding spatial distributions for

the fluxes as would be expected from micrometeorological convention. Both the flux

maps and the correlationlregression analyses indicate that only the CO2 flux may

be predicted with limited accuracy from vegetation indices such as greenness or

NDVI.
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The coincidence analysis for the southem grid from IFC2 indicates that the

dominant sourcefsink area for heat, H20 and CO2 is the vegetation canopy under

condition of active photosynthesis, with a small portion generating only sensible

heat plumes. The coincidence analysis from both IFC1 and IFC4 for the northern

grid suggests that there are four distinct source/sink areas at the northern grid site:

the part of the surface which is actively photosynthesizing; sources of thermally

driven evaporation; sources where shear eddies transport moisture; sources with

only sensible heat plumes. This breakdown of the sources and sinks again points

to the complex nature of the micrometeorology at this scale. The inability of the

distribution ofthe coherent structures to show the location ofthese various sources

and sinks, may be attributed to a large extent to the difference in scales between

the aircraft grid run spatial resolution of 2 km and the scale of the heterogeneity,

of the order of metres, of the surface features.

While this study was able to identify the inconsistencies between the fluxes

and the underlying surface characteristics, it was unable to quantitatively determine

the interacting relationships which may have generated these conditions. Sorne

evidence, however, was presented to explain the unusual micrometeorological

conditions at the sites. Overail , the emerging picture presents an enormous

challenge to modellers intending to produce process-based descriptions of the

energy and scalar fluxes in complex ecosystems such as the boreal forest. Such an

approach would require a full understanding of the major structural (e.g.,

surface/canopy patchiness), physiological (e.g., vegetation makeup and response

to stresses) and meteorological (e.g., relative humidity and boundary layer
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structure) factors within the given climatological contexte The challenge is

particularly acute because these parameters al50 vary with scale. To a large extent,

this could only have been realized through large scale, multi-disciplinary studies

such as BOREAS.
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CHAPTER6.

GENERAL SUMMARY AND CONCLUSIONS

This thesis contributes to our understanding of the degree ta which

assumptions can be made about the relationship between the atmosphere and the

underfying surface. The Califomia Ozone Deposition Studies (CODE) demonstrated

that for large scale agricultural system, the relationships can be simple and

straightforward, with the exception of trace gases such as ozone, which is of

particular interest in this area. The boreal ecosystem, however, is much more

complex, and requires knowledge of a wider range of parameters in order to

understand the surface-atmosphere flux refationships.

Procedures introduced in the CODE aircraft study for the separation of the

larger scale flux event from more local sma" scale events were shawn ta be

successful, and useful also in cases such as in BOREAS, where large mesoscale

flux contributions were sometimes present. The CODE studies showed that the flux

association of coherent structures can generate a large amount of information on

the characteristics of these structures which dominate transport. Findings of the

differential degree of associations of ozone to CO2 and H20 were confirmed, along

with the continued uptake of ozone even under stressful conditions. The

identification of the different sinks for ozone was established through the

characteristics of the coherent structures. Over the cotton canopy there were two

separate sinks, a vegetated and a non-vegetated one, while overthe grape canopy

there appeared to be only a vegetated sink for ozone. These findings can help to
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clarify the link between ozone uptake by crops al'ld their physical and physialogical

status.

Studies of the one-dimensional size of the structures show sorne

dependence ofstructure size on undertying crop structure, and the structures sizes

from the tower data fait within range of the expected mean surface layer eddy

scales. This may be helpful as an empirical veriiication of eddy scale limitations

within simulation models.

For a long time in the past. and to sorne extent at present, models and

simulations of surface-atmosphere processes, such as fluxes for remate

ecosystems, were based on Iimited micrometeorological understanding of these

systems. As a result, extrapolations were made from more widely studied but

homogeneous and simple ecosystems such as large scale agriculture, and

grassland. Such studies as CODE, the Northerrn Wetlands Study and BOREAS

made it obvious that the surface heterogeneity, natonly in terms ofvegetation cover

but also in terms of the scale of the heterogeneity, the surface moisture availability,

the soil type, etc., in combination with prevailing atmospheric conditions, create a

very complex set of micrometeorological conditiions. This might not have baen

foreseen based on our conventional understandi:ng of the relatianships between

micrometeorological parameters. Studies such as 1hose contained in this thesis are

expected ta contribute ta the understanding of the relationships that are apparent

at the various scales at which the surface interacts with the atmosphere.

The results from the BOREAS studies, in conjunction with similar studies,

allow disciplines such as atmospheric science, eea logy, remote sensing, hydrology,
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plant physiology and modelling to move closer together. What can we determine

about the surface-atmosphere link at the various scales? Can the relationships

observed, but not explained, at one scale be explained at another? And if so, can

it be scaled up? Do we have ta understand interactions at the scale used in this flux

association study ta be able ta scale up successfully in heterogeneous ecosystems?

These are relevant questions, and studies such as this one and others that came

out ofBDREAS, while not yet able to give conclusive answers, hopefully contribute

to such answers. We may not yet be able ta successfully scale up ail the relevant

relationships ta have a realistic, process-based model for these complex

ecosystems, but through these studies we have come a long way in understanding

the inter-relationships between soil, vegetation and the atmosphere, and are

hopefully able ta address them in more refined simulation and prediction models.
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Abstract

Aircraft-based eddy correlation flux data obtained at a height of 30 m above irrigated and non-irrigated agricultural land
in southem California have been analyzed in terms of the coherent structures that dominate the turbulent exchange of energy
and gases during daytime conditions. The analysis focused on transport of sensible heat, moisture, carbon dioxide and ozone
in the gradient modes, i.e. excess up Of deficit down fOf heat and moisture, and deficit up or excess down for carbon dioxide
and ozone. Results are presented for composition and size of the dominant structures, over water-stressed and non-water
stressed surfaces, and on the relative frequency with which structures carrying only a single scalar, or given combinations of
scalars. were encountered along the flight paths. Interpretation of results provides further evidence for the existence of a
second (non-physiologicaI) sink for ozone. The relative preponderance of structures that carry moisture. carbon dioxide and
ozone simultaneously, particularly in the gradient up mode, reflects the importance of vegetation as co-Iocated sourcejsink
for these scalars. Surface characteristics resulting in thennai buoyancy and water vapour density gradients appears to be
responsible for about 85% of gradient up transport. Finally, the detrending procedures described here may help to define
more effective separation between local and mesoscale events in biosphere-atmosphere interactions. © 1997 Elsevier
Science B.V.

Keywords: Coherent structures; Ozone; Sensible heat; Carbon dioxide

1. Introduction

The growing interest in land surface climatology,
and in particular the potential assessment of bic-

• Corresponding author.

sphere-atmosphere exchange processes from remote
sensing observations of the surface, has led to in
creased use of aircraft for regional observation of
fluxes of hea4 moisture and trace gases (e.g.
Lenschow, 1986; Desjardins and MacPherson, 1989).
Such studies usually try to relate flux estimates to
characteristics of - and processes at - the underly
ing surface (Austin et al., 1987; Schuepp et al., 1987;

0168-1923/97/$17.00 Q 1997 Elsevier Science B.V. AlI rights reserved.
Pl! SO 168-1923(97)00004-X



28 C.M. Mitie et aL/Agrieultural and Forest Meteorology 87 (1997) 27-39

Mack et al.~ 1990; Desjardins et al.~ 1992b; Mahrt et
al.~ 1994; Desjardins et al.~ 1995; Guo et al.~ 1995a).
However~ the various driving forces responsible for
the transport of scalars are rtot easily distinguishable
over heterogeneous terrain. Only a few studies have
specifically related the coherent structures~ which are
responsible for the bulle of turbulent transport, to
surface characteristics (Caramori et al.~ 1994; Mitic
et al.~ 1995)~ although they have been examined
from various other perspectives (e.g. Wyngaard.
1983; Eloranta and Forrest. 1992; Mahrt and E~

1993a.b). A study of coherent turbulent structures
allows for the improvement of our understanding of
the processes operating on surface fluxes~ and of the
degree to which various fluxes are associated with
each other and with the underlying sources and sinks
at the surface (Mitic et al.~ 1995). Identifying the
physical extent of structures and their cornposition~

will give sorne indication of the driYÏng forces (de
fined as the primary factors or processes initiating
transport) operating on flux transport as weIl as of
how they are partitioned between the surface and the
atmosphere. In our study. flux associations of CO2 •

H20~ heat and ozone are exarnined for the two
gradient modes of transport, where the surface acts
as a sink for CO2 and ozone. and as a source for
H 20 and sensible heat.

1.1. Data collection and site description

The data used in this study were collected by the
Twin Otter research aireraft of the National Research
Council of Canada during the California Ozone De
position Experiment (CODE) in 1991. The primary
objective of CODE was ta make observations that
will improve our understanding of ozone uptake at
the surface and therefore improve estimates made by
regional photochemical models of ozone deposition.
A detailed account of CODE is given in Pederson et
al. (I995). There were an extensive nurnber of data
sampling flights during the field campaign. Two of
these were grid patterns (flight number 16 on 26 July
and flight number 21 on 2 August) and forro the
database for our study. The grid areas covered 15 X
15 km of agricultural fields. consisting primarily of
irrigated conon. non-irrigated fields and senescent
safflower. The diagonal corners of the grids are
defined at 36.083°N / 119.696°W and

35.940~/119.869OW. located in Kings County of
the San Joaquin Valley of southem California. Each
grid flight consisted of 22 parallel mns. flown 30 ID
above the surface in an E-W direction. with an
offset of 0.75 km in the N-S direction. Given the
overall offset of 0.375 km in the N-S direction
between the two grids~ the "combined grid" (incor
porating both flights) represents a set of 44 evenly
spaced. paralIel flight trajectories, with a spacing of
0.375 km between the tines. Wind direction was
frOID the north. perpendicular to the grid lines (345°
and 23° for flights 16 and 21. respectively). Recorded
flight times for the grids are from 1136 ta 1457
hours PDT (FIt 16) and 1239 to 1553 hours PDT (Fit
21). Using an eddy correlation system~ flux data
were digitized at 16 Hz. with an effective data point
separation of 3.75 mat an average flying speed of 60
m S-I.

On both days of observation the sky was clear.
with average incident short-wave radiation of 892 W
m- 2 (Fit 16) and 863 W m-1 (Fit 21). Thermal
stratification was unstable for both days. with me
dian z/L == -4.9 and -4.1 (where z = 30 m)~ and
CBL tops at 549 and 701 m. respectively, as deter
mined from aircraft-based soundings of temperature
and moisture to above the capping inversion layer. A
detailed description of the aircraft instrumentation
and the flight summary of operations during CODE
are given in MacPherson et al. (1995).

2. Data analysis

The eddy correlation technique derives flux esti
mates frOID the covariance between fluctuations of
vertical wind (w') and scalar admixtures (d). Im
plicit in the procedure is the need for a realistic
definition of the mean. that does not artificially
ciuster the resulting modes of flux transport and
removes trends that may he present in the data. A
linear trend over the grid site might represent
mesoscale transports with spatial scales far exceed
ing the dimensions of the site. which would not be
directly linked to characteristics of the immediate
underlying surface. A nonlinear trend of single or
multiple cycles over the grid site may represent
smaller mesoscale flux related to the heterogeneous
nature and scales of the surface characteristics. It is
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therefore necessary to select a detrending technique
that not only accurately defines the mean, but aIso
achieves the most effective filtering of mesoscale
events from the local flux.

In an attempt to satisfy the conditions stated
above. bath linear and nonlinear detrencling were
applied to hea~ the scalar admixtures (C02 • H 20
and 03) and the vertical wind component. The linear
detrending was in the fonn of a simple linear regres
sion, and a truncated Fourier series was used to
remove nonlinear trends. Quadrant analysis (e.g. An
tonié4 1981; Shaw, 1985; Grant et al., 1986) coupled
with the eddy correlation technique was used to
detennine the different modes of transport, defined
as excess1deficit up and excess/ deficit down. The
procedure used to detennine the mean of the data
vector for optimum separation of local and mesoscale
fluxes is described below.

2.1. Definition of mean and separation of local
euents

The net local flux estimate was calculated using
fluctuations against a mean defined from linear de
trending as weIl as from running rneans defined by
Fourier series truncated at the secon~ third and
consecutively higher tenns. In the case of nonlinear
detrending, mesoscale flux estimates were derived
from the low-frequency oscillations filtered from the
scalar concentration and vertical wind fields. The
procedure. illustrated in Fig. 1 for actual data of
vertical wind (w) and CO2 Cc). is based on the
decomposition of the flux inta large area averages.
represented by the means in Fig. l(c.d). as opposed
to the running (local) means represented by c" and
w ... Instantaneous fluctuations (w' and c') are de
fined against the local means (Fig. la,b). which may

1002 :2nd tIIrm non..Unear deb'ending1 IWind : 2nd term non-llnear detrending 1
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where area averaging ( ) i5 approximated by time
averaging in the moving frame of reference of the
aircraft. This expression reduces to FA = (c· w .. ) +

be variable due to mesoscale Hevents77. Considering
this Reynolds-type expansion ioto means and fluctu
ations. and the fact that (c') and (c· ) (or (w') and
( w" ») vanish by definiùon, the instantaneous area
averaged vertical flux FA' observed at height h ovec
area A at time t, is then giveo by

1
FA = - f w(x,y,h,t) c(x.y,h,t) dxdy

A A

= (w)(c) + (c· w") + (c'w') ( 1)

(c' w') in the case of ( w) = 0, which is a reasonable
assumption for large, flat terrain snch as the San
Joaquin Valley, i.e. into the sum of Hmesoscale
flux" «c· w·») and Hlocal flux" «c'w'»).

The mode of transport of the net mesoscale flux at
each truncatioo level in the Fourier series i5 identi
fied as either gradient or counter gradient. As com
monly defined in quadrant analysis (Antonia, 1981),
gradient modes for upward transport of scalars from
the surface, such as heat or moisture under daytime
conditions, associate upward (positive) excursions of
vertical wind with positive excursions of scalar con
centration, and downward gusts with negative scalar
fluctuations ("deficit down"). Conversely, gradient
modes for flux of scalars towards the surface, such
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as CO2 or ozone, wouId he associated with deficit up
or excess down. In other words, a contribution in the
gradient mode increases the flux estimate in the
direction expected on the basis of the scalar gradien4
so that elimination (f'ùtering) of net gradient
mesoscale components by nonlinear detrending
should reduce the local flux estimate, while filtering
of net counter gradient mesoscale flux should en
hance il. The change in the net local flux (NLF)
estimate with consecutively higher levels of filtering
shoul~ therefore, be consistent with the net transport
mode of the filtered net mesoscale flux (NMF), and
reflected in the magnitude of the NMF estimate. We
selected detrending levels on the basis of "accounta
bility". defined as the percent change in the net local
flux accounted for by the filtered mesoscale flux, as
described below.

2.2. Selection ofdetrending technique

Severa! criteria were used for the selection of the
Fourier series truncation level in the presence of
mesoscale flux contributions. .

Linear detrending was used where: (a) the change
in the net local flux (NLF) estimate derived from
nonlinear detrending was negligible « 4%) and
mesoscale accountability for this small change either
approximates 0 or exceeds 150%; (b) the change in
the NLF estirnate was non-negligible (> 4%), but
the mesoscale flux remained approximately 0 for
increasing Fourier tenns; or (c) the direction of
change (increase or reduction) in the net local flux
estimate was inconsistent with the net transport mode
of the mesoscale flux estimate, and where this incon
sistency persisted or was exaggerated at consecu
tively higher levels of the Fourier series. The defini
tion of negligible change (4%), represents one-fifth
of the maximum observed change in the NLF esti
mate, which was 20%.

For nonlinear detrending, the Fourier series trun
cation level was selected as follows. (a) A two-term
truncation was selected if the direction of change in
the local flux estimate was consistent with the trans
port mode of the mesoscale flux; the mesoscale
accountability was between 50% and 150%, and
inclusion of two consecutively higher terms in the
series did not alter these results. (b) Higher-Ievel
truncation of the Fourier series was selected if the

direction of change in the net local flux was incon
sistent with the transport mode of the mesoscale flux
at one level7 but the inconsistency was corrected by
the inclusion of a higher Fourier term, with mesoscale
accountability between 50% and 150%. (c) Higher
level truncation of the Fourier series was also se
lected if the direction of change in the net local flux
estimate was consistent with the transport mode of
the mesoscale flux7 but mesoscale accountability
(while maintaining directional consistency with in
clusion of higher tenns) rnoved doser to the 100%
ideal. Graphs (a), (c) and (e) in Fig. 2 show the
changes in the NLF estimates and the corresponding
net mesoscale flux (~) estimates of CO2 for six
different runs from grid 16. with gradient flux for
CO2 resulting in negative flux. Graphs (b), (d) and
(f) in Fig. 2 indicate the degree to which the
mesoscale flux accounts for the changes in the local
flux estimates. In the cases shown, a two-tenn trun
cation level of nonlinear detrending was selected for
runs 57 6, 8. 9 and 10, where the transport mode as
weIl as the magnitudes of the mesoscale flux account
for the changes in the local flux estimates as a result
of filtering. Linear detrending was used for run 7.

2.3. Structural analysis

Following a similar procedure used by Mitic et al.
(I995), based on Duncan and Schuepp (1992) and
Caramori et al. (1994), a series of analyticaI steps
were taken to identify the structures that dominate
turbulent transport. These ucoherent" structures are
defined as a set of correlated flux signais (w and c
excursions) in time and space which are distinctly
different and interspersed between less coherent
components.

In order to separate these structures from incoher
ent noise, a hyperbolic hole corresponding to 0.2 nus
was imposed on the scatter plot of é versus w'
excursions, prior to structure definition. This is con
sistent with similar methods used by Antonia (1981);
Shaw (1985), Grant et al. (1986)7 Caramori et al.
(1994) and Mitic et al. (1995) to remove weak
signais that May he positioned at the tails of struc
tures.

Structures are identified by a series of eight or
more consecutive pairs of w' and c' excursions
(corresponding to - 30 m in spatial extent) within
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Association between fluxes was dermed in twa
ways: (a) as a ratio (or percentage) of the number of
structures with a particular composition ta the total
number of structures transporting a panicular scalar~

and (b) as a ratio of the number of structures with a
particular composition to the total number of struc
tures defined across the grid site. This is an adapta
tion to the Jaccard coefficient used by Mitic et al.
(1995). which defined flux associations based ooly
on the coincidence of two scalars. The modifications
applied in this study eliminate ambiguity of flux
associations in cases where structures simultaneously
transport more than two scalars. The flux associa
tions for the various combination of scalars are
mutually exclusive and expressed as

the same mode of transport (excess up/ down~ deficit
up/ down). This minimum spatial scale is consistent
with cospectral analysis of Twin Oner data at the
flight level. which suggest that scales less than 30 m
do not contribute significantly to the flux. (Saucier et
al.• 1991; Desjardins et al.• 1992~b). The potential
fragmentation resulting From inclusion of unmixed
parcels of air was corrected by a defragmentation
procedure as used by Mitic et al. (1995). A threshold
based on a quadratic measure of the flux contribution
from each structure (for details~ see Duncan and
Schuepp, 1992; Caramori et al.~ 1994; Mitic et al.,
1995), was then imposed to eliminated the weak
structures and retained ooly the extreme events which
generally occupy 20% of the time domain of the ron
but contribute about 80% of the overall flux. These
may be expected to present the clearest picture of
interactions among flux variables and the surface.

C· "k 1F - l,},.

A- Nx-Lmp
(2)

2.4. Coïncidence analysis

Structural analysis defines the physical locations
(positions along the flight track) of structures sepa
rately for each scalar. These separately defined struc
tures, tenned substructures for the purpose of dis
cussion, may physically overlap. Coincidence analy
sis attempts to reconstruct the size (along the flight
Hne) of these structures and define their composition
in tenus of what scalars they are simultaneously
transporting.

According to our concep~ overlapping substruc
tures were considered part of a main structure whose
dimensions are defined by the outer limits of the
overlapping substructures, from the beginning of the
frrst substructure to the end of the last substructure
within the overlap, and whose composition is given
by the combined composition of the substructures. If
one or more substructure were embedded in a larger
one, the same mIe for composition applied, with the
size of the resulting structure defined by the extent
of the larger substructure. It was expected that link
ing these reconstructed structures to the underlying
surface would give insight into the co-location of
sources and sinks, the degree ta which driving forces
are partitioned between the surface and the atma
sphere, and a qualitative appreciation of the degree
of mixing that occurs within coherent structures.

where Cj,j,lc, l is the nurober of coherent structures
with the composition of scalars i. j~ k, l, or any
combination of one, two or three of them as may be
relevant; Nx is the total number of substnIctures for
the scalar x (either i, i. k or L), or for the averall
grid site; mp is the number of sub-structures for x in
excess of one~ that is incorporated in any one coher
ent structure, so that Nx - L mp is the total number
of reconstructed structures.

3. Results and discussion

In the combined grids (44 grid !ines for each
scalar), linear detrending was selected in 19% of the
cases~ based on the criteria outlined in Section 2.2. A
second-term Fourier series truncation level ac
counted for 53%, third-order truncation far 24%~ and
fourth-order for 3% of the cases. In ooly four cases
(2.2%) were there unresolved inconsistencies in the
direction of change of the net local flux and the net
transport mode of the mesoscale flux. The threshold
ing procedures outlined in Section 2.3 resulted in an
average reduction of approxirnately 20% in the flux
estimates. as expected, indicating that 80% of the
flux is transported by the dominant coherent struc
tures.
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3.1. Flux association in the gradient modes

Flux associations for the two gradient modes are
shown in Figs. 3-5. Figs. 3 and 4 show the flux
association calculated as a function of the total num
ber of structures transporting the individual scalars
(C02 , H 20, heat and 0 3 are denoted by C, H, T and
0, respectively, in the designation of combined
structures) for grid flights 16 and 21. Fig. 5 shows
the flux association as a function of the total number
of structures identified within the grid. The following
observations are apparent in Fig. 3 (Fit 16): Among
the structures transporting CO2 , the dominant associ
ations for structures moving toward the surface
(gradient down) are with H 20 and with structures
carrying both H 2 0 and ozone CH-a). For the gradi
ent up mode, flux association of CO2 with H-O
dominates. In both gradient modes the majority of
structures transporting heat are not associated with
other fluxes. H 2 0 shows a similar pattern of flux
association as CO2 , with dominant flux association
to CO2 as weil as to the C-O combination, as
expected. In the gradient down mode, the dominant
proportion of ozone structures is not associated with

RuE'" • :GrtdFlt11

35,.------------------------.
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0"'-"'-'"
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Fig. 5. Flux associations. calcuJated as a function of the total
number of structures identified for each gricl

other fluxes (41 %) l with a 29% association to CO2

and H 20, while in the gradient up mode 0 3 associa
tion ta CO2 and H 20 dominates (38%). The flux
associations in Fig. 4 (Fit 21, flown two clays after
At 16), show similar relationships for both gradient
down and gradient up modes, but the dominance of
co-occurrence of CO2 , 0 3 and H 20 in the same
structure (C-O-H). and of single thermal structures.
is more pronounced.

The relationships indicated for the individuai
fluxes are reflected in the flux associations caIcu
lated as functions of the total number of structures
for each grid, as shown in Fig. 5. For grid 16,
structures transporting onIy ozone, and associations
of C-H-O and C-H, dominate in the gradient down
mode, while the C-H-O combination dominates in
the gradient up mode. For grid 21, the flux associa
tion in the gradient down mode is dominated by
C-H-O, with single-component structures and C-H
combinations aIso relatively frequent. For the gradi
ent up mode, the dominant flux associations are with
structures transporting onIy heat, and those transport
ing C-H-O. The percentage of the total number of
structures without heat in its composition tends to be
larger for the gradient down mode than for the
gradient up mode, with the notable exception of
C-H-O. This indicates that heat is more important
as a driving force for transport away from the sur
face than towards the surface. The relative impor
tance of structures with C-H-O composition in the
gradient up mode reflects the significant raIe of
stomatai exchange processes in vegetation for the net
transport of aIl these scalars.

The total number of structures (by composition)
for the two gradient modes for the two grids is given
in Table 1. The overall ratio of structures in the
gradient up mode to those in the gradient down
mode is 1.34 and 1.41 for flights 16 and 21, respec
tively, for all scalars and combination of scalars
across the grid. This indicates the importance of the
surface in generating these structures. The important
raIe of surface-generated buoyancy is shown by the
fact that this ratio increases to arouod 2.7 for the heat

1 Percentage figures are rounded to the nearest integer in this
and the following discussion.
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Table 1
Sb'Uctures identified in the gradient up and gradient down modes.
categorized by the fluxes they transport. for grids 16 and 21

Sb'Ucture composition Gradient down Gradient up

Grid16 Grid 21 Grid 16 Grid 21

Reat 43 63 113 171

°3 106 70 73 76
CO! 42 41 32 27
H 20 S9 44 32 40

°3-heat 13 14 70 68
03-C02 34 30 19 22
03-H 20 16 29 24 33
03-C02-H20 13 13S 184 216
03 -C02 -H2O-heat 5 11 80 56
Heat-COz 1 5 18 12
Heat-H2O 2 1 7 3
Heat-HIO-COl 9 2 28 4
Heat-HIO-03 0 0 4 1
Heat-COz -03 9 4 29 34
CO2-HI O 92 63 79 41

Total 504 512 792 864

structures alone, and to 5.4 for all structures associ
ated with heat.. The number of structures transporting
exclusively H 20, CO2 and 03 (the latter in the case
of FIt 16), and the number transporting C-O and
C-H combinations, are larger for the gradient down
mode than the gradient up mode. Structures with
other compositions are larger in number for the
gradient up mode.

A doser examination of the structures in the
gradient up mode, Le. away from the surface, may
help to interpret the observed flux associations. As
suming that uptake of CO2 by vegetation is the ooly
daytime surface sink for CO2 across the grid site, we
may try to dassify the surface in terms of vegetated
and non-vegetated areas based on the presence or
absence of CO2 in the structure composition. We
may then subdivide the vegetated areas into water
stressed and non-water stressed sub-categories based
on the presence or absence of H 20. The hierarchical
classification of structures according to this scheme
is shown in Fig. 6, and will be the focus of discus
sion in the next two paragraphs.

CO2 flux is transported by 59% and 55% (FIts 16
and 21, respectively) of all structures in the gradient
up mode. These figures are roughly comparable wiû;'

the 60% land cover attributed ta growing cotton
within the grid area on the basis of remote sensing
observations (Mitic et al., 1995). Of these structures,
about 45% include either C-H or C-O combina
tions, while 36% incIude both C-O cornbinations
and single H 2 0 structures. Structures with 03 and
H 20 account for 39%. Of the total CO2 transporting
structures, 21% are related to water-stressed vegeta
tion for flight 16, and 20% for flight 21. This results
in an approximate 4:1 ratio of unstressed ta stressed
vegetation for the overall grid. For flight 16, 49% of
structures transporting CO2 over the water-stressed
portion of the canopy are associated with ozone and
71% over the unstressed portions, while the corre
sponding figures for flight 21 are 59% and 88%.

Grid areas that do not demonstrate the transport of
CO2 may he classified as non-vegetated (no active
photosynthesis). These areas account for an average
of 43% of all structures in the gradient up mode, of
which 65% are associated with heat and 49% with
ozone. As seen in Fig. 6, ozone is primarily associ
ated with structures not transporting heat over these
areas. For both grid flights, the vegetated areas ac
count for the bulk of ozone uptake (43% of struc
tures). One-quarter of structures, however, have
ozone in their composition in the absence of CO2 ,

indicating an additional non-vegetated sink for ozone.
In the estimation of ozone uptake by vegetation,

the degree of error associated with directly linking
ozone uptake to stomatal conductance of moisture
varies across the canopy (Massman et al., 1993). The
flux associations given above, suggest variations
across canopies in the simultaneous uptake of CO 2
and ozone, and the release of water vapour, and that
such differences vary with variations of moisture
within the canopy. This could have implications for
the estimation of ozone deposition if the degree of
differential water stressed conditions of the canopy,
and therefore the degree of association between ozone
and H 2 0 or ozone and CO2 is not considered. Using
stomatal conductances acquired over water-stressed
portions of the canopy could underestimate ozone
uptake for a canopy that is not uniformly water
stressed. Our results indicate that it would be desir
able to attach differential weights both to the rela
tionship between ozone and CO2 and ozone and
H 20 in order to make more accurate estimates of
ozone uptake by vegetation.
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Fig. 6. Hierarchical breakdown of surface conditions based on the flux composition of structures: presence of CO! (vegecated); absence of
HzO in strUcture composition (stressed); presence of 0 3 in structure composition (ozone associaùon).

A tentative classification and interpretation of the
driving forces affecting flux transport may be based
on the presence/absence of HzO and hea~ Le. on
the relative importance of water vapour density gra
dients and thennal buoyancy. As shown in Fig. 7,
water vapour as a driving force (defined as the
presence of H 20 in the absence of heat) accounts for
an average of 43% of the structures, which is about
the same proportion (42%) as structures that contain
heat. Structures transparrlng only ozone, COz, or
bath in association, for which shear may he assumed
ta he the dominant driving force, account for the
remaining 15%. This distribution of the driving forces

underlines the importance of the surface as the source
for driving forces of vertical exchange at a height of
30 ffi.
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3.2. Structure sizes and mean intensities

The average diameters of the structures defined
by their flux composition, as deterrnined from hori
zontal, one-dimensional transects, are given in Fig.
8. Not surprisingly, structures moving towards the
surface (gradient down) are significantly larger than
structures moving away from the surface, structures
transporting a single flux variable are generally
smaller than composite sttuctures with multiple
fluxes, and structures which contain heat are consis
tently bigger than those that do not.

The results of an examination of the flux densities
carried by sttuctures with associations of O-C-H,
O-C and O-H from f1ight 16 are summarized in
Fig. 9. For O-C-H structures, the fluxes of 0 3 and
CO2 are correlated, with a low CO2 flux correspond
ing to a low ozone flux, and vice versa. The same
holds ttue for the relationship between flux densities
of H 2 0 and 0 3 in those structures, with inverse sign
in the correlation, as expected. The corresponding
R 2 values are 0.62 for 0 3 and CO2 ' 0.54 for 0 3 and

H20, and 0.89 for CO2 and H 20. For structures
transporting ooly 0 3 and CO2 , the relationship de
grades, with an R 2 value of 0.21. Structures trans
porting only 0 3 and H 20 have an even smaller R 2

value of 0.14. These results support the flux associa
tions discussed earlier, where ozone, although highly
associated to H 20, has a higher association to CO2 •

4. Conclusions

The flux association of coherent structures has
been shawn to generate a large amount of infonna
tion about the characteristics of these structures which
dominate transport. Sorne rmdings from an earlier,
more lirnited study (Mitic et al., 1995) have been
confirmed, where ozone show differential degree of
association to CO2 and H 20, indicating variations in
the spatial distribution of sources and sinks within
the vegetated portion of the sÎte. The exarnination of
the flux composition of the structures indicates that
ozone is still taken up by the vegetation even under
water stressed conditions. This was shown not only
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by the flux assoCIation values but also by the R 2

values calculated for the mean fluxes within each
structure. The partitioning of ozone uptake between
the vegetated and non-vegetated surface was also
apparen4 suggesting a second~ non-physiological sink
for ozone~ possibly associated with destruction of
ozone by NO emissions from soil (Guo et al.~ 1995b).

The study also showed that the driving forces for
fluxes in the gradient up mode are dominated by
surface forcing, through water vapour density gradi
ents and thermal buoyancy, with a relatively much
smaller percentage attributable oruy to shear forces.
Transport in the gradient down mode is dominated
by atmospheric driving forces~ and structures are
larger and fewer.

Although the magnitude of the mesoscaie flux
across the grids was quite sma11~ the analYtical
scheme used to partition the local flux events from
mesoscale flux was very effective. This procedure
may be useful in cases where there are much larger
and more dominant mesoscale motions contributing
significantly to flux transport.

Further extension of this analysis~ currently un
derway, includes ground-based tower data, both un
der stable and unstable conditions, over canopies
with different characteristics. These studies are in
tended to add to our understanding of the degree of
mixing that occurs as the turbulent transport struc
tures move away from the surface, in terms of
composition and size. Our analysis should be seen in
the context of CUITent attempts to derme smaller-scale
climate, energy and gas exchange models to be
nested within boundary layer roodels, with increas
ingly realistic description of surface features~ includ
ing vegetation. This mises questions as to the scales
at which surface features should be parameterized,
and the height above the surface where vertical
transport loses its Bsignature" of distinct surface
source and sink distributions. We hope that the study
of flux associations at different heights help to link
structure composition ta spatial distribution patterns
of surface source and sink distributions and the
spectral and thematic characteristics of the surface.
In this way~ this study and those currently in progress
may be useful ta validate models of biosphere-abnO
sphere exchange processes, and of the mixing among
scalars within near-surface structures, at increasingly
tiner scales.
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SPATIAL DISTRIBUTION AND CO-OCCURRENCE OF
SURFACE-ATMOSPHERE ENERGY AND GAS EXCHANGE

PROCESSES OVER THE CODE GRID SITE
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Abstraet-Grid-type Oight patterns at an altitude of 30 m were executed in the summer of 1991 by the
Canadian Twin Otter flux research aircraft over a 15 km x 16.1 km agriculturai area, as part of the
California ozone deposition experiment (CODE). This pcnnitted the mapping, by eddy covariance tech
niques, of surfaœ-atmosphere exchange for sensible heat, moisture, C0:t and ozone, in the forro of
GIS-interpolated flux maps and in the discrete forro of those coherent structures of the turbulent transfer
process that dominate these exchange processes. The magnitude ofsurface-related mesoscale contributions
to the flux was also quantified. Flux observations were compared against radiometrically observed surface
temperatures and vegetation indices (NOVI and VI). observed from aircraft and satellite, and surface
characteristics obtained from ground surveys. Flux maps showed the expccted close correspondence
between greenness, evapotranspiration (ET) and C0:t exchange, but a weaker correspondence between
these and ozone flux maps than wouId he expccted ifozone uptake could consistently he scaled to stomatal
conductance for moisture or COz. Examination of the spatial coincidence between transporting structures
for the various scalars (heat, moisture, COz and ozone), through the Jaccard coefficient of co-Iocation, J,
showed a lower overall value (0.45 < J < 0.55) for coïncidence in transfer between ozone and moisture than
between COz and moisture (0.6 < J < 0.7). and analysis ofcoincidence for the various crop types within the
grid pcrmits quantitative assessment of the potential error made when scaIing ozone uptake to stomatal
conductance. In general, the findings suggest the existence of two sinks for ozone only one of which is tied to
stomatal conductance, and indicates a possible relative advantage for estimates of ozone uptake based on
COz rather than moisture exchange.

Key ward index: Micrometeorology, trace gas exchange, ozone uptake, flux mapping. turbulent transport.
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1. INTRODUcnON

The intermittent nature of Kcoherent structures" that
dominate the turbulent transfer of various scalars
(sensible heat, moisture, COz and trace gases) between
the Earth and the atmosphere is well documented (e.g.
Wyngaard, 1983; Austin et al., 1987; Eloranta and
Forrest, 1992; Mahrt and E~ 1993a, b). Their spatial
distributions, their coupling to the surface and their
mutual spatial relationships are of particular interest
for our understanding of surface-atmosphere inter
actions in general and of driving forces on gas
exchange in particular.

In recent years, tropospheric ozone (03 ) has
emerged as a topic of great concem (Simarski, 1992),
in particular its distribution and deposition to
vegetation (prat et al'7 1983; Runecldes, 1992; Lefohn,
1992; Runeckles and Chevone, 1992). While its
damaging effects on vegetation are relatively weil
known in principle, Iittle" is known about the
association between 0 3 uptake and other
plant-atmosphere exchange processes such as

transpiration and photosynthesis for different plant
spccics under varying canopy and environmental con
ditions. This uncertainty may cause serious error if
0 3 deposition is estimated indirectly on the basis of
local plant physiologica1 parameters such as stomatal
resistance to H 20 and COz (Massman et al., 1993).

As part of the California ozone deposition
experiment (CODE) in 1991, the Twin Oner aircraft
of the National Research Council of Canada was used
for regional estimation of near-surface fluxes of
various scalars including 0 3 (MacPherson et al.,
1995). Within these airbome observations, our paper
addresses the following questions: What are the
spatial distributions, relative importance and possible
mutual interactions between the coherent structures
responsible for the bulle of the transport of heat,
moisture, CO2 and 0 3 within the surface boundary
layer, over an agricultural surface with c1early
di.trerentiated surface characteristics? What is the
relationship (spatial coincidence) betwcen the
structures transporting 0 3 and those transporting
other scalars over different types of surface cover? To
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what extent are the distributions and mutual
relationships ofsuch structures determined or affected
by surface characteristics such as greenness and
surface temperature? The examination of these
questions should be seen as an extension of previous
airbome observations. which have demonstrated their
potential to relate flux estimate of hea'4 moisture and
CO2 to independently observed surface character
istics such as greenness and surface temperature
excess (Desjardins et al., 1992b), after correction for
downwind displacement of diffusing plumes between
the surface and the airbome sampling transect
(Schuepp et al.~ 1992).

2. SAMPUNG SITE, DATA COLLECflON

AND DATA ANALYSIS

2.1. Site description and airborne data collection

Our study analyses data obtained over a 15 km
x 16.1 km area of irrigated and non-irrigated
agriculturalland in Kings County of the San Joaquin
Valley. with diagonal comers defined at 36.083Q NI
119.696°W and 35.9400 Nj119.869°W (McPherson et
al., 1995). The fiat terrain consisted of square and
rectangular fields, with typical field size of 1.75 km 2,

intersected by irrigation canals. Field boundaries and
crops were mapped on the basis of a land-use/
crop-type survey (State of Calif. Air Resource Board).
Within the site, growing cotton and senescent
satHower dominated. accounting for approximately
60 and 25% of the surface area, respectively. The

remaining 15% of the site consisted mostly of pasture
and alfalfa m~ grain and hay crops. idle fields and
native vegetation (Fig. 1).

Airbome observations result from two Twin Otter
grid flights. consisting of 22 mns each at 30 m altitude
in an E-W direction (Flight 16: 26 JuIy from 1136 to
1457 h POT; Flight 21: 2 August from 1239 to 1553
POT). FIight lines for each grid were offset by 0.75 km
in the N-S direction, to give an effective spacing of
0.375 km between 44 lines for the combined grid
fiights (fiight trajectories for FIight 16 only are shown
in Fig. 1).

The aircraft was equipped to measure the three
components of air motion, and the flux densities of
moment~heat, moisture~CO2 and ozone~as weIl as
radiative surface temperature and vegetation index
(infrared-to-red ratio IRjR). Flux estimates were ob
tained by eddy correlation technique~ i.e. from the
covariance offluctuations in vertical wind and scalars.
Data were digitized at 16 Hz, for an effective data
point separation of 3.8 m at a true airspeed of
60 ms -1. Georeferencing of aircraft position was ïn
terpolated within the 2 s resolution of the Loran-c
navigation system, extrapolated during the 4 s lag at
the end of each sampling run. and the entire grid
shifted 300 m SW to correct for a systematic offset
noted in the navigation system. Adjustments were
also made to compensate for the physical displace
ment between sensor positions on the aircraft. For
details of instrumentation and primary data process
ing, see MacPherson (1992) and MacPherson et al.
(1995).
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•Fig. 1. Land use survey of the CODE grid site with the two dominant crops isolated for emphasis, and
trajectories of Flight 16 (lines of Flight 21 were offset to intermediate positions between thase of Flight 16).
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Footprint corrections, Le. corréctions for advective
displacement of wind and concentration fields
between the surface source/sink area and the
aboye-surface airbome sampling location were not
deemed necessary, based on estimates derived from
the stability-dependents, approximate solutions of the
diffusion equation given by Horst and Weil (1992).
Results suggested that between 84 and 90% of the
information obtained along the flight path would
come from the most immediate upwind 400 m.
Exceptions were made for incerpretation in areas
where flight lines were c10ser than 400 m to field
boundaries.

22 Weather conditions and stability

The weather conditions were clear for both days,
with average incident shortwave radiation of 840 W
m- 2

• On 26 July, flight level winds were from NNW,
at between 1.9 and 4r;p.S-I, the convective boundary
layer (CBL) top was at 549 m and temperature 31°C
on landing. On 2 August, ftight level winds were from
the NNE, between 0.26 and 2.97 ms- l, with CBL top
at 701 m and temperature 32°C on landing. Thermal
stratification was unstable, with z/L at flight level
~ - 3.3, based on an Obukhov length L ~ - 9 m

derived for the mean values of friction velocity
u*( ~ 0.22 ms-l) and sensible heat flux
(w' T' ~ 85 Wm-2 ).

2.3. Definition of the mean flux mapping procedure

Local estimates of flux by the eddy correlation
technique are baseeJ, on deviations ofvertical wind and
scalars from a Mean established over a distance that
should be large relative to the scaIe of those turbulent
structures that dominate Earth-atmosphere transport
processes. Problems of convergence of the Mean in
observations of the turbulent boundary layer have
been weIl documented, in principle (Wyngaard et al.,
1978; Lenschow and Stankov, 1986; Wyngaard, 1986)
and more or less empiricalIy for Twin Otter flux
estimates (Austin et al., 1987; Schuepp et al., 1989;
Saucier et al., 1991).

The definition of a local mean is complicated over
spatially heterogeneous surface conditions by trends
or discontinuities in traces of scaIars and/or vertical
wind, usually corrected by filtering or detrending
techniques designed to remove dominant trends.
Nonlinear detrending appeared to give a more rea
sonable definition of the Mean (in terms of agreement
of flux estimates with independently observed surface
fluxes and distribution of turbulent structures along
sampling runs) when compared to linear detrending
for Twin Orter FIFE data (Caramori et al., 1994). Dy
contrast, Mahrt and Ek (1993), in their study ofturbu
ent fluxes over a neighboring CODE site, used
surface-related sectional averaging to define local
means, with contributions from mesoscale variability
to the flux estimated from deviations of sectional
averages from overall run averages. In our study we
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used nonlinear detrending (based on a Fourier series
truncated at the third term), unless inspection of the
Bight trace clearly suggested a linear trend, in which
case linear detrending was substituted. For example,
the latter was found ta he adequate for vertical wind
in aIl cases. Seetional averaging was employed as an
alternative technique to test the sensitivity of results
ta the definition ofthe mean. It is c1ear that non-Iinear
detrending and sectional averaging techniques tend to
remove or separate out potential long wavelength
contributions from the flux estimates. In this paper we
will present some evidence that flux contributions
from larger scales are not likely to he very significant
over the given site, and concentrate on contributions
from smaller scales which not ooly dominate the flux
estimate but are most direetly linked ta surface char
acteristics. Figure 2 illustrates the different detrending
routines applied to the data set.

Spatial flux maps were generated from interpola
tion by Geographic Information System (GIS) of
1 km-averaged flux, derived from deviation of flux
variables from the detrended Mean. Interpolation was
based on a maximum of eight neighboring data
points, with a linear decay rate. GIS-based maps of
surface characteristics were constructed for greenness
(vegetation index) and surface temperature from
airborne observations and-for comparison pur
poses-from NOAA AVHRR normalized vegetation
index (NOVI) with 1.1 km resolution. This allows
for intercomparison of surface patterns generated
from aricraft- and satellite-based observations. Oassi
fication of spatial maps is based on standard
deviations from the Mean of the detrended flux values
for each scalar and the mean surface parameters
(gr~ennessand surface temperature excess) across the
site: (1) > 1 rms below them~ (2) < 1 below the
Mean, (3) < 1 nns above them~ (4) > 1 rms above
the Mean.

2.4. Thresholds and the definition ofstructures

A coherent structure may be defined as a "connec
ted turbulent fluid mass with instantaneous
phase-eorrelated vorticity over its spatial extentn

(Hussain, 1986), interspersed between less coherent
components. Pragmatical1y, it May he defined as an
"event" in time and space where variables involved in
turbulent transport, such as vertical wind and
admixture concentration, are correlated in such a way
as to contribute significantly to the flux. This
empirical definition is compatible with the imposition
of threshold values on such parameters as temper
ature, humidity and turbulent intensity, as weIl as on
the combination of moisture and vertical wind, which
have been used to define convective ceUs (Lenschow
and Stephens, 1980; Grossman, 1984). The result of
structural analysis will appear as an intermittent
sequence of those structures along the ftight track
which are responsible for most of the turbulent
transport. Our present study will only report on
structures representing the "dominant gradient
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Fig. 2. Illustration of Iinear and nonlinear detrending. and sectional averaging. applied to H20 and 0 3
trace within the sampled grid.

mode" of transfer, Le. those associating posItIve
(upward directed) fluctuations in vertical wind with
excess of moisture and heat, and deficit of COz and
ozone. This means that the underlying surface (plant
canopy) is studied in its role as a source of moisture
and heat and a si~ for CO2 and ozone.

The recognition of coherent structures in turbu
lent flow depends not only on the definition of the
mean but also on thresholds used to separate "signifi
cant" flux event from those resulting from less coher
ent ·'noise". Thresholds may be imposed before or
after signais are grouped into coherent structures.
Thresholds applied prior to structure definition elim
inate wealdy correlated signais, corresponding to the
application of a "hyperbolic hole" in quadrant analy
sis techniques, generally defined as multiples of the
mean flux (Antonia, 1981; Shaw, 1985; Grant et al.,
1986) or as fractions of the standard deviation (Len
schow and Stephens, 1980). Caramori et al. (1984)
showed that the imposition of a hyperbolic hole cor
responding to 0.2 rms eliminated weak signais that
may represent the tails of coherent structures, and
serves to c1arify the external definition of dominant
structures. A threshold of 1 rms retained only the
signaIs associated with the core of the structures. In
our study we applied both the 0.2 and 1 rms

thresholds, in order to assess the senSltlV1ty of
coincidence analysis to the intensity level retained for
the structure (main structure vs core).

Imposition of a threshold after coherent structures
have being defined will eliminate weaker structures
which occupy a significant time fraction of the run,
but contribute relatively Iittie to the flux, on the as
sumption that significant interactions may be most
c1early seen in the dominant structures. As defined
(and used) by Duncan and Schuepp (1992) and Cara
mori et al. (1994), this threshold based on the product
orthe mean flux density ofeach structure, (F..), and its
fractional contribution to the total flux, F, i.e. a quad
ratic measure of the flux contribution of each struc
ture expressed as t.P = F.tF. The relationship between
increasing threshold values t.P and the cumulative flux
fraction carried by structures within that threshold is
highly nonlinear, so that subtraction of events with
progressive1y larger cP values initially has a very small
effect on reduction of the cumulative flux estimate.
The criterion for separation of the "extreme events"
is based on the point of maximum curvature in the
plot of log(q,) vs cumulative flux fraction, i.e. on ep
values above which subtraction ofevents significantly
reduces the cumulative flux estimate (Duncan and
Schuepp, 1992). For the fiight data obtained in

't..
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at severa! monitoring sites across the ·U.S. (Lefobn
and Tingey. 1984; Lefohn et al., 1987).

Association hetween transporting structures May
be expressed througb the probability that the center of
a structure carrying one scalar is located within the
structure defined for another scalar at tbe given thres
hold leveL These !Wo separately defined structures
May then suggest a single structure carrying both flux.
variables. Following Cheethan and Hazel (1969) and
Wheeler and Krystinik (1987), it is quantified by the
Jaccard coefficient, J, defined by

J = Cl.} = Ci.}

N TOT N r+ N) - Cr.}

Spatial distributions and co-occurrence

CODE, similar to those observed in FIFE, this gener
ally occurs at the point where 70-80% of the cumulat
ive flux. estimates comes from events (structures) that
occupy ~ 20% of the rime fraction along the run.
"Extreme" events were, therefore, arbitrarily identified
as those whicb, in descending order of their 4> value,
cumulatively account for a 20% time fraction along
the run. Due to the lack of consensus on an objective
definition of significant turbulent structures, the
above procedure is no more arbitrary than alternative
definitions of "extreme events" sucb as a byperbolic
hole set at four times the value of <w'c') used, e.g. by
Grant et al. (1986).

•

t

•

2.5. Defragmentation

A coherent structure will he manifested as a set of
consecutive data points aIong the data vector, where
significant contribution towards the covariance of
vertical wind (w) and concentration of the scalar (c)
exists within the given mode of transport (exœss-up
for heat and moisture, deficit-up for COz and ozone).
These structures, however. May appear artificially
fragmented into separate structures due to the inclu
sion of unmixed air parcels, causing brief excursions
(usually in concentration) that are inconsistent with
the main structure. This is corrected by a defragmen
tation procedure similar to tbat used by Duncan and
Schuepp (1992) and Caramon et al. (1994). which
re-establishes the continuity of artificially separated
structures: a coherent structure is assume to occupy at
least eight data point within a given quadrant of
wand c excursions along the data vector (correspond
ing to a spatial scale of 30 m at the given flight speed
and digitizing rate). This essentially arbitrary criterion
is based on cospectral analysis of Twin OUer data
(Saucier et al., 1991; Desjardins et al., 1992a, b). which
showed tbat structures below tbis sca1e contribute
negligibly to the flux. estimate. Structures with less
than eight data points are eitber eliminated from the
data set (if tbe preceding and following dominant
structures represent different modes of transport) or
incorporated into the dominant structure (if tbey are
embedded in preceding and folIowing structures of the
mode of transport).

2.6. Association of structures

Analysis of coincidence of structures which trans
port the various scalars. as a function of surface char
acteristics, might be expected to provide indirect
information about the driving forces between the
various fluxes, including co-location of sources and
sinks. For example, a positive association (co-loca
tion) of structures transporting 0 3 and those trans
porting HzO and COz would he expected if stomatal
conductance is seen as the determining factor of
0 3 uptake. The ooly previons investigations related
to the association of 0 3 with other atmospheric gases
and air pollutants relate to the co-occurrence of ex
cursions in concentration hetween 0 3 , NOz and 80z

where Cl.) is the number of coincident structures. in
the sense defined above, between two parameters
(scalars) indicated by subscripts i andj. Ni and N) are
the number of structures carrying flux parameters
i and j, respectively, and NTOT is the total number of
structures present in botb parameters (i and j), with
each pair of coincident structures counted only once.

The value of J ranges from 0 to 1, in proportion to
the degree of co-location. Co-location of structures is
more likely for-but does not prove--co-Iocation of
sources and sinks for the scaIars involved. J coeffi
cients were caIcul~ted for the structures in the domi
nant gradient transfer mode, for the overail grid and
for the dominant surface coyer types within the grid.

2.7. Sensitivityanalyses

The sensitivity of flux estimates and structure def
inition of the mean was tested by comparing results
obtained from linear{noolinear detrending to those
obtained under sectional averaging. The mutual asso
ciation of structures (J coefficient) also depends on
tbresholds used in the structure definition; the sensi
tivity ·of conclusions to threshold values may be infer
red by comparing results obtained for the 0.2 and
1 rms thresbolds applied to the covariance. In all
cases, data for the two grid fligbts (26 July, 2 August)
were analyzed separately before being combined into
the full grid, so that the temporal reproducibility of
findings can aIso he assessed. The sensitivity of struc
turai analysis to potential errors in the assessment of
advective displacement has also been investigated by
repeating the analysis for an advective shift (beyond
that caIculated by the footprint funetion) observed in
the spatial patterns of the coherent structures super
imposed on crop type.

3. RESULTS AND DISCUSSION

3.1. Flux and surface maps

SatelIite-observed (NOAA AVHRR, 2 August over
pass) greenness (NOVI) map, the aircraft-observed
interpolated map of greenness (VI), surface temper
ature excess and maps of airborne flux estimates of
sensible heat, HzO. COz and 0 3 are shown in Fig. 3.
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Fig. 3. NOAA-AVHRR data of greenness (NOVI. with high intensity areas in Iighter shades). and maps of
greenness and fluxes of sensible heat. moisture. COl and ozone for the CODE grid site.

Oearly, the relationship between the distribution pat
terns ofVI and those fluxes ofH20 and CO 2 , with an
inverse relationship to sensible heat flux and surface
temperature. reflects the fact that (largely irrigated)
vegetation generates the high photosynthetic and
moisture fluxes. associated with low sensible heat
fluxes and low surface temperature. The apparent
southward shift of flux patterns, relative to those of
VI. reflect on advective effect of wind from the north
that appears somewhat stronger than that suggested
by the analytical footprint prediction. By contrast, the
spatial distribution of 0 3 flux appears less obviously
related to VI although some coincident areas of high
flux levels are evident, suggesting that along with
stomatal conductance, there are other processes in
volved in the regulation of 0 3 uptake. It therefore
calls into question the validity of linking 0 3 sink
strength to stomatal conductance of vegetation, and
agrees in principle with surface observations (also in
CODE) where relationships of 0 3 uptake and stom
ata! exchange of H 20 and CO: were found to he
complex and species-specific (Massman etai., 1993). It
is possible in those small isolated pockets where VI
and 0 3 are high but CO: and H 20 are low, that
stomates may he partIy closed, still maintaining a size
able influx of0 3 but decreased CO2 consumption due
to increased intemal CO 2 concentration as a resuit of

reduced photosynthetic assimilation (Reich et al••
1985; Aben et al., 1990). This behavior would he
more likely in C4 plants which are more sensitive to
changes in the levels of COz concentration. It is aIso
possible that areas with significant 0 3 flux in the face
of lower VI and lower fluxes of H 20 and COz may
consist of vegetation at a mature stage where it does
not (or no longer) require significant degree of photo
synthesis in its maintenance, or represent 0 3 sinks
from non-transpiring portions orthe canopy. Overall,
the spatial patterns observed in the maps suggest that
ozone may he regulated by a number of processes and
caU for further investigation of the association of
ozone flux with exchange of CO2 and moisture.

The high degree of correspondence between air
borne flux maps and maps of surface temperature and
vegetation illustrates the capability of low flying air
craft to document Earth-atmosphere exchange pro
cesses within the surface boundary layer, at scales
relevant to satellite-based remote sensing, at least for
this surface with well-defined, high contrast ("test pat
tern") surface source configurations. No surface ob
servations were available within the grid site to test
absolute flux.. values, but interpolated flux values over
cotton within the grid, for CO: (0.46-0.8 mgm- 2 s- 1

aver 90% of the area), HzO (300-490 Wm- z) heat
(10-80 Wm- 2 ) and ozone (0.4-1.2 pgm-2 s- 1

) coyer •
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• the range of surface fluxes measured over cotton else
where (lat. 36°49'; long. 120°41') in the CODE area
(MacPherso~ 1992).

3.2. Distribution ofcoherent structures

Figure 4 shows the distribution of coherent struc
tures in the dominant (excess-up for HzO and hea~

deficit-up for COz and 0 3 ) transfer mode for the
combined grid flights? at the lower (0.2 rms) threshold
level. Displayed structure size reflects its relative flux
contribution. Comparison against maps ofcrop type,
VI and surface temperature (Figs land 3), shows the
preponderance, in number and importance, of COz
and HzO structures over cotton fields (high VI and
low surface temperature), with much fewer structures
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over mature saffiower, native vegetation and idle
fields (Iow VI and high surface temperature). As ex
pected, the distribution ofdominant heat structures is
complementary to that of HzO and COz, predomi
nandy located over hot dry saffiower and idle fields.
0 3 structures appear across all crop types, but struc
tures with higher mean flux are more frequent over
the cotton fields. Compared to the distribution pat
terns ofhea~COz and HzO, no clearly defined distri
bution pattern is evident for ozone structures.

3.3. Mucual association ofcoherent structures

(a) Across the grid: The association between the
structures transporting hea~ HzO, COz and
0 3 across the grid (Jaccard coefficient J) is sum-

•
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Fig. 4. Maps of coherent structures for sensible hcat, moisture, CO2 and ozone, sampled over the CODE
grid site.
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Table 1. Association of coherent structures across the grid, in 1enns of the Jaccard •coefficients. J. for threshold levels of 0.2 and 1 rms

Coinciding F1ight 16. 26 July Fight 21, 2 August Combined grid
structures

0.2 0.2 0.2

CO:z on H:zO 0.634 0.507 0.711 0.586 0.670 0.544
H:zOonCOz 0.570 0.476 0.675 0.570 0.619 0.520
0 3 0nCO:z 0.472 0377 0.568 0.421 0.519 0.398
CO:z on 0 3 0.480 0345 0.541 0.402 0.510 0.372
0 3 on HIO 0.452 0364 0.570 0.421 0.509 0.391
H:zO on 0 3 0.410 0318 0.512 0.390 0.460 0.353
CO:z on heat 0.281 0.161 0.175 0.117 0.227 0.139
HeatonCO:z 0.259 0.151 0.172 0.102 0.216 0.127
0 3 on heat 0.313 0.226 0.266 0.186 0.288 0.206
Heat on 0 3 0.286 0.180 0.248 0.153 0.266 0.167
H:zO on heat 0.223 0.125 0.116 0.074 0.168 0.099
Heat on H:zO 0.237 0.139 0.123 0.066 0.179 0.102

•
Table 2. Association ofcoherent structures as a function ofcrop type. in terms of the Jaccard coefficient. J.

_Jfor the threshold levels of 0.2 and 1 rms

Coinciding Cotton Pasture and Native veg and Saftlower
structures AlfaIfa mix idle fields

0.2 0.2 0.2 0.2 1

CO,2 on H:zO 0.693 0.570 0.701 0.541 0.656 0.521 0.606 0.464
H200nCO:z 0.648 0.553 0.667 0.520 0.525 0.459 0.240 0.464
0 3 on CO,2 0.530 0.412 0.467 0.444 0.475 0.394 0.486 0.355
COz on 0 3 0.524 0386 0.479 0.383 0.443 0.369 0.467 0.350
0 3 on H:zO 0.523 0.416 0.536 0.494 0.451 0.344 0.435 0.325
H:zO on 0 3 0.481 0.376 0.483 0.413 0.390 0.319 0.167 0.159
COz on heat 0.202 0.098 0.193 0.102 0.259 0.194 0.293 0.205
Heat on CO:z 0.032 0.035 0.022 0.032 0.055 0.035 0.082 0.037
0 3 on heat 0.252 0.156 0.221 0.141 0328 0.267 0.402 0.311
Heat on 0 3 0.042 0.048 0.021 0.066 0.057 0.057 0.091 0.062
H:zO on heat 0.152 0.070 0.164 0.090 0.143 0.125 0.052 0.159
Heat on H:zO 0.026 0.033 0.031 0.054 0.031 0.042 0.074 0.038

marized in Table 1 for the separate and combined grid
fiights, at bath threshold levels. The similarity of ob
servations between the two grid flights. and the rela
tive consistency between threshold levels. is reassur
ing. As expected, the strongest flux association is
observed between H 20 and CO2 , reflecting coinci
dent transport and co-location for sources and sinks
in stomatal exchange. The incidence of CO2 on H 20
structures tends to he slightly higher than vice versa,
since the likelihood for photosynthesis occurring in
absence ofsome exchange ofmoisture is smaller than
that for moisture exchange in the absence of photo
synthesis (e.g. irrigation canals. irrigated new fields,
etc.). 0 3 structures have a higher coïncidence on COz
and H2.0 structures than might perhaps have been
expected on the basis of the flux maps (Fig. 3), with
a manger association with heat exchange than that
shown by COz or H 20.

(h) As afunction ofcrop type: Associations between
the various fluxes over the dominant crop types with-

in the grid are summarized in Table 2. Over cotton, we
observe the expected high association between H 20.
COz, slightly higher for CO2 on HzO than vice versa,
for reasons already noted. Association of 0 3 with
these structures is slightly lower, but high enough to
indicate that fluxes of COz, HzO and 0 3 over cotton
are largely carried by the same structures, suggesting
a significant probability for co-location of their re
spective sources or sinks in stomatal exchange. The
low degree of association to heat is not surprising in
view of the scarcity of heat structures over cotton
fields (Fig. 4). The imbalance between association of
sca1ars with thermals and vice versa illustrates a non
negligible driving force of thermals on gas exchange
even in that relatively well-watered ecosystem. Ovcr
pasture/alfalfa mix and native vegetation/idlefields the
associations between H 20, CO2 and 0 3 are ofsimilar
magnitude. The association of0 3 with heat, however.
is relatively higber over native vegetation and idIe
fields than over cotton, reflecting the enhanced role of •
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thermals in the transport of03~The results for senes
cent safflower are more comple'4 especial1y in the
difference exhibited between J coefficients determined
for the low (0.2 rms) and high (1 rms) threshold levels.
When defined by the lower threshol~ a pronounced
asymmetry between transport mechanism for COz
and HzO is notecL with structures carrying HzO
much more likely to he transporting COz, than vice
versa. However, the discrepancy disappears when as
sociation between the cores of structures (high thres
hoId) is displayed. The association of COz flux. with
heat (even higher than that over native vegetation and
idle fields) suggests that over this dry crop, sink areas
for COz are more likely to coincide with those for heat
than over the other crop types. 0 3, also, shows higher
association with heat than over other surface cover,
with aImost equal probability of finding 0 3 asso
ciated with thermal structures as with those carrying
HzO and COz. There is a significant, symmetrical flux
association between COz and 0 3 • However, as ob
served between COz and HzO, the flux. association
between 0 3 and HzO for the low threshold case is
asymmetricaJ, with the coincidence of 0 3 on HzO
much higher than vice versa. This suggests the exist
ence of two distinct sinks for 0 3 in safftower: areas
where structures are transporting HzO, COz and 0 3 ,

and others where structures are transporting COz,
heat and 03.

This flux association analysis suggest two major
sinks for 0 3 over the grid site, in the forro of vegeta
tion and of non-transpiring surface areas (most likely
soil), respectively. Over crops with high levels of
photosynthetic activity and moist conditions (such as
well-watered cotton), transpiring vegetation is the
major sink for 0 3 therefore scaling ozone uptake to
transpiration rates or stomatal conductance would
very likely account for most of the ozone depletion at
the surface. The potential error made in such esti
mates can he estimated from the difference between
the association ofCOz and HzO on the one hand, and
that between those two scaIars and 0 3 on the other,
which is ~ 20%. Over saffiower, native vegetation
and idle fields, which represent low photosynthetic
activity and hot dry conditions, the non-transpiring
portion of the canopy and surface may still constitute
a non-negligible 0 3 s~ with considerably higher
potential error when scaled to transpiration rates or
stomatal conductance. These results are compatible
with findings of other researchers: Reich et al. (1985)
found water stressed soybean displayed a more rapid
stomatal c!os~e in response to exposure to ozone
than unstressed plants, while Temple (1986) observed
no such effect in field cotton. Van Paul and Jacobs
(1993), in their experiments on maize, also found that
in wet soil conditions the non-transpiring portions of
the crop and soil accounted for less than 20% of the
total above-canopy ozone flux, while during dry con
ditions non-transpiring portions of the crop and the
soil appeared to be responsible for up to 65% of the
flux.

AE 29:21-S
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The most consistent observation across aIl the
varying surface conditions is the significant flux. asso
ciation between COz and ozone, and the comparable
association with these !Wo fluxes and the heat flux.
Under most conditions, but particularly under hot
and dry conditions, it would seem more advisable,
therefore, to scale ozone uptake to COz instead of
HzO.

3.4. Sensitivity analysis

(a) Reproducibility in time: Comparison of data ob
tained on two separate days over the same grid gen
eral1y showed no significant differences, such as
illustrated by the data given in Table l.

(b) Effect of threshold level on J coefficients: As
shown in Tables 1 and 4 changes in threshold levels
from 0.2 rms (removal of weak taiIs of structures) to
1 rms (retention of structure cores) changed the abso
lute value, but rarely the relative order of importance,
of association hetween the various flux. pairs. The
reduction of the J values with increasing threshold
indicates that the most intense cores of transporting
structures are less likely to he co-Iocated than the
overall structures. To what degree this may be the
result of the natura! complexity of turbulent mixing
within these structures, or reflect subtle differences in
surface source/sink distributions would have to he
further investigated.

(c) Effect. of advective displacemenr: Figure 4 sug
gests a consistent offset of structures relative to crop
boundaries, more or less in the direction of prevailing
wind, heyond the advective displacement estimated
from analytical solutions of the diffusion equation.
Flux associations were, therefore, recalculated for ar
tificially drawn crop boundaries which reBect the ob
served offset. There were no significa.nt differences in
the crop-based flux association values caJculated with
the inclusion or exclusion of those structures which
appeared to have been displaced across field bound
aries.

(d) Effect ofalternative definition of the local mean:
Sectional averaging over subsections of runs judged
to be relatively homogeneous in terms ofsurface char
acteristics, such as explored by Mahrt and Ek (1993a)
on a set of 35 km rons immediately N of the grid site,
served to evaluate the sensitivity of flux. estimates to
the definitions of the mean and to assess the potential
presence of mesoscale flux contributions. Mesoscale
variability could he associated with terrain or surface
features, in cases where terrain siope or surface hetero
geneity drives secondary circulation, superimposed
on the general flow field (Pieike et al.~ 1991). The
procedure used by Mahrt and Ek (1993a) decomposes
the flux variables (vertical wind w and scalar concen
tration c) into a "domain average" over the whole run
(c), a mesoscale deviation orthe sectional average [c]
from the domain average (c· = [c] - (c», and
superimposed transicnt turbulent fluctuations (c'),
with the flux written in terms or the covariance be
tween the mesoscale deviations «w·c·» and the
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Fig. 5. Flux estimates for sensible heat and ozone (top) and J coefficients (bottom). for Il sample runs
across the grid site, for linear/nonlinear detrending and sectionaI averaging. respectively.

covariance of instantaneous fluctuations within the
local subsections.

Figure 5 compares estimates for sensible heat flux
(most likely to exhibit mesoscale components) and
0 3 flux, based OD linear/nonIinear detrending and
sectionaI averaging. They were derived from Il
sample ruus from northem, centraI and southem sec
tions of the grid. As seen, flux estimates based on
sectional averaging did not, in gener~ differ greatly
between these two detrending techniques, with aver
age difference < 10% for aIl four scalar fluxes. This
suggests that surface-related mesoscaIe contributions
to the flux are not significant, and that flux estimates
may he considered to be fairJy robust in terms of
alternative definition of the mean.

(e) Effèct ofsectionnl averaging on structural analy
sis: SectionaI averaging was also used to test the
sensitivity of structure definition and flux association
to the definition of the local Mean aIong the run.
Defragmentation and thresholding procedures, as
previously used, were applied to fluctuations defined
agaÏnSt the sectional average. The resulting structures
show minor differences, but major structures are not
significantly affected by this alternative definition of
the local mean. This is summarized in Fig. 5 which. for
the same Il sample mns used above, compares
the flux associations (J coefficients) obtained from
sectional averaging against those based on linear/
nonlinear detrending.

4. SUMMARY AND CONCLUSION

Flux maps (based on GIS-interpolated results from
1 km sampling segments of grid-type flight patterns)
provide distribution patterns of source and sink
strength for sensible heat, moisture and CO2 that
agree qualitatively with surface properties of vegeta
tion index and surface temperature, in an ecosystem
with discontinuous variations in source/sink strength
at scaIes from one to several km. This degree of
resolution is conditional to sampling within the sur
face boundary layer and a high number of repeated
(or near-repeated) passes over the test area, very likely
favored by fiat terrain (which did not Cavor oro
graphie mesoscale circulation) and high instability
(with effective vertical surface-atmosphere coupling).
Flux magnitudes agree with those observed by surface
tower over similar crops. The spatial pattern of the
ozone flux map showed no c1early defined relation
ship to those of CO2, H 2 0. heat, VI or surface tem
perature, requiring further analysis of the link of
ozone uptake by vegetation to processes such as
photosynthesis and evapotranspiration.

Dominant CO2 and H 2 0 structures were round to
he concentrated ovec the cool, moist cotton fields. and
the dominant heat structures over hot, dry saffiower•
native vegetation and idle fields, as expected. Analysis
of the spatial relationship (co-occurrence) hetween
ozone uptake and transport processes of heat, H 20 •
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and CO2 (at least for the dominant mode of gradient
transfer) permit some quantitative assessment of the
potential error to he expected when predictive models
for ozone uptake are based on stomataI. conductance
for moisture exchange. It would be expected to be
~ 20% over well-watered crops such as cotton, but

could he significantly higher over water-stressed or
low-density vegetation. Over hot, dry surfaces the
analysis of flux association of ozone to that of other
scalars suggests that non-transpiring portions of the
canopy are absorbing ozone at rates equal to-and
sometimes greater than-the transpiring canopy sec
tions. That a significant part of this non-physiolo
gically based 0 3 flux may result not 50 much from soil
uptake than from 0] destruction near the surface by
interaction with NO emission from the soils strongly
suggested by Guo et al. (1995). The consistently ob
served flux association between CO2 and ozone,
across all crop types, and the comparable association
between these two fluxes and the heat flux, suggest
that it would he more realistic to scaIe ozone uptake
to CO2 instead of H 20, particularly under hot and
dry conditions. In particular, linking ozone uptake to
biochemica.l process models of the type developed for
CO2 assimilation in photosynthesis (e.g. Farquhar
and von Caemerer. 1982) May reduce cliscrepancies
associated with prediction of ozone uptake from
stomataI conductance for moisture. While tests for
sensitivity of results to changes in thresholding tech
niques and definition oflocal means demonstrated the
essential robustness ofthese findings. their interpreta
tion must consider that they are conditionaI to the
time and place of observation and might have been
different at other stages ofcrop development. Further
work on airbome observation of trace gas exchange
should include analysis of the three quadrants (non
dominant gradient transfer and countergradient
transfer) of scalars not considered in the current study
and include size and intensity criteria in the definition
of J. It should aIso consider the possible effects
of chemical reactions between ozone and nitrogen
oxides (Guo et al.. 1995). leading to possible flux
divergence between the surface and flight levels.
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Abstract

Micrometeorological tower dat~ collected over grape and cotton canopies as part of the Califomia ozone deposition
experiment (CODE) during the summer of 1991, are used to examine the temporal association between fluxes, and the
physical characteristics of the coherent structures which dominate transport for bath stable nighttime and unstable
daytime conditions. Flux was calculated using the eddy covariance technique and the dominant modes of flux transport
determined by quadrant analysis. The mean flux densities for both the cotton and grape site showed the surface acting as
a sink for COz and ozone and a source of heat and HzO during the day, as would be expected, while during the night it
became a source for COz and a sink for heat, but remained a sink for ozone and a source of HIO. The flux association
results indicated a single vegetated ozone sink for the grape site, but a vegetated as weil as a non-vegetated sink for the
cotton site. For both sites, structures simuItaneously transporting significant flux contributions of COz. HIO, heat and
ozone dominate during unstable conditions. but differed during stable conditions, where unmixed single flux structures
dominated over cotton but not over grape. Structure sizes were less than 10 m during nighttime conditions and ranged
from 3 to 69 m during the day. The results of this study contribute empiricaI evidence about the relationship between
ozone uptake and the physical and physiological state of vegetation, as weIl as the limitations placed on eddy scales in
simulation models. © 1999 Elsevier Science Ltd. AU rights reserved.
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1. Introduction

The use of models for simulation and prediction of
surface-atmosphere dynamics has become an integral
part of research in the atmospheric/environmental
sciences. Almost ail forms of these models have to incor-

• Corresponding author.

porate sorne forro of parameterization of the surface
characteristics (McGuire et aL, 1991; Koster and Suarez,
1992; SeUers et al., 1992; Melillo et al., 1993; Bonan, 1993;
Massrnan et al., 1994; Goetz and Prince, 1996; Ruimy
et al., 1996). The fact that these models are sensitive to
spatial variability of physical surface characteristics
(Wollenweber, 1995; Klaassen and Claussen, 1995; Sud
et al., 1988), and the uncertainty surrounding the relative
influence of the various scales of such variability
(Moore et al., 1993), highlight the need to improve our
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understanding of the atmosphere-ecosystem exchange
processes. This need is reflected in the increasing number
of studies that focus on the parameterization of surface
characteristics (Hanan et al~ 1995; Hall et aL, 1995; Lee
et aL, 1996) and, in particular, the transport dynamics of
various fluxes and their coupling to the underlying sur
face (Schuepp et al., 1987; Mack et al.. 1990; Hollinger
et al., 1994; Massman et aL, 1993; Rochette et al., 1994;
Baldocchi, 1994; Guo et aL, 1995a; Mitic et al~ 1997).

Sorne studies have specifically related the coherent
motions of turbulence (as opposed to Incoherent noise) in
the surface layer to surface characteristics (Caramori
et aL, 1994; Mitic et al., 1995, 1997). These coherent
"structures" are responsible for the bulk of turbulent
transport in the surface layer and have been examined
from various other perspectives (Wyngaard, 1983;
Eloranta and Forres4 1992; Mahrt and Ek, 1993a, b; Paw
et al.. 1995). A study of coherent turbulent structures
allows for the improvement of our understanding of the
processes operating on surface fluxes, and the associ
ations of the variaus fluxes with each other and with the
underlying surface. Identifying the physical extent of
structures and their composition, will give sorne indica
tion of the driving forces operating on flux transport as
weil as their partitioning between the surface and
the atmosphere. This is of particular importance
in the assessment of the potential for predicting fluxes
from surface characteristics, in cases where sorne fluxes,
like those of water vapour and COz, are more readily
inferred from surface observation than others, such as
ozone flux.

Our study uses tower data collected at the cotton and
grape sites during the California Ozone Deposition Ex
periment (CODE) in the summer of 1991. to examine flux
associations of COz, HzO, heat and ozone. This is done
for the two gradient modes of transport, where the sur
face acts as a sink for COz and ozone, and a source of
moisture and heat during the day, and a source of COz,
and a sink for heat at night. The Cocus is on exchange
processes at the "patch" scale (1 km2

), and the objective is
ta characterize the temporal evolution and character
istics of coherent structures during unstable (day) and
stable (night) conditions over these two different crop
canopies. Due to the importance of ozone deposition in
the study area and the primary objective of CODE (part
of the San Joaquin Valley Air Quality Study, Pederson
et aL, 1995), and given the fact that regional models for
ozone deposition are based on a variety of physical and
physiological surface characteristics at different scales
(e.g. Massman et al., 1994), the emphasis is on the associ
ations of ozone to the other flux variables. Such associ
ations and the spatial scales invalved are of interest
as bases of reference for soil-vegetation-atmosphere
transport (SVAT) models and ta scaled-down large eddy
simulation models, which are increasingly being used to
describe canopy-atmosphere exchange.

2. Site and data description

The data were collected at two meteorological tower
sites over a cotton and grape canopy located in the
central valley of southern California at approximately
100 m above sea level (Pederson et aL, 1995). The field
observation period lasted from early July ta early Au
gust, 1991. Five days were selected for study from each of
the two data sets. For each of these days, two 20 min time
segments were used for analysis, one during stable night
time conditions and the other during unstable daytime
conditions. The daytime segments were selected from
periods between midday and mid-afternoon when the
boundary layer was cansidered to be fully developed,
with unstable thermal stratification (zfL significantly
negative). The nighttime segments had zero solar radi
ation and stable stratification (positive zfL). The selection
of days for analysis depended on data quality as well as
on similarity in conditions such as mean wind speed and
atmospheric stability. The data sets include eddy correla
tion observations, based on fast response sampling of the
vertical wind component, air temperature, and the con
centrations of COz. H2 0, and ozone. A detailed descrip
tion of sites and sampling procedures is given below.

2./. Cotton site

The tower at the cotton site was operated by the
ASTER group from the US National Centre for Atmo
spheric Research (NCAR). The site was located at 36°48'
50"N and 1200 40'38''W, 80 km west of Fresno. The crop
was planted in an E-W row orientation spaced 1 m apart.
During the observation period, the average height of the
cotton crop increased from 0.4 to 0.9 m, and the leafarea
index from 1.8 to 2.5. Eddy correlation systems were
located at 5 m above the surface to sampie the three wind
components, water vapour, COz and air temperature at
a frequency of 20 Hz. Data were collected continuously
from 11 July to 7 August. The selected days and time
segments used in this study are listed in Table 1. The
mean wind direction was perpendicular to the rows. For
the selected nighttime segments, the mean wind speed
ranged from 1.7 to 2.2 ms-l, zlL between 0.11 and 0.65,
the mean surface temperature between 22 and 24.5°C,
and dew was present in a11 cases. The daytime segments
are characterized by mean wind speeds between 1.2 and
2.3 m S-1, zlL between - 0.19 and - 2.0, mean surface
temperature between 30 and 38.8°C and haU hourly
averaged incident solar radiation between 946 and
987 W m -2 with the exception of one day (August 5)
where it was 750 W m -2. The cotton fields were irrigated.

2.2. Grape site

The tower at the grape site was operated by the Air
Quality Processes Research Division of the Atmospheric

•
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4.1.3. Structure sizes
Structure size refers to the one-dimensional horizontal

extent (diameter) of the structure as intercepted by the
tower and defined in Section 2. During stable nighttime
conditions the majority of the structures are less than
10 min diameter. During the day, the CHOT structure
sizes range from 3 to 40 m, with a mean of 10.1 m. The
sizes for HOT structures range from 2 to 32 m. with

4.1.2. Driving fOrces
The presence/absence ofheat and H 20 in the structure

composition is directly related to the buoyancy flux
which incorporates terms corresponding to both the heat
flux and the water vapour flux. The buoyancy flux (w'B~),

Le. the virtual temperature flux associated with the moist
ure content of the air, was not explicitly calculated, but in
the absence of liquid water in the air it can be approxim
ated by

rn - zS -1 for CO2, - 4.5 ppb ms-[ for ozone (where the
negative sign indicates the surface as a sink), 2750 W m- 2

for water vapour, and 750 W m- 2 for heat. For structures
transporting H 20, 0 3 and heat exclusively (HOT struc
tures), the relationship between HzO and ozone is even
more pronounced with a correlation coefficient greater
that 0.8 in aIl cases. The correlation between ozone and
heat is more variable, but in aH cases less than that of
H2 0 and ozone. The relationship for the individual
DOY is aIso reflected in the correlation coefficient for the
combined cases shown in Fig. 4, where the highest cor
relation is between H 20 and ozone at 0.7. In general, the
correlation for ail three fluxes is greater than 0.5. The
above results suggest that under the weIl rnixed daytime
conditions over the cotton site, moisture and heat flux
exert control over ozone flux with HIa flux dominating
in all cases.

(9)

1165

w'fJ~ ;;:: (w01[1 + 0.61p] 1- 0.61ë(w'r1

where r is the water vapour mixing ratio (Stull, 1988).
When w'f}' is negligible, the water vapour-related density
effects dominate in buoyancy but even in the presence of
significant heat flux the latter contribute to buoyancy, as
shown by the ratios ofvirtual density flux to sensible heat
flux which ranged from LI to lA, representing consider
able enhancement of total buoyancy over that associated
with sensible heat flux only (1.0). In our analysis we
differentiate between structures that have sensible heat
and virtual temperature buoyancy effects from those that
do not contain sensible heat flux, with a further category
defined by the absence of buoyancy, presumably asso
ciated with shear forces. This partitioning of the driving
forces operating at the cotton site during daytime condi
tions is shown in Fig. Sa Heat is the dominant driving
force in so far as SO-79% of the structures have coherent
heat flux in their composition.

4./. Cotton site results

4././. Flux associations
The FA for ail 10 case studies are shown in Fig. 2. The

pattern of flux associations is similar for structures in
both the gradient down and gradient up modes. Under
stable nightrime conditions, structures associated with
transporting only one flux component (C02 (07 H 20
(H), 0 3 (0) or heat (T), exclusively) dominate, cumulat
ively accounting for 3S% to as high as 70% of the total
number of structures. This may indicate the relative lack
of mixing within the nighttime collapsed boundary layer
as weIl as some decoupling of nocturnal surface pro
cesses. The association of ozone with non-COz trans
porting structures (no sustained presence of coherent
CO2 flux) during the night indicates the existence of
a non-vegetated sink for ozone~The non-vegetated ozone
sink is indicated by the relative prominence of structures
transporting H 20-03-heat (HOT), which are also pres
ent during the day.

During unscable daycime conditions, structures simulta
neously transporting CO2-H20-03-heat (CHan dom
inate, with FA (in the gradient up mode) between 26 and
57%, associated with the dominant vegetated sink. This
indicates not ooly a higher degree ofmixing, compared to
the nighttime cases, as would be expected, but presum
ably reflects aIso the co-Iocated vegetated daytime
source-sink for these variables. The association among
structures transporting H2 0, 0 3 and heat is the second
consistently significant flux association. On DaY 213.
however. structures transporting only CO2 • HzO and
ozone figure prominently at 19%. This corresponds to
the low sensible heat flux during this time (Fig. 1) and is
a direct result of the irrigation of the field. The asso
ciation between the flux components of structures simul
taneously transporting CHaT and HOT, indicating
vegetated and non-vegetated source/sinks. respectively,
were further documented by correlation analysis of the
mean flux magnitudes within these structures, as shown
in Figs. 3 and 4. The following discussion therefore deals
with the correlation of the flux intensities within the
dominant structure categories. For the CHOT struc
tures, there is a consistent high correlation between H 20
and ozone flux intensities, ranging from 0.68 to 0.91. The
correlation between CO2 and ozone is more variable and
reflects the correlation pattern betweeo COz and H20
which ranges from O.S to 0.8. There is also a consistent
moderate to high correlation between heat and ozone
within these structures. The correlation plots for the
combined CHÛT structures from aIl five days (Fig. 4)
show a positive relationship among aIl the flux compo
nents. The corresponding correlation coefficients show
the highest overall correlation between H20 and ozone,
at 0.725. The mean structure flux intensities for the com
ponents of the CHÛT structures may also he seen in
Fig. 4, with approximate maximum values of - 6.5 mg

•

•
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a mean size of 6.1 m. Using Eqs. (4)-(8) in Section 3. with
a ;. range of 0.1-0.22 (from Fig. Sa). and the values for
z and z/L from Section 2.1, lM ranges from 2.8 to 4.8 m
and lH between 4.4 and 11.8 m. The mean mixing length
(l) then ranges from 4.2 to 10.2 m. The mean CHOT
structure sizes correspond closely to IH, and fall within
the range of the expected Mean mixing length (l).

4.2. Grape site resu/ts

4.2./. Flux associations
The results from the FA analysis on the grape data are

shown in Fig. 6. The distribution of FA during nighrtime
stable conditions is very different from that of cotton.
Here single component fluxes do not dominate, and
ozone transport appears predominantly in the presence

of CO 2 in CHOT structures. The distinctly low HOT
structures in Fig. 6 suggests that a non-vegetated sink for
ozone is not present. The consistently dominant structure
compositions are CHOT with FA ranging from 16 to
29% and CHT with FA between 14 and 30%. This May
reflect the much greater level of mixing during nighttime
stable conditions over grape, linked to the greater
measurement height (almost twice that of cotton). and
possibly differences in the level of nocturnal metabolic
activities such as respiration levels. The FA during the
daytime unstable conditions is similar to that of cotton
with the majority of structures transporting CO2, H 20.
ozone and heat (CHOT) simultaneously, and FA be
tween 25 and 48%. Structures with fluxes of CO2• H 20
and ozone (CHO) are also prominent during two sampIe
periods, with FA of 21 and 25%.
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5. Conclusion

4.2.2. Driving fOrces
The breakdown of the driving forces during unstable

conditions, shawn in Fig. Sb, indicates that although heat
remains a principal driving force for the surface fluxes
(> 50%), water vapour density gradients play a more
prominent role than was observed over cotton. This
results in somewhat higher ratios of buoyancy flux to
sensible heat flux (ranging up to 1.7 instead of 1.4),
especially for days with significantly lower heat flux
around the time of irrigation (211 and 212).

The association between fluxes of ozone-and those
of COz and H 20, within the turbulent structures that
dominate exchange processes between cotton and grape

4.2.3. Structure sizes
The sizes for the dominant daytime CHaT structures

are larger than those over cotton, ranging from 3 to 69 m
with a mean of 15.7 m. Using Eqs. (4)-(8) in Section 3,
with a À range of 0.1-0.15 (Fig. Sb), and the values for
z and zlL from Section 2.2, lM ranges from 5.3 to 9.9 m
and IH between 8.4 and 26.9 m. The mean mixing length
(1) then ranges from 8.1 to 24.3 m with the mean CHOT
structure size falling comfortable within this range. The
structure sizes for grape faU between those from the
cotton site and those reported by Mitic et al. (1997) for
aircraft data at 30 m over a partly irrigated grid area with
cotton as the dominant crop. This indicates the increased
mixing and subsequent coalescing of structures with in
creasing height (Caramon et al., 1994) and verifies to
sorne degree the empirical definition of the physical ex
tent of the coherent structures.

mean flux intensities for the components of the CHOT
structures (also shown in Fig. 1) indicate approximate
maximum values (exc1uding a few outlier) of - 4.5 mg
m-2 s- 1 for Cal' -3.5 ppbms- 1 for ozone, 3750 Wm-l

for water vapour and 450 W m - 2 for heat flux. Compar
ing the Mean structure flux between grape and cotton,
CHOT structures for cotton have a higher COz flux, as
may be expected given the actively growing stage of the
cotton crop, as well as higher ozone and heat flux and
lower H 20 flux. However, it should be considered that
the partitioning of the energy fluxes at both sites depends
on the dynamiC5 of the rotating irrigation scheme. The
findings on ozone flux correlate weU with those of Mass
man et al. (1994, 1995), who found ozone flux to be higher
at the cotton site than at the grape site. As suggested by
Guo et al. (1995), the higher degree of wetness indicated
by the higher H 20 flux and lower heat flux at the grape
site would reduce the production of NO, accounting for
the lower ozone flux as weIl as the absence of a dominant
non-vegetated ozone sink.

The indication of a single dominant ozone sink for
grape, that is, the one associated with vegetation, repres
ents a significant difference between the FA for grape and
cotton. The non-vegetated ozone sink at the cotton site
may be the result of deposition to the soil and photo
chemicaI reactions with NO, as suggested by Massman
et al. (1995) from examining ozone flux divergence
between tower and aircraft flux.

The correlations of flux intensities within the domin
ant CHOT structures for unstable daytime conditions
(Fig. 7) are similar ta those for cotton. There is a consist
ently high correlation between COz and ozone (0.57
0.97), HlO and ozone (0.64-0.96), and COl and HlO
(0.67-0.96). The Cal-ozone relationship, however, does
not indicate a dependence on the correlation between the
flux intensities ofCOl and H 20 as appears to be the case
over the cotton canopy. This difference may be due to the
presence of the single ozone sink for the grape site. The
flux intensity correlation for the combined CHOT struc
tures for all five days are all very high with COl and
ozone at 0.88, H 20 and ozone at 0.86 and CO2 and HlO
at 0.91. The correlation between heat and ozone, by
contrast, is much lower at 0.49.

The seatter plot in Fig. 7 shows a positive relationship
among aIl four fluxes within the CHOT structures. The

Fig. 5. Partitioning of driving forces over the cotton (a) and
grape (b) sites during unstable conditions.
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canopies and the atmosphere under daytime conditions,
is not affected by variations in the heat flux. Under
unstable conditions, structures simultaneously transport
ing CO2, H20, ozone and heat (CHOT) dominate for
both the grape and cotton canopy. During stable condi
tions, the flux association ditrers between cotton and
grape, with the cotton canopy having more dominant
single component structures. The results for the stable
conditions, however, must be interpreted with caution in
light of the very small magnitude of the fluxes and the
difficulties associated with sampling under nighttime
stable conditions.

The separation ofozone deposition into vegetative and
non-vegetative sinks may be inferred from the proportion
of structures transporting ozone in the presence and
absence of CO2 • For the cotton site, a vegetated ozone
sink associated with CHOT structures and a non-veg
etated sink associated with HOT structures were ob
served. The grape site indicated only a vegetated sink for
ozone associated with the dominant CHOT structures.
These results not only illustrate ditrerences in the types of
sinks for different vegetation types, but should help to
quantify the link between ozone uptake by crops and
their physical and physiological status. They may he
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compared with those of Mitic et al. (l997) for CODE
aircraft data, where the dominant flux association was
among COz, HzO and ozone. without significant differ
ence among the correlation of COz and ozone. and H2 0
and ozone. The aircraft data, however, were obtained
at a height of 30 m above a 15 x 15 km grid with vary
ing crop and surface conditions, i.e. at a height where
considerable coalescence of structures has already
occurred.

The structure sizes indicate that on average the domi
nant structures at the grape site are larger than those at
the cotton site but considerably smaller than those re
ported by Mitic et al. (1997) for aircraft data from
CO0 E. These structures sizes fall within range of the
expected mean surface layer eddy scales and may he
helpful as an empirical verification of eddy scale limita
tions witmn simulation models.
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