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Abstract

An examination of the Lagrangian length scale in plant
canopies using field measurements in an analytical

Lagrangian equation

Shannon E. Brown
University of Guelph, 2012

Advisor:
Jon S. Warland

Studies of trace gas fluxes have advanced the understanding of bulk interactions

between the atmosphere and ecosystems. Micrometeorological instrumentation is

currently unable to resolve vertical scalar sources and sinks within plant canopies.

Inverted analytical Lagrangian equations provide a non-intrusive method to calculate

source distributions. These equations are based on Taylor’s (1921) description of

scalar dispersion, which requires a measure of the degree of correlation between

turbulent motions, defined by the Lagrangian length scale (L). Inverse Lagrangian

(IL) analyses can be unstable, and the uncertainty in L leads to uncertainty in source

predictions.

A review of the literature on studies using IL analysis with various scalars in a

multitude of canopy types found that parameterizations where L reduces to zero at



the ground produce better results in the IL analysis than those that increase closer to

the ground, but no individual L parameterization gives better results than any other

does. The review also found that the relationship between L and the measurable

Eulerian length scale (LE) may be more complex in plant canopies than the linear

scaling investigated in boundary layer flows.

The magnitude and profile shape of L was investigated within a corn and a forest

canopy using field measurements to constrain an analytical Lagrangian equation.

Measurements of net CO2 flux, soil-to-atmosphere CO2 flux, and in-canopy profiles

of CO2 concentrations provided the information required to solve for L in a global

optimization algorithm for half hour intervals. For dates when the corn was a strong

CO2 sink, and for the majority of dates for the forest, the optimization frequently

located L profiles that follow a convex shape. A constrained optimization then

smoothed the profile shape to a sigmoidal equation. Inputting the optimized L

profiles in the forward and inverse Lagrangian equations leads to strong correlations

between measured and calculated concentrations (corn canopy: Ccalc = 1.00Cmeas +

52.41 µmol m−3, r2 = 0.996; forest canopy: Ccalc = 0.98Cmeas + 276.5 µmol m−3, r2

= 0.99) and fluxes (corn canopy: Fsoil = 0.67Fcalc − 0.12 µmol m−2s−1, r2 = 0.71,

Fnet = 1.17Fcalc + 1.97 µmol m−2s−1, r2 = 0.85; forest canopy: Fsoil = 0.72Fcalc −

1.92 µmol m−2s−1, r2 = 0.18, Fnet = 1.24Fcalc+0.65 µmol m−2s−1, r2 = 0.88). In the

corn canopy, coefficients of the sigmoidal equation were specific to each half hour and

did not scale with any measured variable. Coefficients of the optimized L equation



in the forest canopy scaled weakly with variables related to the stability above the

canopy. Plausible L profiles for both canopies were associated with negative bulk

Richardson number values.



Acknowledgements

• Thanks to my advisor Jon Warland for guidance and support over the years.

Thanks also to my advisory committee members Claudia Wagner-Riddle and

Ralf Staebler for your comments and help.

• Thank you to the co-authors of these papers for your data and input - Eduardo

Santos, Paul Bartlett, Jon Warland, Claudia Wagner-Riddle, Ralf Staebler, and

Meaghan Wilton.

• Thank you to my colleagues Eduardo Santos for your patience in answering

my many, many questions. Thank you to Meaghan Wilton for being a great

research partner. Thank you to my numerous office-mates over the years for

making the days enjoyable.

• Thank you to the undergraduate assistants - Mark Halliday, Keumah Khang,

Jenni Vanos, and Julia Jamieson-Hanes. Your quality work was much appre-

ciated.

• The assistance of Dean Louttit was invaluable. Thanks to Sussantha for help

with a good deal of the instrumentation and knowledge of the Elora site. The

administrative staff at SES was incredibly helpful and I would like to acknowl-

edge Jo-Anne Scarrow, Linda Bissel, and Denise Brenner. It was always a joy

v



to visit the office.

• Thanks to Phillipe Rochette for the training with the chambers for the Elora

site, and the use of his lab for the analysis.

• Thank you to Ralf Staebler, Paul Bartlett, and Patrick Chan for all of your

help at the Borden site, and making that project possible.

• Thank you to NSERC for funding.

• Thank you to my parter Jeff Munro for your support, patience, and under-

standing. Thanks as well to my family.

vi



Table of Contents

1 Introduction 1

1.1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Thesis Format and Objectives . . . . . . . . . . . . . . . . . . . . . . 6

2 The use of the Lagrangian time scale in inverse analytical La-

grangian equations 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Turbulent Dispersion . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.2 Analytical Lagrangian Equations . . . . . . . . . . . . . . . . 15

2.2.3 The Lagrangian Time Scale . . . . . . . . . . . . . . . . . . . 17

2.2.4 Eulerian and Lagrangian Time Scale Relationships . . . . . . 20

2.3 The Lagrangian Time Scale in Inverse Lagrangian Analyses . . . . . . 24

2.3.1 T Parameterizations . . . . . . . . . . . . . . . . . . . . . . . 26

vii



2.4 Lagrangian Time Scale Parameterizations in Inverse Lagrangian Field

Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.1 Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 40

3 Estimating a Lagrangian length scale using measurements of

CO2 in a corn canopy 43

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.1 Field Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.2 The WT2000 Equations . . . . . . . . . . . . . . . . . . . . . 52

3.3.3 Optimization Routine . . . . . . . . . . . . . . . . . . . . . . 54

3.3.4 Wind-Tunnel Test . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4.1 Field Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4.2 Unconstrained Optimization . . . . . . . . . . . . . . . . . . . 61

3.4.3 Constrained Optimization . . . . . . . . . . . . . . . . . . . . 66

3.4.4 K Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Estimating a Lagrangian length scale using measurements of

viii



CO2 in a mixed forest canopy 81

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.1 Field Measurements . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.2 The WT2000 Equations . . . . . . . . . . . . . . . . . . . . . 88

4.2.3 Optimization Routine . . . . . . . . . . . . . . . . . . . . . . 89

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.3.1 Field Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.3.2 Unconstrained Optimization . . . . . . . . . . . . . . . . . . . 96

4.3.3 Constrained Optimization . . . . . . . . . . . . . . . . . . . . 99

4.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . 104

4.4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5 General Conclusions 110

Bibliography 116

ix



List of Tables

4.1 Table of slope, intercept, and r2 values from linear regressions between

forward-calculated and measured concentrations (C column), and in-

verse Lagrangian-calculated and measured soil CO2 (Fsoil column),

net CO2 (Fnet column), and net water vapour (Qe) fluxes. Each row

represents calculations using L from the unconstrained (Lopt) and con-

strained (Lopt,sig) optimizations, and the constrained sigmoidal with

measured stability parameters as the coefficients. . . . . . . . . . . . 98

x



List of Figures

2.1 From Raupach (1989a). Data and results of the inverse LNF analysis

using data from Coppin et al. (1986) and Raupach et al. (1986). (a)

Assumed profiles of σw and T , inferred from single-point turbulence

measurements. (b) The measured temperature profile. (c) IL calcu-

lated source density profiles for m = 4 (dashed line) and m = 8 (solid

line) source layers. (d) IL calculated cumulative flux profile, squares

are the measured heat fluxes, and the arrow indicates the applied

electrical power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 From Warland and Thurtell (2000). Concentration profiles calculated

using the Warland-Thurtell equations (solid line) and LNF (dotted

line) with the data from Coppin et al. (1986), using measurements of

LE in place of the Lagrangian length scale. . . . . . . . . . . . . . . . 26

xi



2.3 Time scale parameterizations from the literature plot with measure-

ments of T . In Figure 2.3(a), values of T from Raupach et al. (1986)

in a wind tunnel with the “tombstone” canopy, h = 0.06 m. Figure

2.3(b), values of T in a rice canopy from Hong et al. (2002), h = 0.72

m. Figure 2.3(c), values of T in a eucalyptus forest from Haverd et al.

(2009), h = 40 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1 Leaf area index (leaf area m2 ground area m−2) measured on August

21 2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2 An example of a σw profile used in the optimization. The ‘◦’ are

the measurements from Wilson et al. (1982) and ‘2’ are the three σw

measurements, scaled to the canopy height and σw(h) . The solid line

is the best fit line for the scaled Wilson et al. (1982) data. The ‘∗’ are

the calculated σw values from the optimized σw exponential equation,

at the heights of the concentration measurements. . . . . . . . . . . . 55

3.3 Diagram displaying the separation of the canopy used in the (a) for-

ward optimization, and (b) inverse calculations with the WT2000

equations. The Ci are the concentration measurements, and zj are the

midpoints of the source layers of thickness ∆zj. Source layer thick-

nesses differ depending on position of the concentration measurements

for given dates and values are given in the text. Not to scale. . . . . . 56

xii



3.4 Optimized values of the L profile for initial values equalling (a) the

measured value of LE, (b) LE ± 0.01, and (c) random L0. Circles rep-

resent the original LE values from (Raupach et al., 1986), the dotted

lines join the optimized L values. . . . . . . . . . . . . . . . . . . . . 61

3.5 Half-hour values of measured variables for the dates where all data

were available for the length scale optimization. (a) Net CO2 flux

measured by the eddy-covariance system above the canopy, (b) Am-

bient air temperature, (c) and (d) Eulerian length scale and mean

horizontal wind speed measured at 1.25 m (‘+’), 2.4 m (‘4’), and

2.84 m (‘◦’). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.6 Daily total precipitation measured at the Elora weather station from

August to October 2008. . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.7 (a) Lopt from one unconstrained optimization for August 18 1430; (b)

the measured and calculated concentration profile using the L profile

in (a); and (c) the calculated source profile (bars) and cumulative flux

(‘◦’) profile for five layers. The triangle is the measured net CO2 flux,

and the square is the measured soil CO2 flux. . . . . . . . . . . . . . 64

3.8 Optimized L profiles with similar shapes for three dates: (a) August

17, (b) August 18, and (c) September 8. All profiles can re-calculate

the concentrations and fluxes. One representative profile is displayed

for each 30-min period. . . . . . . . . . . . . . . . . . . . . . . . . . . 65

xiii



3.9 (a) Lopt from one optimization for October 3 1530; (b) the measured

and calculated concentration profile using the L profile in (a); and (c)

the calculated source profile (bars) and cumulative flux (‘◦’) profile

for the five layers. The triangle is the measured net CO2 flux, and the

square is the measured soil CO2 flux. . . . . . . . . . . . . . . . . . . 66

3.10 Optimized L fit to the sigmoidal equation for (a) August 17, (b) Au-

gust 18, and (c) September 8. . . . . . . . . . . . . . . . . . . . . . . 68

3.11 Comparison between the measured (a) soil and (b) net above canopy

fluxes calculated from the inverse WT2000 equation using the opti-

mized coefficients in the sigmoidal equation for L. . . . . . . . . . . 70

3.12 Bulk Richardson numbers (Rb) and Obhukov stability parameter (zL−1)

calculated for (a) August 17, (b) August 18, (c) September 8, and (d)

September 12. Points to the left of the dashed line in (a) and (b) are

dates when acceptable L profiles were found. All 30-min periods for

Sept 8 had acceptable L proifles. Optimizations for September 12 did

not find any acceptable L profiles. . . . . . . . . . . . . . . . . . . . . 72

3.13 Plots of (a) the K-derived length scale, (b) measured and calculated

concentrations, and (c) the calculated source profile (bars) and cumu-

lative flux (‘◦’) profile for the five layers. The square is the measured

soil CO2 flux and the triangle the measured net CO2 flux for October

9 1500. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

xiv



3.14 Comparison between measured (a) soil and (b) net CO2 fluxes and

fluxes calculated using Eq. 3.10 in the WT2000 equations. Figure

3.14c displays a plot of the measured soil CO2 fluxes versus the mea-

sured net CO2 fluxes. . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.15 Optimized length scales converted to time scales for (a) August 17,

(b) August 18, (c) September 8, and (d) September 16 and 17. . . . . 77

4.1 Leaf area index of the forest canopy. . . . . . . . . . . . . . . . . . . 86

4.2 Diagram displaying the separation of the canopy used in the (a) for-

ward optimization, (b) the inverse calculations with the WT2000 equa-

tions using the unconstrained optimized L, and (c) the inverse calcu-

lations using the constrained optimized L. Ci are the concentration

measurements, zj are the midpoints of the source layers of thickness

∆zj. Not to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.3 Mean wind variables (solid lines) measured in the canopy with mini-

mum and maximum values (dotted lines) for the dates with optimized

L profiles. (a) Horizontal wind speed, (b) σw, and (c) the LE, calcu-

lated with β = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xv



4.4 Plot of stability parameters, Rb (N) and zL−1 (•), measured at 33

m. Dates with data available for the optimization are presented. Day

of year is indicated on each axes. Points are values for 30-min peri-

ods with optimized L values, dotted lines are the Rb or zL−1 values

between those points. . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.5 Fluxes measured at the Borden forest site from June 16 to August

26. (a) Net CO2 flux measured by the eddy covariance system at 33

m. The line is unfiltered measured 30-min fluxes for all u∗ and wind

directions,  are the fluxes for the dates with the data available for

the optimization. (b) Soil CO2 flux measured by the chamber system.

The line represents all measurements taken during the campaign,  

are soil fluxes for dates with all the data available for the optimization. 96

4.6 (a) Lopt from one optimization for July 26 1300; (b) the measured and

calculated concentration profile using the L profile in (a); and (c) the

calculated source profile (bars) and cumulative flux (◦) profile for five

layers. The triangle is the measured net CO2 flux, and the square is

the measured soil CO2 flux. . . . . . . . . . . . . . . . . . . . . . . . 97

4.7 Optimized length scales from the unconstrained optimization. Each

line represents one Lopt from each of the 114 30-min periods analyzed. 98

xvi



4.8 One optimized profile from each of the half-hour periods, separated by

the two main optimized profile shape. (a) Lopt,sig belonging to cluster

1, and (b) Lopt,sig belonging to cluster 2. . . . . . . . . . . . . . . . . 101

4.9 Partitioning of (a) latent heat and (b) CO2 fluxes as calculated using

the Lopt,sig in the inverse WT2000 equations (dotted lines) for Aug 8

2009. Solid lines represent measurements of net latent heat and CO2

fluxes measured at 33 m, and the soil CO2 flux. Heights represent the

top of each calculated flux layer. . . . . . . . . . . . . . . . . . . . . . 101

4.10 Relationships between optimized Lopt,sig coefficients and measured vari-

ables separated according to values from cluster 1 (2) and cluster 2

(◦). (a) The maximum value of the optimized profile (a) compared

to the stability conditions (zL−1) at 33 m. (b) Inflection point of the

optimized profile (b) compared to the measured LE at 33 m. . . . . . 103

4.11 One optimized profile from each of the half-hour periods presented as

time scales, separated by the two main optimized profile shape. (a)

Topt,sig belonging to cluster 1, associated with neutral and stable con-

ditions, and (b) Topt,sig belonging to cluster 2, associated with unstable

conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

xvii



Chapter 1: Introduction

1.1 General Introduction

The increasing global concentrations of greenhouse gases (e.g., CO2, CH4, N2O)

and the implications on climate are fueling research into the complex interactions

between ecosystems and the atmosphere. Natural and agricultural systems are both

sources and sinks of greenhouse gases; the magnitude of the emissions or uptake

depends on numerous interacting factors. Micrometeorological methods allow for

quasi-continuous measurements that are integrated over large areas, and are ideally

suited for long-term monitoring of greenhouse gas dynamics between soil, vegetation,

and the atmosphere. Networks of tower-based eddy-covariance flux measurements

(e.g., Fluxnet, Ameriflux, EUROFLUX) have been established to measure the net

fluxes of greenhouse gases over various ecosystems across the globe (Baldocchi, 2003).

This information is invaluable to assessing the magnitude of greenhouse gas sources

and sinks (Law et al., 2002; Coursolle et al., 2006), and is used to validate climate

change models, which give a larger picture of the overall rates of greenhouse gas

fluxes and vegetation-climate feedback effects (Bonan et al., 2011; Beer et al., 2010).
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Flux-tower measurements are appropriate for quantifying net fluxes, but knowl-

edge of vertical source/sink distributions of scalars is needed to further understand

vegetation-soil-atmosphere processes. Sources (with a negative source or flux being

a sink) from distinct levels within the canopy profile may react differently to changes

in environmental conditions (Buchmann et al., 1996; Gower et al., 2001). Several

scalar species respired from the soil or soil surface have complex interactions with

vegetation (e.g., carbon dioxide, ammonia) in that they can be adsorbed and reemit-

ted (Denmead et al., 2005; Nemitz et al., 2009), which is not captured with net flux

measurements. In addition, vegetation-soil-atmosphere interactions and feedbacks

need to be actively represented in large-scale climate models to improve assessments

and predictions.

Several measurement techniques exist to quantifying the sources within the verti-

cal profile of plant canopies. Advancements of chamber measurements have provided

information on the soil respiration rates from agricultural and natural environments

(Rochette et al., 1999; Prueger et al., 2004; Knohl et al., 2008; Haverd et al., 2009),

and this technique remains a key component for examining carbon and nitrogen cy-

cles and greenhouse gas budgets (Soussana et al., 2007). Chamber measurements

have advanced from simple alkali adsorption (Rochette et al., 1997) to automated

systems capable of long term measurements (Drewitt et al., 2002; Griffis et al., 2004).

However, soil respiration rates show a great degree of spatial variability due to the

variety of conditions in soils that affect trace gas respiration (Savage and Davidson,
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2003), thus a thorough monitoring of soil fluxes using chambers should involve the

deployment of multitudes of chambers, which can be costly and time consuming.

Cuvettes measuring respiration at the leaf level give information about trace gas

fluxes from the vegetation within canopies (Teskey, 1997; Wall et al., 2011). The

issues associated with the application of soil chambers also apply to leaf cuvettes.

Micrometeorologists have long sought means of assessing canopy source distri-

butions using relatively non-intrusive methods. Classical diffusion theory has been

applied to scalar dispersion in plant canopies to gain information on the source profile

from measured concentrations. Early attempts with flux-gradient relationships were

found to fail within plant canopies, due to the close proximity of sources (Denmead

and Bradley, 1987; Raupach, 1987). Leaf physiological models use detailed informa-

tion about the plant canopy to calculate trace gas interactions with the atmosphere

(Leuning et al., 1995; Baldocchi and Meyers, 1998). These models are useful for

quantifying sources and for examining the effects of different variables on dynam-

ics of the entire system; however, they require detailed information of the canopy

structure to provide these assessments.

Analytical Lagrangian equations were developed to estimate source profiles from

measured concentrations (Raupach, 1989b; Warland and Thurtell, 2000). The equa-

tions use turbulent transport theory to calculate the dispersion of emitted scalars

from a source in a Lagrangian, fluid-following framework. Inverting the equation

solves for the source distribution using a measured concentration profile and infor-

3



mation on the turbulent field, defined as the standard deviation of the vertical wind

speed and the Lagrangian length (L) or time (T ) scale. Initial tests of the analyti-

cal Lagrangian equations using data from a wind tunnel heat dispersion experiment

from Coppin et al. (1986) showed the equations to be proficient at calculating con-

centrations from the forward equations, and sources through the backward or inverse

approach (Raupach, 1989a).

Since its introduction, numerous studies employed inverse Lagrangian analysis

(IL) to examine source distributions of various scalars in many different canopies.

Most found that the IL analysis produce reasonable source profiles (Harper et al.,

2000; Siqueira et al., 2000; Wohlfahrt, 2004; Qiu and Warland, 2006; Santos et al.,

2012); however, the analysis lacks a means to validate source predictions due to

the difficulties in measuring source profiles. Verification is limited to comparisons

of calculated and eddy-covariance measured net fluxes above the canopy. However,

there is uncertainty in the source predictions because the inversion can be unstable,

which can lead to erratic estimations of the in-canopy source profiles (Denmead et al.,

2005; Qiu and Warland, 2006) that can not be compared to measured values. This

issue is confounded by the uncertainty in L profiles. The Lagrangian length scale is

a measure of the degree of correlation of turbulence carrying the scalars dispersing

from a source, and is immeasurable with the fixed-point Eulerian measurements

common to micrometeorological studies. Several authors have proposed length scale

parameterizations scalable to wind statistics measured just above the plant canopy

4



(Raupach, 1988; Massman and Weil, 1999; Leuning et al., 2000; Styles et al., 2002).

Most follow similar shapes in the canopy and are based on Eulerian measurements of

diffusivity or autocorrelations. The lack of L measurements in plant canopies hinders

verification of these parameterized profiles as well.

Measurements of L require visual or tracking techniques to follow the path of the

parcels of air moving in the flow. Earlier studies evaluated L in the upper atmosphere

by tracking the paths of neutrally buoyant balloons (Gifford, 1955; Angell, 1964;

Hanna, 1981). Detailed flume and wind tunnel studies provide further insight on the

properties of L (Querzoli, 1996; Porta et al., 2001; Mordant et al., 2001; Bourgoin

et al., 2007; Xu, 2008). These types of investigations have yet to be extended to

plant canopies. Several of these studies have attempted to link L with its Eulerian

counterpart LE. Most theoretical and experimental studies concluded L > LE, but

the degree to which this scaling extends remains inconclusive.

Most parameterizations of L in plant canopies are based on the assumption of

unity scaling between the two values. Support for this comes from the initial tests

of the analytical Lagrangian equations. Measured profiles of LE substituted for L

in the equations, and led to strong correlations between measured and calculated

source and concentration measurements (Raupach, 1989a; Warland and Thurtell,

2000). It is uncertain if this holds true for the more inhomogeneous turbulence in

plant canopies. Haverd et al. (2009) provided some insight into this by optimizing

an analytical Lagrangian equation with two measured sources, with supplemental
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sources from a soil-vegetation-atmospheric transfer model, to solve for L. This L

was forced to fit the profile shape of Styles et al. (2002), and this optimized profile

in the forward analytical Lagrangian equation correlated well with measured concen-

trations. However, these L profiles did not scale with LE.

Overall, IL analysis can be a practical means of evaluating source strength dis-

tributions (Denmead et al., 2000; Nemitz et al., 2000; Simon et al., 2005; Tiwary

et al., 2007; Santos et al., 2011, 2012). Obtaining a reliable L parameterization from

commonly measured variables will help to further operationalize IL calculations.

1.2 Thesis Format and Objectives

The research reported in this thesis is presented in paper format. Three studies are

presented in Chapters 2, 3, and 4. General conclusions are presented in Chapter 5.

The overall goal of this thesis was to investigate and quantify the Lagrangian length

scale in analytical Lagrangian equations. This is achieved through a review of the

literature on IL analysis and optimizations of L in two plant canopies.

Chapter 2 surveys the literature on IL analysis, with an emphasis on L parameter-

izations. The goal of the study in Chapter 2 is to assess the functioning of the length

scale parameterizations and to determine which parameterizations have performed

best in the IL analysis applied to field studies. This review also examines studies

focusing on the relationship between L and LE, and a discussion of the basis of using

Eulerian measurements in place of L. Background information on the theories that
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IL analyses are based on, and the function of the length scale in these equations is

also included.

The goal of the study reported in Chapter 3 was to evaluate the magnitude and

shape of canopy L profiles using measurements of CO2 concentrations and sources

from a corn canopy to constrain the analytical Lagrangian equation from Warland

and Thurtell (2000) - WT2000. Profiles of CO2 and turbulence statistics were mea-

sured in the canopy, and measured net fluxes and soil CO2 fluxes provided some

information about the source distribution to constrain the equation. An inverse pa-

rameter estimation routine was used to find the optimal L profile that leads to the

best agreement between measured and calculated scalar quantities. This study dif-

fers from previous optimizations (?Haverd et al., 2009) as it examines L profiles for

individual 30-min periods for a closer evaluation of the influence of environmental

variables on L. In addition, the optimizations in this study do not presume a re-

lationship between L and u∗. The first objective was to identify a common profile

shape using an unconstrained optimization. The second objective was to use the

information from the first optimization to constrain the L profile to a smooth equa-

tion. Results from this study are published in Boundary-Layer Meteorology (Brown

et al., 2012).

Chapter 4 furthers the work in Chapter 3 by examining the shape and magnitude

of L profiles in a taller, less dense plant canopy to examine how the different charac-

teristics associated with the canopy affect the L profiles. The WT2000 equation was
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constrained with measurements of CO2 in a mixed forest canopy. Inverse parameter

estimation techniques were used to solve for L. This study also aimed to identify

a common profile shape with an unconstrained optimization, and then smooth the

optimized L by constraining its shape in the WT2000 equations. Measurements of

water vapor concentration and fluxes allowed for a secondary test of the performance

of the optimized profiles with an independent data set. Properties of the constrained

L values were compared to measured variables to determine what environmental

variables related to L.

Chapter 5 synthesizes the common conclusions that arose across the three studies.

This chapter discusses conclusions regarding the relationship between L and LE, the

effect of stability conditions on L, as well as the influence of the degree of canopy

coupling with the upper atmosphere on the operation of IL analysis.

8



Chapter 2: The use of the Lagrangian time

scale in inverse analytical Lagrangian

equations

2.1 Introduction

Eddy covariance-derived fluxes of numerous trace gases have advanced the under-

standing of scalar exchanges between plant canopies and the atmosphere. Measure-

ments of carbon dioxide fluxes around the globe through various research networks

(e.g. Fluxnet, AmeriFlux, EUROFLUX) give estimates of the total flux of CO2 from

various ecosystems, which has been a valuable resource for global climate models

(Baldocchi, 2003) and understanding the global carbon cycle (Friend et al., 2007;

Beer et al., 2010). Latent heat fluxes provide information to assess water use effi-

ciencies of agricultural crops (Asseng and Hsiao, 2000), and combined with sensible

heat fluxes, knowledge of the energy budget can be gained. However, it remains

difficult to measure the vertical distribution of scalar sources and sinks within plant

canopies. Quantifying fluxes from the ground is possible through chambers (Rochette
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and Hutchinson, 2005), lysimetry, and heat flux plates (Todd et al., 2000). Achiev-

ing the same spatial coverage as eddy-covariance or aerodynamic flux measurements

requires a large number of instruments, which is not always practical or economical.

Researchers have investigated non-intrusive means of quantifying vertical sources

of trace gases within plant canopies to improve the understanding of interactions

between plants, soil, and the atmosphere. Earlier work relied on flux gradient rela-

tionships to evaluate the source distribution of scalars from measured concentrations,

which was later found to fail for many cases within canopies (Denmead and Bradley,

1987; Corrsin, 1974). Trajectory models have also been used to relate sources and

concentrations (Leclerc et al., 1988; Wilson and Sawford, 1996; Baldocchi, 1992).

Alternatively, analytical Lagrangian equations provide a relatively simple means of

estimating fluxes from concentration data that is theoretically sound for use within

plant canopies. Equations relating scalars dispersing from sources to the subsequent

concentrations require a parameter to quantify the scale of turbulence. Analytical

Lagrangian analyses use the vertical Lagrangian time scale (T ), which is a measure

of the degree of “persistence” of an ensemble of marked particles carried by the tur-

bulent flow. Employing Taylor’s frozen turbulence hypothesis gives the Lagrangian

length scale (L).

Forward analytical Lagrangian equations calculate scalar concentrations emanat-

ing from a known source by using a mixing matrix to model the transport of the fluid

carrying the scalar with the standard deviation of the vertical wind velocity (σw) and
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T (Raupach, 1989a; Warland and Thurtell, 2000). Inverse Lagrangian analyses (IL)

inverts the equations to calculate the vertical source distribution. Thorough reviews

of analytical Lagrangian equations can be found in Denmead et al. (2005) and Rau-

pach (2001). Inverse Lagrangian analyses have calculated reasonable source profiles

in different plant canopies for a number of scalar quantities (e.g. Denmead et al. 2000;

Harper et al. 2000; Leuning et al. 2000; Launiainea et al. 2007). However, inverting

the dispersion matrices can sometimes result in erratic source profiles, even when us-

ing idealized data, as the matrices can be poorly conditioned, making the inversion

sensitive to errors in measured concentrations (Siqueira et al., 2000). Uncertainties

in quantifying the within-canopy distribution of canopy sources, aside from the net

or soil sources, makes output from the IL equations difficult to verify, thus rendering

actual physical phenomena indistinguishable from artifacts of the inversion.

The profile of T is the only immeasurable input in IL analyses. Lack of knowl-

edge of this descriptor within complex plant canopies is a source of uncertainty in

calculations of scalar profiles. Several T parameterizations are available in the liter-

ature (Raupach, 1988; Massman and Weil, 1999; Leuning et al., 2000; Styles et al.,

2002), which are typically based on the measurable Eulerian length scale (LE). These

parameterizations make IL analysis feasible; however, there is no consensus in the

literature as to which parameterization is most suitable for use in IL calculations.

Inverse Lagrangian analysis is a potentially powerful tool to examine in-canopy

scalar movement, and increased confidence in T parameterizations will help to further
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operationalize this method. The purpose of this review is to survey the IL literature

to assess the efficacy of different T parameterizations in this analysis. This review

also examines studies concerning the relationship between T and LE. Background

information on the theories that IL analyses are based on, and the function of the

time scale in these equations is presented in Section 2.2. Included in Section 2.2 is

an examination of the basis of using Eulerian measurements in place of T . The dif-

ferent T parameterizations are described in Section 2.3 and evaluated based on their

performance in IL analyses in field studies in Section 2.4. Section 2.5 summarizes

the topics discussed.

2.2 Background

2.2.1 Turbulent Dispersion

Classical works on turbulent dispersion provide the foundation for analytical La-

grangian equations. Early work examining scalar transport in plant canopies consid-

ered the dispersion analogous to molecular diffusion. Relationships between concen-

trations and sources relied on the flux-gradient equation derived from Fick’s First

Law:

F = −DdC
dz

(2.1)

where C is the concentration of the scalar of interest, F is the flux of the scalar

through a plane, z is height, and D is a diffusion coefficient, with units of length
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times velocity. In micrometeorological applications, D is considered as an eddy diffu-

sivity (K), described further in Section 2.2.3. The equation considers the movement

of the scalar in the turbulent flow as a diffusive random walk, and assumes no corre-

lation between one step of each “walk” and the next (Taylor, 1921; Batchelor, 1949).

Complications arise in using this equation in plant canopies because the numerous

sources cause changes in the concentration gradient at distances less than the scale

of turbulence, violating fundamental assumptions of equation 2.1 (Corrsin, 1974).

Batchelor (1949) examined the flux-gradient relationship and showed that D is de-

pendent on time close to the source, and loses its time dependence with further

distance from the source. Some dependence of D on time will exist at any observa-

tion point within plant canopies due to the abundance of sources. The limitations

of applying gradient-based calculations in plant canopies have been explained in

great detail throughout the literature (Denmead and Bradley, 1987; Thurtell, 1989;

Raupach, 1988; Wilson, 1989).

Applying principles of the conservation of mass to equation 2.1 gives the temporal

concentration gradient:
dC
dt

= D
∂2C

∂z2
(2.2)

Following Csanady (1973), a solution to equation 2.2 for a plane source describes the

Gaussian distribution of the diffusing material:

C =
Q

2
√
πDt

exp
(−z2

4Dt

)
(2.3)
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where Q is the source strength. Examining the spread of the Gaussian distribution of

equation 2.3, and scaling by the total amount of diffusing material, gives a description

of the vertical spread of the diffusing cloud (σz):

σ2
z = 2Dt (2.4)

with the stipulation of a constant diffusivity with time, implying far-field dispersion.

Substituting this equation for D in equation 2.3 incorporates the vertical displace-

ment of the scalar into equation 2.2.

Taylor (1921) provided the basis for work on Lagrangian turbulent dispersion by

analyzing the process as a random-walk phenomenon, but with a correlation between

steps. Taylor (1921) reasoned that the mean square vertical displacement of a large

number of independent particles released from a source into stationary, homogeneous

turbulence can be formulated as:

σ2
z = 2σ2

w

t∫
0

R(τ)dτ (2.5)

where σw is the standard deviation of the vertical wind speed, and R(τ) is the auto-

correlation of the vertical Lagrangian wind velocity (W ), defined asW (t)W (t+ τ)/σ2
w.

Taylor (1921) used the approximation R(τ) = exp(−τ/T ) giving the well known
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equation for scalar cloud growth as a solution to equation 2.5:

σ2
z = 2σ2

wT [t− 1 + T exp(−t/T )] (2.6)

Equation 2.6 has the limits:

σz(t)→ σwt t/T → 0 (2.7a)

σz(t)→
√

2σ2
wT (t− T ) t/T → ∞ (2.7b)

which shows that the cloud growth differs depending on the proximity to the source.

In the near field close to the source, the dispersion cloud grows linearly with time

(equation 2.7a), with motions being correlated. Further from the source in the far

field, the cloud spreads by
√
t (equation 2.7b), where the dispersion becomes a dif-

fusive process. Different approximations of the autocorrelation function give slightly

different descriptions of the cloud growth (Manomaiphiboon and Russell, 2003); how-

ever, most studies examining scalar transport in canopies use the definition given by

Taylor (1921).

2.2.2 Analytical Lagrangian Equations

A Lagrangian fluid-following framework is a more natural means of analyzing tur-

bulent diffusion than the fixed-point Eulerian view (Tennekes and Lumley, 1972;

Kampé de Fériet, 1974). Knowledge of the shape of the dispersion cloud through
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two relatively simple parameters (σw and T ) allows for calculations of diffusive mo-

tions from the molecular to the atmospheric scale. The general equation relating

concentrations and sources is:

C(z, t) =

t∫
−∞

∞∫
0

P (z, t|z0, t0)S(z0, t0)dz0dt0 (2.8)

where P is the probability that a particle emitted from a source S at location z0 and

time t0 will reach location z at time t. The analytical Lagrangian equations assume

steady state and homogenous conditions.

The qualities of the dispersion cloud as specified by Taylor (1921) govern P in

the analytical Lagrangian equations of Raupach (1989a) and Warland and Thurtell

(2000). Equations relating C and S from Raupach’s (1989) Localized Near Field

(LNF) theory calculate dispersion in the near- and far-field separately, while Warland

and Thurtell (2000) (WT2000) provide a continuous calculation between the near-

and far-field. Both use a discrete forward equation to calculate the concentrations

for i layers from j (j = 1 . . .m) source layers:

Ci − CR =
m∑
j=1

MijSj∆zj, (2.9)

where Mij is the mixing matrix (or D, a dispersion matrix, for LNF), ∆zj is the

source layer thickness, and CR is a reference concentration from above the canopy.

Inverting the equation solves for the vertical source distribution. Raupach (1989a)
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and Denmead et al. (2005) detail the process for calculating source profiles using sin-

gular value decomposition. High condition numbers of the mixing matrix can occur,

which makes the inversion sensitive to errors in the concentration profile. Several au-

thors (Styles et al., 2002; Siqueira et al., 2003; Tiwary et al., 2007) suggested using a

priori information about the source distribution, typically from canopy leaf models,

to help stabilize the solutions. The LNF and WT2000 equations both give similar

results; the main differences in source predictions arise from different choices of pa-

rameterizations of the turbulence statistics in M (Wilson et al., 2003; Wohlfahrt,

2004; Qiu and Warland, 2006).

2.2.3 The Lagrangian Time Scale

The Lagrangian time scale is a key parameter in calculations of scalar diffusion

defining the correlation time of an ensemble of marked particles in the turbulent

flow, and is given as:

T =

∞∫
0

R(τ)dτ (2.10)

where R(τ) is the same autocorrelation of W as in equation 2.6. Taylor (1938)

demonstrated the relationship between autocorrelations and turbulence spectra. He

reasoned that since turbulence is composed of a spectrum of fluctuations, a large

integral time-scale will be associated with large periodic times or low frequencies,

and vice versa. Therefore the relative contributions from various frequencies are

reflected in the shape of the correlation function (Pasquill and Smith, 1983). This is
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given through an inverse Fourier transform:

R(t) =

∞∫
0

F(n)cos(2πnt)dn (2.11)

where F(n) is the spectral density and n is the frequency.

The value of T is difficult to establish in plant canopies as Lagrangian statistics

cannot be resolved using standard single-point instrumentation. Lagrangian veloc-

ity measurements require the motion of marked fluid points be followed within the

flow. Several of the earlier studies examined Lagrangian turbulence statistics with

balloons in the upper atmosphere (Gifford, 1955; Angell, 1971; Hanna, 1981) and

are frequently referred to when examining T in boundary layer flows. Most current

Lagrangian measurements take place in controlled laboratory settings that give fine

details of Lagrangian turbulence statistics (e.g., Porta et al., 2001; Mordant et al.,

2001; Bourgoin et al., 2007; Xu, 2008), or are evaluated using direct numerical sim-

ulations (Mordant et al., 2004; Yeung et al., 2006). Toschi and Bodenschatz (2009)

provide a description of Lagrangian measurement techniques. Researchers face chal-

lenges in adopting these visual and numerical measurements in plant canopies due

to the complexity of tracking particles in a flow sullied with obstacles.

Evaluation of T through indirect means gives an alternative to direct measure-

ments ofW . Kolmogorov similarity arguments give a means of evaluating T through
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the relationship between the inertial subrange dissipation rate (ε) and T :

T =
nKσ

2
w

C0ε
. (2.12)

where C0 is the Kolmogorov constant, and nK is a constant value. Spectral analyses

of turbulence have been used to estimate ε with Eulerian measurements (Poggi et al.,

2006); however, using equation 2.12 to calculate T requires Lagrangian velocity

measurements. Much theoretical and experimental work focuses on evaluating the

constants in equation 2.12. The universality of C0 is contentious, with a wide range

of values for various conditions cited in the literature, summarized by Degrazia et al.

(1998), Lien and D’Asaro (2002), Poggi et al. (2008), and Toschi and Bodenschatz

(2009). In addition, the standard value of nK = 2 in equation 2.12 depends on the

derivation of the autocorrelation function for T . Empirical arguments from Degrazia

et al. (2005) show that nK = 3. A large body of literature deals with the estimation

of C0 and ε and is beyond the scope of this paper.

Measurements of diffusivity coefficients provide the basis for what is assumed

about T profiles in plant canopies, since the two values are linked in the far field.

Using T σ2
w as the characteristic length (assuming L = T σ−1

w ) and velocity scales for

D in equation 2.4 results in the same far-field cloud spread description from the far-

field limits of Taylor’s dispersion cloud (equation 2.7b). This is deemed the far-field

diffusivity, Kf = T σ2
w (Raupach, 1989b).

Above plant canopies, similarity arguments can be used to calculate K, again
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derived using characteristic velocity and length scales, given for neutral conditions

as:

K = κu∗(z − d) (2.13)

where κ is the von Kármán constant and d is a displacement height. In the surface

layer, eddy size increases with height, and thus the correlation is assumed to increase

as well (Hunt and Weber, 1979). Using this K in equation 2.1 as applied for mo-

mentum flux results in the familiar logarithmic wind profile equation, thus K holds

in environments meeting the assumptions of the logarithmic profile. Flux-gradient

measurements are also used to determine K. K values measured via equation 2.1

are often erratic in canopies, with negative values being reported, summarized in

Raupach et al. (1996) and Finnigan and Shaw (2000) since equations 2.1 and 2.13

assume diffusive, far-field transport. Despite this, Legg et al. (1986) found that the

Kf derived T , normalized by u∗ and height (h), remains relatively constant through-

out a model canopy. Alternatively, measurements of K from the surface to 0.2h by

Nemitz et al. (2009) found that K approaches zero near the ground. Section 2.3.1

gives further details on assumed shapes of T profiles.

2.2.4 Eulerian and Lagrangian Time Scale Relationships

Theoretical and empirical relationships between the Lagrangian and Eulerian time

scales have long been sought because the vertical Eulerian time scale (TE) is calcu-
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lated as an autocorrelation of Eulerian velocity measurements:

TE =

∞∫
0

w′(t)w′(t+ τ)dτ

σ2
w

(2.14)

where w′ is the instantaneous vertical Eulerian velocity. The Eulerian length scale

(LE) is obtained by applying Taylor’s frozen turbulence hypothesis, such that LE =

uTE, where u is the mean Eulerian horizontal wind speed.

Energy spectra relate to T because the slow or large-scale fluctuations influence

the overall shape of autocorrelation functions (Section 2.2.3), and thus the value

of the time scale. Several early studies (Gifford, 1955; Hay and Pasquill, 1959;

Corrsin, 1963) utilized this concept and formulated relationships between T and

TE by assuming that Lagrangian and Eulerian autocorrelation functions and energy

spectra are similar in shape but separated by a factor β. These theoretical arguments,

summarized in Anfossi et al. (2006), result in the ratio T /TE ≈ β, with β inversely

proportional to the turbulence intensity (i = u/σ, where σw is the standard deviation

of the vertical wind velocity) scaled by a constant γ:

T = βTE = γiTE = γ
LE
σw

. (2.15)

In steady, homogenous turbulence the Eulerian σ2
w can be considered equivalent

to its Lagrangian counterpart (Corrsin, 1963), but the values of γ and β remain

debatable. Corrsin (1963) suggested β = 1 based on empirical estimates of constants
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in Kolmogorov’s energy spectra equations. The majority of authors assume that

T > TE in the atmosphere, since the time required for a parcel of air to travel

the length of an eddy is considered to be longer than the time required for the

same eddy to be transported past a fixed anemometer by the mean wind (Gifford,

1955; Hanna, 1981). Philip (1967) gave a different perspective using an “apparent”

Eulerian correlation in the spectral relationships to show that T < TE, with β = 1/3.

Other theoretical approximations of γ range from 0.44 to 0.80 as summarized by

Degrazia et al. (1998), resulting in β > 1 for most conditions. Koeltzsch (1999)

gave an alternative to equation 2.15 that relates β to the advection velocity (uc)

and avoids the inclusion of Taylor’s hypothesis. Based on the properties of the uc,

Koeltzsch (1999) suggested that T /TE varies according to stability conditions and

surface roughness.

Few studies are capable of measuring both Eulerian and Lagrangian statistics

(Toschi and Bodenschatz, 2009), but several studies calculated the values of β and

γ. Early experiments used balloons in the atmospheric boundary layer to measure

T , along with standard high frequency measurements for LE (Gifford, 1955; Angell,

1964, 1971; Hanna, 1981; Moore et al., 1984). These measurements confirmed the

supposition of β ∼ γ/i (Pasquill and Smith, 1983). Experimental values of γ are

close to theoretical values, ranging from 0.35 to 0.8. Reported β values are scattered,

ranging from 1.4 (Hanna, 1981) to 25 in unstable conditions (Moore et al., 1984).

Advances in imaging technology generated further insight into the Eulerian and
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Lagrangian time scale relationships in laboratory flows. These studies indicate that

the connection between T and LE may be more complicated in non-homogenous flows

than the ratios presented in equation 2.15 suggest. A flume study by Querzoli (1996)

measured LE and T in an unstable boundary layer with a capping inversion and found

that no clear relationship existed between the two values for all heights. Lagrangian

and Eulerian measurements also show that time scales for updrafts differed from

downdrafts in unstable conditions (Querzoli, 1996; Cenedese and Querzoli, 1997).

Numerical simulations evaluating equation 2.15 by Dosio et al. (2005) found β = 4

using a direct numerical simulation for a convective boundary layer. Large eddy

simulations by Anfossi et al. (2006) show that the value of β is dependent on stability

conditions in the planetary boundary layer, and is greater than 1, and as much as

25, in unstable conditions, and less than 1 in very stable conditions.

Conditions within plant canopies leave doubts as to the applicability of equa-

tion 2.15 to canopy turbulence. The relationship presumes the validity of Taylor’s

hypothesis, which is violated in the high turbulence intensities observed in plant

canopies. The spectral short circuiting common in plant canopies alters measured

Eulerian spectra (Kaimal and Finnigan, 1994; Finnigan and Shaw, 2000). It is un-

known how the short-circuiting affects the Lagrangian spectrum, or if it is shifted

in the same manner by β as in the surface layer. The inhomogeneity of canopy

turbulence also counters the assumption of the equality of Lagrangian and Eulerian

σw values. Indirect assessments of equation 2.15 in plant canopies are examined in
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section 2.3.

2.3 The Lagrangian Time Scale in Inverse Lagrangian Anal-

yses

Verifications of analytical Lagrangian equations provide an indirect means of assess-

ing T profiles. Raupach (1989a) used data from the wind tunnel study of heat dis-

persion in a “tombstone” canopy by Coppin et al. (1986) to test the source predictions

of the LNF equations. Heat emanating from an elevated plane source gives a known

source strength, and temperature profiles were measured along with detailed turbu-

lence statistics from Raupach et al. (1986). The temperature profiles and smoothed

profiles of measured σw and LE profiles calculated the source distribution using the

inverse LNF. Calculated cumulative heat fluxes compared well with measured fluxes

(Figure 2.1d), showing the exceptional performance of the LNF equations, and pro-

viding evidence that the approximation of the Eulerian length scale profile sufficed

in the inverse LNF equations. From this, Raupach (1989a) determined using β = 1

in equation 2.15 was valid.

Warland and Thurtell (2000) also used the known source strength from Coppin

et al. (1986) to calculate temperature profiles using the above turbulence statistics in

the forward LNF and WT2000 equations. In this case the direct measurements of LE

and σw from Raupach et al. (1986) were used for the turbulence statistics. Figure

2.2 shows the excellent agreement between the measured and WT2000 calculated
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Figure 2.1: From Raupach (1989a). Data and results of the inverse LNF analysis
using data from Coppin et al. (1986) and Raupach et al. (1986). (a) Assumed profiles
of σw and T , inferred from single-point turbulence measurements. (b) The measured
temperature profile. (c) IL calculated source density profiles for m = 4 (dashed line)
and m = 8 (solid line) source layers. (d) IL calculated cumulative flux profile, squares
are the measured heat fluxes, and the arrow indicates the applied electrical power.

temperatures within and just above the canopy. The LNF-calculated temperatures

agreed with measured temperatures to a greater degree than the WT2000 equation

further above the canopy, likely because LNF functions better when the far-field

dominates (Warland and Thurtell, 2000). The strong correlations provide further

support of the fitness of using LE in place of T in the IL equations.

High-frequency profile measurements of LE are not always feasible for practical

applications of analytical Lagrangian equations, and β = 1 is unconfirmed out-

side of wind tunnel settings. Published normalized LE profiles show similar shapes

(Raupach et al., 1996), but are still largely canopy dependent (Molder et al., 2004).

Measurements of LE close to the ground are scarce and unfounded as typical sonic

anemometer path lengths are likely greater than the eddy size at that level (Poggi
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Figure 2.2: From Warland and Thurtell (2000). Concentration profiles calculated
using the Warland-Thurtell equations (solid line) and LNF (dotted line) with the
data from Coppin et al. (1986), using measurements of LE in place of the Lagrangian
length scale.

et al., 2008), hindering the instrument’s ability to resolve the small eddy sizes. Hence,

few studies have examined the value of β or γ in plant canopies. Katul et al. (1997)

varied the value of γ between 1 and 2 and found that γ = 1 resulted in the best

agreement between measured and LNF calculated fluxes. Lai et al. (2002) used

β = 4/3 as suggested by Tennekes and Lumley (1972) with measurements of TE to

devise an equation for use in the LNF equations in stable conditions. This T in

modified LNF equations resulted in better soil respiration estimates than other T

parameterizations, although the differences were small (∼ 10%).

2.3.1 T Parameterizations

The literature provides several different T parameterizations commonly used in IL

analyses. Most are in agreement of the general behavior of T , being that it scales with
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the canopy height and u∗ (Raupach, 1988; Raupach et al., 1996), and approaches zero

at the ground. Figure 2.3 shows plots of T parameterizations calculated for three

canopies: a model canopy in a wind tunnel (Coppin et al., 1986), a rice paddy (Hong

et al., 2002), and a eucalyptus forest (Haverd et al., 2009). The Massman and Weil

(1999) parameterization varies with canopy structure while the others remain scaled

only to u∗ and h. Figure 2.3 also contains the measurements of LE, expressed as

T u∗/h using β = 1, from each of those studies. Collections of LE measurements

from Raupach (1987) and Raupach et al. (1996) guided the derivation of most of the

T parameterizations. Figure 2.3 shows that the calculated profiles do not necessarily

match with the Eulerian measurements.

Studies using IL equations most frequently use the T parameterization from

Raupach (1988) and Raupach (1989a) (RAU89). The RAU89 T is a combination

of approximations from measured LE and Kf values, as well as the surface layer T .

This results in a constant T throughout the canopy:

T (z)u∗
h

= max
[
c0,

κ(z − d)

a1

]
, (2.16)

where c0 = 0.3, and a1 = 1.25, which is the average ratio of σw/u∗ at the top of plant

canopies. Raupach (1988) showed that T u∗/h = 0.3 in the canopy is somewhat

consistent with a compilation of LE measurements from different canopies, and also

agreed with Kf ’s measured by Legg et al. (1986). Above the canopy (zh−1 > 1)

where the near-field effects are negligible the eddy-diffusivity approximation of T
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Figure 2.3: Time scale parameterizations from the literature plot with measurements
of T . In Figure 2.3(a), values of T from Raupach et al. (1986) in a wind tunnel with
the “tombstone” canopy, h = 0.06 m. Figure 2.3(b), values of T in a rice canopy
from Hong et al. (2002), h = 0.72 m. Figure 2.3(c), values of T in a eucalyptus forest
from Haverd et al. (2009), h = 40 m.
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was used (Figure 2.3).

Raupach et al. (1992) gave a similar parameterization as Raupach (1989a), but

with a power-law function to give a smooth profile throughout the canopy:

T u∗
h

=


k(z − d)/((σw/u∗)

2h) z > 2h

0.4 h < z < 2h

max(0.4(z/h)1/2, 0.1) 0 < z < h

(2.17)

This profile shape was proposed because it captures an assumed range of LE and

Kf values measured in plant canopies (T u∗/h = 0.3 to 0.5), and better aligns

with LE measurements within the canopy from the wind tunnel measurements.

Siqueira et al. (2000) (SIQ00) also used a comparable equation with a linear function

(T u∗/h = 0.1 + 0.4(z/h)) that agrees with the measurements of LE from Raupach

et al. (1986)(Figure 2.3a).

The parameterization of Leuning et al. (2000) (LEUN00) resulted from a thorough

examination of canopy length scales, analyzed at three separate levels. Above the

canopy T was equated to the far-field eddy diffusivity. For the roughness sublayer,

Leuning et al. (2000) utilized the relationship between the shear length scale from

Raupach et al. (1996) (Ls ∝ U(h)/(dU/dz)) and the time scale of T ≈ 0.7Ls/σw.

Coherent eddies associated with the inflection in the velocity profile govern the tur-

bulent transport in the roughness sublayer (Raupach et al., 1996). Incorporating the

observed value of σw/u∗ = 0.9 at the top of the canopy with Ls/h = 0.5 from Rau-
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pach et al. (1996) results in a constant value of T u∗/h = 0.4 in the canopy. Leuning

et al. (2000) deduced that this produces a single dominant turbulence length scale

and hence a constant T within the canopy. To account for the assumed influence of

the ground on the time scale, the normalized time scale is reduced to zero from z/h

= 0.25 to z = 0. A quadratic equation was used to smooth the profile:

T (z)u∗
h

=


(4az/h+ b1)−

√
(4az/h+ b1)2 − 16θb1z/h

2θ
z < 0.25h

(a2(z/h− 0.8) + b2) +
√

(a2(z/h− 0.8) + b2)2 − 4θa2b2(z/h− 0.8)
2θ

z ≥ 0.25h

(2.18)

with constants a = 0.85, a2 = 0.256, b1 = 0.41, b2 = 0.40, and θ = 0.98. Equation

2.18 with the given coefficient values matched with K measurements by Brunet et al.

(1994).

Massman and Weil (1999) (MW99) built on the momentum transfer model of

Massman (1997) to generate an equation for T profiles within canopies that is based

on the relationship between T and LE, and is calculable using information about the
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canopy structure:

T (z)u∗
h

=


A

(
1− d

h

)1/2(
σw(z)

u∗γw

)−1/2

z ≤ h

A

(
1− d

h

)−1/2
(z − d)

h
z ≥ h

(2.19)

where γw is a model constant equal to 1.25, quantified in terms of σ/u∗ after Raupach

(1991), and the displacement height d that can be specified from Raupach (1994) as:

1− d
h

=
1− e−

√
37.5ζ(h)√

37.5ζ(h)
(2.20)

The cumulative leaf drag area per unit planform area (ζ) is calculated as a function

of the foliage drag coefficient (Cd) and the foliage area density (a) at different heights

in the canopy:

ζ(z) =

z∫
0

Cda(z′)dz′ (2.21)

Equations for σw based on ζ are given by Massman andWeil (1999). The A coefficient

in equation 2.19 is a constant equal to 0.6, which was considered a compromise

between matching the T profile with LE profiles from Raupach et al. (1996) and K

measurements in Raupach (1988).

The MW99 equation differs from the other T parameterizations since T is forced

to increase closer to the ground, due to the inverse relationship with σw. Figure 2.3

shows that the MW99 parameterization somewhat recreates the shape and magni-
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tude of the LE profile in the two plant canopies (b and c). Although most other

investigators conclude that LE and Kf (and therefore T ) decrease to zero at the

surface, support exists for the opposite view. Baldocchi and Meyers (1988) found

that the LE decreases with depth into the canopy crown, then increases with fur-

ther depth into the canopy. Poggi et al. (2006) measured the dissipation rate (εiso,

assuming isotropic turbulence) with laser Doppler anemometer measurements in a

flume with a modeled canopy via the equation:

εiso = 15ν

(
∂u′

∂x

)2

(2.22)

where ν is viscosity, where u is the horizontal (x) velocity. Comparing calculations

of T via equation 2.12 with the εiso measurements to T parameterizations showed

that the MW99 equation gave the closest correlation (Poggi et al., 2006).

Styles et al. (2002) (STY02) used the combination of the LNF equations and

source strengths calculated with a canopy transfer model to fit coefficients to an

exponential T profile. Concentration and flux measurements of CO2 in a mixed

coniferous forest constrained the equations. The shape was chosen to encompass

previously assumed profile shapes:

T u∗
h

= a2
1− exp(−a1(z/h))

1− exp(−a1)
(2.23)

which is similar to the profiles given by Raupach et al. (1992) and Leuning et al.
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(2000). The coefficients a1 and a2 in equation 2.23 were fit iteratively to minimize

the difference between modelled and measured concentration profiles. Average values

of a1 and a2 from optimizations from ten different hourly periods (a1 = 29 and

a2 = 0.32) gives the profile displayed in Figure 2.3.

2.4 Lagrangian Time Scale Parameterizations in Inverse

Lagrangian Field Studies

The inability to fully quantify canopy sources impedes an assessment of LE and T

profiles, and impacts the IL analyses. For field studies, the main means of validation

is through comparisons of the calculated flux at the top of the canopy to an eddy

covariance measured flux. Table 2.1 lists the studies using IL analyses with pub-

lished linear regression statistics. The majority of studies reported a good degree of

correlation (r2 > 0.7). Inverse Lagrangian analyses also typically replicate diurnal

variations comparable to measured net fluxes (Harper et al., 2000; Leuning et al.,

2000; Wohlfahrt, 2004). The majority of studies applying Leuning (2000)’s stabil-

ity corrections saw an improvement in IL results (Leuning, 2000; Wohlfahrt, 2004;

Denmead et al., 2005; Tiwary et al., 2007).

These results bode well for the IL analysis, but uncertainty still exists as different

T parameterizations can give different source distributions, yet still calculate the

same cumulative flux value (Denmead et al., 2005). Flux measurements using EC

methods within plant canopies are problematic due to the low wind speeds and
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nonstationarity common in dense canopies (Baldocchi, 2003; Finnigan and Shaw,

2000). However, both Siqueira et al. (2000) and Hsieh et al. (2003) were able to

measure sensible heat fluxes (H) at various heights within a pine forest. The LNF

equations with the SIQ00 parameterization calculated fluxes were comparable with

the measured values (r2 = 0.73 and 0.84). Simon et al. (2005) used a constant T

(T u∗/h = 0.4) in the forward LNF equations with a known radon source strength

and found the equations produced 222Rn concentration profiles similar to measured

values. The inverse calculations gave 222Rn source values close to those measured,

although the IL analyses was found to be sensitive to uncertainties in concentration

measurements.

Calculated diurnal variations of fluxes from layers lower in the canopy can be

reasonable as well (Nemitz et al., 2000; Leuning et al., 2000; Qiu and Warland,

2006). Denmead et al. (2005) compared fluxes measured at the top and bottom of a

wheat canopy and found good correlations with the RAU92 T . Conversely, Santos

et al. (2011) found poor correlations between IL calculated CO2 fluxes at the lowest

level in the canopy and those measured with chambers (r2 = 0.02), likely due to flow

decoupling in the dense canopy. Overall from the literature, most source predictions

within the canopy remain unverified.
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Table 2.1: Studies using inverse Lagrangian analyses with published linear regres-
sion statistics between measured and inverse Lagrangian calculated values against
measured fluxes. The table details the examined scalar, canopy type, height, and T
parameterization (RAU89 - Raupach (1989a); MW99 - Massman and Weil (1999);
LEUN00 - Leuning et al. (2000); STY02 - Styles et al. (2002); Opt - profile optimized
to fit Eulerian length scale measurements) from those studies.

Study Details T
Studies with linear regression slope = 1±0.20 and r2 > 0.7

Katul et al. (1997) CO2, pine forest (h = 13 m) * RAU89
Denmead et al. (2000) H, corn canopy (h = 3 m) RAU89
Harper et al. (2000) NH3, corn canopy (h = 3 m) RAU89
Leuning et al. (2000) λE and CO2, rice canopy (h = 0.72 m) LEUN00
Siqueira et al. (2000) H in stable conditions, pine forest (h = 13

m)
RAU89

Styles et al. (2002) H, λE, and CO2, boreal forest, (h = 23
m)

STY02

Hsieh et al. (2003) H, pine forest (h = 13 m) RAU89
Siqueira et al. (2003) H, pine forest (h = 20 m) RAU89
Wohlfahrt (2004) CO2, H and λE, grass (h = 1 m) RAU89

LEUN00
MW99

Simon et al. (2005) λE in neutral conditions, rainforest (h =
40 m)

RAU89

Qiu and Warland
(2006)

H and λE, soybean (h = 0.72 m) RAU89

LEUN00
Santos et al. (2011) λE and CO2, corn (h = 2.4 m) Opt

λE, corn (h = 2.4 m) RAU89
LEUN00

* Regression of a profile of flux measurements and calculations
Continued on next page
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Table 2.1 – continued from previous page

Study Details T
Studies with linear regression slope > or < 1±0.20 and r2 < 0.7

Siqueira et al. (2000) CO2, pine forest (h = 13 m) RAU89
Siqueira and Katul
(2002)

CO2, pine forest (h = 14 m) RAU89

Hsieh et al. (2003) CO2, pine forest (h = 13 m) RAU89
Siqueira et al. (2003) CO2 and λE, pine forest (h = 20 m) RAU89
Simon et al. (2005) CO2 in neutral conditions, rainforest (h =

40 m)
RAU89

Qiu and Warland
(2006)

H and λE, soybean (h = 0.72 m) MW99

Tiwary et al. (2007) CO2, apsen (h = 22 m) MW99
Santos et al. (2011) CO2 and λE, corn (h = 2.4 m) RAU89

LEUN00
STY02

2.4.1 Assessment

The survey of IL studies shows that no single parameterization stands out as being

more appropriate for IL analyses than any other. Assessment of T parameterizations

remains problematic because the IL analyses could be affected by the number of

concentration measurements, choice of using stability corrections, and inconsistencies

in parameterizations for σw. The few studies comparing IL results from different T

parameterizations with the same data set gives a clearer picture. Santos et al. (2011)

found that the STY02 profile, optimized to match measured TE values, performed

better than the RAU89 and LEUN00 equations. The combination of the RAU92 T

with stability corrections in LNF gave the closest correspondence to measured CO2
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and λE flux in Denmead et al. (2005)’s study in a wheat field than the LEUN00

equation. Wohlfahrt (2004) and Qiu and Warland (2006) found that the MW99

parameterization tends to overestimate the flux by a considerable factor due to the

higher magnitude of the MW99 T than those of RAU89 or LEUN00, which both gave

comparable results. Haverd et al. (2009) found that an optimized MW99 profile did

not minimize the difference between the measured and modeled CO2 concentration

profile as well as the STY02 equation, especially lower in the canopy, giving further

support for the use of parameterizations where T decreases close to the ground.

Measured profiles of LE have been verified as giving solid results in the IL equa-

tions, but only with wind tunnel data. Aside from the logistical and theoretical

issues with the requirement of numerous sonic anemometers within a canopy, there

is no clear confirmation that the LE profile will give the same positive results in a

plant canopy as it did for a modelled canopy in a wind tunnel. Thus far Santos

et al. (2011) found good agreement between IL calculated and measured fluxes with

the STY02 T profile with coefficients optimized to fit TE measurements (assuming

β = 1). Tiwary et al. (2007)’s TE measurements in an aspen canopy matched with

the MW99 parameterization. Using this T to calculate source strengths of isoprene

and CO2 resulted poor correlations between measured and calculated net fluxes (r2

= 0.18 to 0.32), but with little over- or underestimation. The optimized STY02

T profile from Haverd et al. (2009) that best related the soil-vegetation-atmosphere

transfer model-calculated sources to the concentrations in the LNF equations differed
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from those measured TE values via equations 4.1 and 4.2 (Figure 2.3c).

The MW99 equation appears less suited for use in IL equations, even though it is

close to replicating measured TE values, while the other parameterizations generally

produce reasonable flux profiles in the IL analyses without approximating TE values.

For example, the IL analysis by Leuning et al. (2000) is from the same research cam-

paign as Hong et al. (2002). The T profile from the measurements of LE in the same

rice paddy do not match the LEUN00 parameterization (Figure 2.3b), yet results

from the IL analysis (with stability corrections) correlated well with measurements

(r2 = 0.92 to 0.96). This indicates that equation 2.15 may not be suitable for T

in field IL analyses, but further work with detailed LE measurements would help to

confirm this.

Optimizing the IL equations with supplemental information about canopy sources

and sinks to fit parameters to assumed T profile shapes help to give further infor-

mation on T profiles in plant canopies. The STY02 parameters originated from

optimizations with a sun/shade canopy model that was effective in the LNF equa-

tions for that canopy. Optimizations by Haverd et al. (2009) resulted in parameters

different from those originally suggested for the STY02 profile (a2 = 0.66 ± 0.10,

a1 = 4.86± 1.52). Santos et al. (2011) found that the STY02 equation gave the best

results in the WT2000 equations, but with different coefficients than those specified

by both Styles et al. (2002) and Haverd et al. (2009) (a2 = 0.38, a1 = 0.5). Findings

from these studies suggest that the T profile may scale to another quantity in com-
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plex canopies. Optimized coefficients are likely influenced by environmental variables

that have yet to be investigated, which will increase the applicability of these profiles

to canopies outside of the original optimization. Further testing and optimizations

in different canopies will help in determining the factors affecting T (Chapters 3 and

4).

Violation of assumptions in the IL equations complicates the assessment of T

parameterizations, as it is difficult to separate assessment from that of IL equations.

Low degrees of mixing and non-stationarity in the canopy could contribute to poor

source predictions by the IL analyses (Siqueira et al., 2003). The equations generally

give better results under unstable or neutral conditions, and give the poorest results

when stability is high (Nemitz et al., 2000; Siqueira et al., 2000; Leuning et al.,

2000; Santos et al., 2011). The IL equations do not account for storage; therefore,

the observed concentration profile ceases to be representative of the existing sources

during stable or poorly mixed conditions. Santos et al. (2011) found that the IL

analysis succeeded during times with full coupling between the lower and upper part

of the canopy, as determined by the bulk Richardson number (Rb). Including other

means of scalar transport into IL equations, such as free convection or gravity waves

(Nemitz et al., 2000; Simon et al., 2005; van Gorsel et al., 2011), may help to improve

IL analyses.

Table 2.1 shows that different scalars are better suited for source prediction than

others. Siqueira et al. (2003) and Hsieh et al. (2003) both measured CO2 andH fluxes
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in a pine forest and found good correlations forH, but not CO2. Siqueira et al. (2003)

examined the possible errors in equations linking sources and concentrations and

suggested that poorer agreement for CO2 could be due to the sequential measurement

of CO2, as opposed to simultaneous measurements typical for temperature profiles.

Non-simultaneous measurements confound the issues with storage in IL equations,

and generate more instability in the inversion.

2.5 Summary and Conclusions

Inverse Lagrangian equations provide a promising means of estimating source pro-

files from readily measured variables, with the T profile as the only immeasurable

parameter. The numerous studies from a variety of canopies and conditions demon-

strates the functionality of IL analyses and T parameterizations for field situations,

but further examination of T in plant canopies will help to fully operationalize the

method.

A standard T parameterization for plant canopies remains elusive. From the

studies comparing calculated net fluxes to measured fluxes, T parameterizations

that reduce to zero at the ground (i.e., RAU92, LEUN00, STY02) produce better

results in the IL analysis, also noted by Wohlfahrt (2004) and Qiu and Warland

(2006). These parameterizations perform equally well in the studies available in the

literature. Additonal IL studies with greater consistency amongst σw measurements,

IL implementation, and stability conditions will help to lessen the ambiguities in
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evaluating T parameterizations.

The forward and inverse analytical Lagrangian equations give excellent results

when applied to the wind tunnel data of Coppin et al. (1986). LE sufficed for T in this

idealized canopy and flow. Uncertainty remains concerning using LE in IL analysis

for field canopies since no IL field study includes a detailed LE profile. Complicating

matters are the numerous studies showing T parameterizations resulting in good IL

results, despite these parameterizations rarely matching measured LE values. In some

cases, the IL equations fail completely. This indicates that T and LE relationships

are more complicated in real plant canopies, or that other processes are occurring

regarding the transport of the scalar that are not included in the equations. A

combination of both circumstances is likely the reality. There is little evidence that

equation 2.15 holds in laboratory flumes and the upper atmosphere, which decreases

the likelihood of it holding in flows that are more inhomogeneous. The equations give

better results in canopies that are more likely to be well-mixed, indicating that other

processes need to be included. Future IL studies with known mixing conditions, or

with a storage term incorporated in the IL equations, will improve the assessment of

IL equations and canopy Lagrangian-Eulerian relationships.

Advancing Lagrangian measurement techniques in plant canopies will provide the

best means of separating the performance of T parameterizations from that of IL

equations. Measurements of Lagrangian flow properties have increased our knowledge

of T in ideal flows. Application of these imaging techniques to plant canopies is
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in its early stages with Eulerian particle imaging velocimetry measurements (van

Hout et al., 2007; Marchetto et al., 2010; Bai et al., 2012), and is proving to be a

promising gateway to understanding complicated canopy turbulence characteristics.

Progressive studies with a focus on measuring T in plant canopies will facilitate a

thorough means of evaluating and calculating scalar dispersion.
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Chapter 3: Estimating a Lagrangian length

scale using measurements of CO2 in a corn

canopy

3.1 Introduction

Micrometeorological measurements of fluxes and concentrations provide informa-

tion on the bulk movement of trace gases between ecosystems and the atmosphere

(Wagner-Riddle et al., 1997; Baldocchi, 2003; Amiro et al., 2006). However, these

measurements cannot resolve the vertical partitioning of sources and sinks within

plant canopies. Source/sink profiles in plant canopies are complex with many fac-

tors affecting their vertical distribution (Haverd et al., 2007; Tiwary et al., 2007).

The diurnal variations in solar radiation affect the source strengths of CO2 and H2O

throughout the day by driving the photosynthetic activity within the canopy. Varia-

tions in source strengths occur over the life of the canopy due to changes in climate

and seasonality. Relationships between source and concentration profiles are compli-

cated as well, since for a given source, the concentration profile varies with changes
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in turbulence and stability conditions. Flux measurements using eddy-covariance

techniques within dense plant canopies can be difficult to obtain due to a weakly

fluctuating vertical wind (Aubinet et al., 2012), and chamber methods are cum-

bersome and disruptive. Flux-gradient theory supplied a non-intrusive method of

quantifying in-canopy sources, but is theoretically unsound close to sources (Corrsin,

1974) and is found to fail within canopies (Denmead and Bradley, 1987). Inversions

of analytical Lagrangian dispersion equations give a relatively simple means of calcu-

lating source profiles (Raupach, 1989b; Warland and Thurtell, 2000), and provide an

alternative to more complex trajectory models (Flesch and Wilson, 1992; Baldocchi,

1992), while remaining within the Lagrangian framework.

Calculating sources from inverse Lagrangian (IL) equations requires measure-

ments of a concentration profile, the standard deviation of the vertical wind speed

(σw) and an estimate of the Lagrangian length scale L (or a related property, depend-

ing on model formulation), which quantifies the “persistence” of the vertical velocity

of marked fluid particles within the flow. Results from numerous field studies show

that the inverse Lagrangian (IL) analysis can produce reasonable source profiles for a

number of scalars in many different canopy types (Katul et al., 1997; Leuning et al.,

2000; Siqueira et al., 2003; Qiu and Warland, 2006; Santos et al., 2011). Despite

these positive results, inversions often produce erratic source profiles. The inverse

equations can be unstable and poorly conditioned, with small errors in concentra-

tion data having a large impact on the calculated sources. Many studies compare
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the calculated cumulative net flux against a total flux measured above the plant

canopy to verify the IL results (Denmead et al., 2000; Leuning et al., 2000; Siqueira

et al., 2000; Wohlfahrt, 2004; Qiu and Warland, 2006; Santos et al., 2011), and the

majority of studies in the literature report a good agreement between measured and

calculated fluxes. However, the correspondence of net fluxes does not imply a correct

partitioning of the sources throughout the canopy.

The immeasurability of L, described in Sect. 3.2, creates further uncertainty in

the inversions. The parametrizations available in the literature (Raupach, 1989a;

Massman and Weil, 1999; Leuning et al., 2000; Styles et al., 2002) have differing

shapes with no means of direct verification. Using these L parametrizations in IL

analyses can result in reasonable source profiles (e.g. Denmead et al., 2000; Leuning

et al., 2000; Harper et al., 2000; Qiu and Warland, 2006; Tiwary et al., 2007); how-

ever, the lack of an ability to test the source output against measurements and the

ambiguity in L profiles challenge the results and limits their practical application.

Operational applications of IL analysis for the partitioning of canopy sources require

a clearer parametrization of L.

The goal of this study is to evaluate the shape and magnitude of canopy L

profiles using measurements of CO2 concentrations and sources from a corn canopy

to constrain the analytical Lagrangian equation of Warland and Thurtell (2000) -

WT2000. Profiles of CO2 and turbulence statistics were measured in the canopy,

and measured net fluxes and soil CO2 fluxes provided information about the source
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distribution to constrain the equation. An inverse parameter estimation routine was

used to find the optimal L profile that leads to the best agreement between measured

and calculated scalar quantities. The first objective was to identify a common profile

shape using an unconstrained optimization, while the second objective was to use

the information from the first optimization to constrain the L profile to a smooth

equation. Sect. 3.2 gives background information on IL equations and L, along with

the issues associated with their use in plant canopies. Sect. 3.3 describes the data

and equations used to solve for L, and Sect. 3.4 compiles the results from the L

optimizations. Results are discussed in Sect. 3.5.

3.2 Background

Analytical Lagrangian equations were developed in the “forward” form to calculate

scalar concentrations emanating from a source, such as leaf stomata, by using a

dispersion or mixing matrix to model the transport of the fluid carrying the scalar.

Raupach’s (1989b) analytical equation, based on localized near-field theory (LNF),

describes the path of the scalar movement using Taylor’s (1921) kinematic equation.

The Gaussian-shaped cloud features distinct near- and far-field regions. In the near-

field dispersion is non-diffusive as the cloud spread increases linearly with time, while

in the far-field, the cloud spreads diffusively by the square root of time. The LNF

equations calculate each region separately. Warland and Thurtell (2000) built on this

framework and developed an analytical equation to calculate concentrations, which
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considers the near- and far- field components continuously. Both characterize the

wind field through the standard deviation of the vertical wind speed (σw), and either

L or T , where T is the Lagrangian time scale (T = σwL), scales that are defined

here as the length or time scale in the z or vertical direction.

L (and T ) is essentially immeasurable within canopies as it adheres to a fluid-

following framework, which is not compatible with the Eulerian fixed-point measure-

ments most commonly used in canopies. In the boundary layer, the length scale

(LK) can be calculated heuristically via the far-field diffusivity (K = σ2
wTL) and the

eddy diffusivity in neutral conditions (K = κzu∗S
−1
c ) to obtain:

LK =
κzu∗
Scσw

(3.1)

where κ is the von Kárman constant, u∗ is the friction velocity, z is height, and

Sc is the turbulent Schmidt number. Analytical Lagrangian equations assume that

the σw profiles capture the effect of the canopy structure on the dispersion clouds,

and thus, in a completely diffusive, far-field situation, Eq. 3.1 should suffice. The

scalar field in plant canopies is a superposition of diffusion clouds (Raupach, 1987)

making every location subject to near- and far-field effects. The L parametrizations

in the literature are typically based on profiles of the Eulerian length scale (LE)

measured within canopies. Relationships between T and TE, the Eulerian time scale,

assume the two values scale to one another such that T /TE ∼ β (Gifford, 1955; Hay

and Pasquill, 1959; Corrsin, 1963), where β is a constant. Invoking Taylor’s frozen
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turbulence hypothesis gives:

T = βLE/σw. (3.2)

The value of β is unclear, and has been reasoned to be either > 1 (Corrsin, 1963;

Hanna, 1981) or < 1 (Philip, 1967), though most IL analyses assume that β = 1

(Raupach, 1989a). LE can be calculated as the autocorrelation of the vertical wind

speed (w):

LE =
u

σ2
w

∫ ∞
0

w′(t)w′(t+ τ)dτ, (3.3)

where ū is the mean horizontal wind speed, and τ is a time lag. The relationship

between Lagrangian and Eulerian scales in Eq. 4.2 is debatable since there is little

evidence that this relationship holds in the inhomogeneous turbulence present in

plant canopies.

The LNF and WT2000 calculations were both verified using the data from a wind-

tunnel study of Coppin et al. (1986) and Raupach et al. (1986) on heat dispersion

and turbulence characteristics within a model canopy. Measured variables were used

in the forward LNF and WT2000 equations to compare the calculated and measured

temperature profiles. Warland and Thurtell (2000) used the LE measurements from

Raupach et al. (1986) to calculate L, and Raupach (1989a) used a smoothed version

of the measured LE for T . Both forward analytical Lagrangian equations closely

approximated the temperature profile; however, the WT2000 equations resulted in

a better approximation to the measured temperatures within the canopy than the
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LNF theory, since the LNF equations underestimate the near-field effect (Warland

and Thurtell, 2000). Raupach (1989a) inverted the LNF equation and showed that

the resulting flux calculations closely approximated the heat fluxes measured in the

model canopy.

The close comparison of the measured and IL-calculated values by Warland and

Thurtell (2000) and Raupach (1989a) attests to the robustness of the equations in

relating concentrations and sources, and also to the use of T based on LE profiles.

Similar testing using field data is more challenging. LE profiles within different types

of canopies follow a somewhat similar shape (Raupach et al., 1996), but are canopy-

dependent (Molder et al., 2004). Equations for T thus rarely correlate to measure-

ments of LE (Haverd et al., 2009; Santos et al., 2011). IL measurement campaigns

using different L parametrizations generally produce cumulative source strengths

that overestimate or underestimate sources relative to above-canopy eddy-covariance

flux measurements (Wohlfahrt, 2004; Qiu and Warland, 2006; Santos et al., 2011);

however, across the multitude of studies using IL analyses, no one parametrization

gives better results than any others. This study examines the L profile with few

assumptions about the profile shape.
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3.3 Methods

3.3.1 Field Data

Data were collected in a 1.5-ha plot within an approximately 30-ha cornfield in Elora,

Ontario, Canada (43o39’N, 80o25’W, 367 m a.s.l.) from mid-August to mid-October

2008. Plants were spaced at 0.20 m by 0.75 m, and had an average height of 2.4 m.

Measurements commenced during anthesis and ended after senescence. Figure 3.1

presents a plot of leaf area index (LAI ) measurements for August 21, with details

of leaf area index measurements provided in Santos et al. (2011). Fluxes over the

canopy were measured using the eddy-covariance method, with an open-path infrared

gas analyzer (7500, LI-COR, Lincoln, NE, USA) measuring the mole density of CO2

and H2O, and a sonic anemometer (CSAT3, Campbell Scientific, Logan, UT, USA)

measuring the three components of the wind velocity. The eddy-covariance system

was installed at 2.84 m above the ground directed towards the predominant wind

direction (west) and sampled data at a rate of 20 Hz. Flux data were filtered with the

conditions that u > 1 m s−1, u∗ > 0.2 m s−1, no precipitation, and wind direction

between 225o and 315o. Detrending, crosswind and vertical alignment corrections

from Tanner and Thurtell (1969) were applied. Two sonic anemometers measured

wind velocity components within the canopy at 1.25 m and at the top of the canopy

at 2.4 m, and a datalogger (23X, Campbell Scientific, Logan, UT, USA) recorded

these data. Half-hour sampling periods were used for the calculations of average CO2

fluxes and wind statistics.
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Figure 3.1: Leaf area index (leaf area m2 ground area m−2) measured on August 21
2008.

A tunable diode trace gas analyzer (TGA100, Campbell Scientific, Logan, UT,

USA) measured CO2 mixing ratios (µmol mol−1) at eight heights within and above

the canopy. Measurement heights changed throughout the season, with different

heights for August 17 to 23 (0.15, 0.5, 0.84, 1.26, 1.65, 1.95, 2.42 and 2.95 m),

August 24 to 28 (0.15, 0.5, 0.84, 1.26, 1.65, 1.95, 2.5, and 2.95 m), and August 29

to October 13 (0.16, 0.63, 1.03, 1.47, 1.86, 2.25, 2.75, and 3.15 m). The sampling

system manifold switched between the eight sampling ports, sampling at a rate of

10 Hz from each intake for 15 sec 10 times within the 30-min averaging period.

The manifold regularly switched to calibration tanks each cycle per half-hour. TGA

mixing ratios were multiplied by the molecular density (ρ = air density/molar mass

of air) to convert concentrations to µmol m−3. Further details on the TGA sampling

system can be found in Santos et al. (2011).
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Chamber measurements were made using 20 non-steady state chambers dispersed

throughout the field, following the method of Rochette and Bertrand (2008): refer

to Wilton (2010) for details on the chamber installation and deployment. Thermo-

couples continuously measured the soil temperature at depths of 0.05 and 0.15 m,

and soil moisture was measured at the time of chamber sampling. Santos et al.

(2011) used these 109 CO2 soil flux measurements to find an exponential relation-

ship between the soil CO2 respiration and the mean of the two soil temperature

measurements:

Fsoil = 0.13e0.18Ts , (3.4)

where Ts is the soil temperature in degrees Celsius at 0.10 m depth, with units of Fsoil

begin in µmol m2s−1. This equation calculated fluxes for time periods when chamber

measurements were not made, but all other data were available. This resulted in 95

30-min periods with chamber soil flux data, CO2 profile data, and adequate winds

for EC flux measurements. Supplementary measurements of meteorological variables

were also recorded at an Environment Canada weather station located adjacent to

the site.

3.3.2 The WT2000 Equations

The basic discrete equation from Warland and Thurtell (2000) splits up the canopy

to calculate concentration gradients for i layers from j (j = 1 . . .m) source layers
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(S):
dC

dz

∣∣∣∣
i

=
m∑
j=1

MijSj∆zj, (3.5)

where Mij is the mixing matrix, ∆zj is the source layer thickness, and C is the

concentration. Qiu and Warland (2006) recommended using an integration of Eq.

4.3 to calculate differences in concentrations between each concentration layer and

the reference concentration above the canopy (CR) to avoid spurious results when

inverting the equation:

CR − Ci =
n−1∑
i=1

m∑
j=1

1

2
(Mij +Mi+1,j)Sj∆zj∆zi, (3.6)

where n = 1 . . . i, and ∆zi is the concentration-layer thickness, defined as zi+1 − zi.

The dispersion matrix contains information about the turbulence within the canopy,

and is given by Warland and Thurtell (2000) as:

Mij =



−1

2σwiLi[1− e(−Φ(1,−1))]
− 1

2σwiLi[1− e(−Φ(1,1))]
, zi > zj (3.7a)

−1

2σwiLi[1− e(−Φ(1,1))]
, zi = zj (3.7b)

1

2σwiLi[1− e(−Φ(−1,1))]
− 1

2σwiLi[1− e(−Φ(1,−1))]
, zi < zj (3.7c)

with Φ(p, q) =
√

0.5π(pzi + qzj)/((Li + Lj)/2), where p and q are ±1, zi is the

concentration height, and zj is the source layer height, defined as the midpoint of

the layer. For the inverse Lagrangian (IL) analysis, source profiles can be calculated
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by inverting Eq. 4.4, typically by using a regularized singular value decomposition

(Menke, 1989; Siqueira et al., 2000; Qiu and Warland, 2006). Cumulative fluxes are

calculated as:

Fj =
m∑
j=1

Sj∆zj, (3.8)

where Fj is the flux at each source height, and Fm is equal to the net flux. Eq. 4.6

is expressed as above to emphasize the calculation of fluxes from sources calculated

using the IL equations.

3.3.3 Optimization Routine

To solve for L, two measured sources were input into the forward WT2000 equation,

along with the σw profiles and an initial L profile, to generate a concentration profile.

The optimization routine works to find the best L to minimize the difference between

the calculated and measured concentrations. Dividing the measured soil CO2 fluxes

by the thickness of the source layer at the bottom of the canopy gives the soil source

strength. Subtracting the soil CO2 flux from the net CO2 flux gives an approximation

of the flux from the plants, and multiplying by the layer thickness gives an average

source strength. The σw values measured by Wilson et al. (1982) in the same field

were used as a guide to fit the three σw measurements in this study. Figure 3.2 shows

the Wilson et al. (1982) measurements scaled to the canopy height and σw(h), and

the exponential equation that fits these data, such that σw(z) = c0exp(z(a0z + b0)).

The three σw measurements were consistently greater than those predicted by the
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equation and at the upper limit of the measurements by Wilson et al. (1982), possibly

because the data for the optimization was filtered to exclude lower u∗ values. The

coefficients of the exponential equation were optimized in order to shift the σw profile

to match the measured σw values for each 30-min period.
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Figure 3.2: An example of a σw profile used in the optimization. The ‘◦’ are the
measurements from Wilson et al. (1982) and ‘2’ are the three σw measurements,
scaled to the canopy height and σw(h) . The solid line is the best fit line for the scaled
Wilson et al. (1982) data. The ‘∗’ are the calculated σw values from the optimized
σw exponential equation, at the heights of the concentration measurements.

Concentrations were measured at eight heights, which results in seven equations

with eight unknown length scales embedded in the dispersion matrix. Figure 3.3a

displays the layers used in the optimization. The two source layer heights were chosen

so that the midpoints (zj) equal concentration heights to minimize the number of

unknown values. Errors could arise if the chosen source layers are not representative

of the actual sources. Setting zj=1 at 0.15 and 0.16 m (for August 17 to 28, and

dates ≥ August 29, respectively) for the corn canopy gives a source layer thickness
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(∆zj=1) of 0.3 and 0.32 m, which reasonably represents the soil source layer as it is

unlikely that the dry stalks at the bottom of the canopy are a significant source or

sink. The layer representing the source from the corn is inexact. For August 18 to

28, the concentration measurement heights were such that the source layer chosen

from 0.30 m to 2.22 m (∆zj=2 = 1.92 m, zj=2 = 1.26 m) ignores a small portion of

the upper canopy, which is mostly tassel, but may also contain some leaves. From

August 29 to the end of the season the source thickness of 2.3 m (zj=2 = 1.47 m)

extends to slightly above the canopy.
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Figure 3.3: Diagram displaying the separation of the canopy used in the (a) for-
ward optimization, and (b) inverse calculations with the WT2000 equations. The Ci
are the concentration measurements, and zj are the midpoints of the source layers
of thickness ∆zj. Source layer thicknesses differ depending on position of the con-
centration measurements for given dates and values are given in the text. Not to
scale.

The underdetermined system of equations is non-linear and requires optimization

methods to solve for L. Concentration profiles were generated using the measured
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sources and an initial value of L (L0) for each of the 95 30-min periods where all

the required data were available. A simulated annealing algorithm (Kirkpatrick

et al., 1983) in Matlab searched for an L profile that results in a minimal residual

between measured and calculated concentration. See Ingber (1996) for details on

the simulated annealing algorithm. This meta-heuristic method was preferred over

gradient-based techniques as earlier trials indicated that numerous local minima

exist that are impossible for gradient-based methods to avoid. Weighting equations

by the standard deviation of the concentration measurements helped to stabilize the

equations from the effects of possible errors in the concentration measurements (Aster

et al., 2005) and minimized residuals when compared to non-weighed optimizations.

Non-linear systems of equations can have a infinite number of solutions, and

slight changes to initial values and optimization bounds can give different solutions.

Cycling through the optimization using different widths of bounds helped to identify

possible global minima. The L0 was held constant for each time period and derived

from a general K profile (Eq. 3.1), and the bounds on the optimization varied for

40 optimizations. Bounds on the optimizations limited the magnitudes of solutions

to be positive and < 2h. The lower bound was set at L0 −min(L0), and the upper

bound extended by increments of 0.25 m for each optimization, shifting the L0 profile

to a maximum of L0 + 5 or increasing the slope to a maximum of L0 × 5.

The following criteria selected which of the 40 optimized profiles (Lopt) from each

30-min period are appropriate choices. Profiles fitting the criteria are deemed “ac-
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ceptable”. Lopt values must be within the same order of magnitude of the canopy

height (Raupach et al., 1996). A smooth profile shape is ideal to allow for the pos-

sibility of parametrization with measurable statistics, and it is assumed that similar

shapes and magnitudes exists across different dates. The L profile should also be able

to reproduce the measured concentration profile in the forward WT2000 equation,

and reproduce the measured soil and net CO2 fluxes through the inverse Lagrangian

analysis (Tarantola, 2006). For the summer dates (August 17 to September 12), an

acceptable difference between the measured and calculated concentrations was con-

sidered to be ||Cmeas−Ccalc|| < 125 µmol m−3, which is less than the typical standard

deviation of the concentration measurements. For the flux calculations, acceptable

profiles calculated the measured fluxes within 3 µmol m−2 s−1 for the soil flux and 6

µmol m−2 s−1 for the net flux. For the dates later in the season (September 17 to Oc-

tober 13), when flux magnitudes are lower and the concentration gradients less steep,

the acceptability criterion was set to ||Cmeas −Ccalc|| < 25 µmol m−3, calculated soil

flux within 1.5 µmol m−2 s−1 and 3 µmol m−2 s−1 for the net flux.

A second round of optimizations used the same simulated annealing approach

but with a constraint on the shape of the profile, reducing the number of variables

and giving a more stable solution. The output from the unconstrained profile guided

the choice of profile shape, as further explained in Sect. 4.3.

For the inverse analysis, the canopy was split into five source layers (Fig. 3.3b).

The layers are not of equal depth since the optimized L profiles are discrete, thus

58



the source layer heights were forced to equal the heights of those L’s. For August 17

to 28, zj=1...5 = 0.15, 0.5, 0.84, 1.26, and 1.95 m with ∆zj=1...5 = 0.3, 0.4, 0.28, 0.56,

and 0.82 m, and for dates after August 28, zj=1...5 = 0.16, 0.63, 1.03, 1.47, and 2.25 m

with ∆zj=1...5 = 0.32, 0.62, 0.18, 0.7, and 0.86 m. Singular value decomposition with

a first-order Tikhonov regularization (Hansen, 1994; Siqueira et al., 2000) inverted

Eq. 4.4 to solve for the source strengths. Cumulative flux profiles were calculated

from those source profiles.

3.3.4 Wind-Tunnel Test

The data from Coppin et al.’s (1986) heat dispersion experiment allowed for a test

of the optimization routine. A row of wires at 0.8h in their “tombstone” canopy

gave a heat flux value of 275 W m−2. The diameter of the wire was used as the

source thickness, and σw and LE profiles from the same experiment were taken from

Raupach et al. (1986). Temperature profiles were measured in the experiment and

presented in reference to the temperature at the top measurement height. The shape

of the temperature profile obtained from using the source, σw, and LE in the forward

WT2000 equation matches the shape of the measured profile from Coppin et al.

(1986); however, the magnitude of the calculated profile values is shifted because the

reference temperature is not provided in Coppin et al. (1986). Following Warland

and Thurtell (2000), the calculated profile was scaled by the difference between

the measured and calculated temperatures at the bottom of the profile, resulting
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a temperature profile that matches the measured profile provided in Coppin et al.

(1986). The optimization routine searched to find the L that will generate this same

temperature profile, as calculated above in the forward WT2000 equations using the

measured LE profile. Testing using a calculated temperature profile was preferable

to using the actual temperature profile because of the uncertainty with the unknown

reference temperature.

Results from the optimization routine test with the data from Coppin et al.

(1986) showed that the optimization is capable of reproducing similar L values used

to generate the temperature profile, but is sensitive to the choice of the initial values.

Setting the same LE that generated the concentration profile used in the optimiza-

tion as the L0’s resulted in an optimized length scale profile that essentially exactly

matches the original LE profile, shown in Fig. 3.4a. Initial values close to the original

LE profile (± 0.01 to ± 0.1 m) do not result in a search that finds the original LE

values, but are close within the canopy (Fig. 3.4b). Using ten different L0 profiles

of random values between 0 and 0.1 gave similar results (Fig. 3.4c). Simulated an-

nealing is considered a global optimizer and should be able to escape local minima.

The initial values close to LE converge to solutions close to the actual LE, suggesting

that the function could be shallow around the global minima.
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Figure 3.4: Optimized values of the L profile for initial values equalling (a) the
measured value of LE, (b) LE ± 0.01, and (c) random L0. Circles represent the
original LE values from (Raupach et al., 1986), the dotted lines join the optimized
L values.

3.4 Results

3.4.1 Field Data

Horizontal wind speeds, LE, the ambient air temperature measured at the weather

station, and the net CO2 flux for each of the days where all optimization data was

available are presented in Fig. 3.5. Precipitation data measured at the weather

station from August to October is displayed in Fig. 3.6.

3.4.2 Unconstrained Optimization

Different optimized L profiles (Lopt) arose from each optimization trial with the 40

different bounds, and was expected since the testing indicated shallow minima for

the system of equations. Optimizations from only three days (August 17, August
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Figure 3.5: Half-hour values of measured variables for the dates where all data
were available for the length scale optimization. (a) Net CO2 flux measured by the
eddy-covariance system above the canopy, (b) Ambient air temperature, (c) and (d)
Eulerian length scale and mean horizontal wind speed measured at 1.25 m (‘+’), 2.4
m (‘4’), and 2.84 m (‘◦’).
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Figure 3.6: Daily total precipitation measured at the Elora weather station from
August to October 2008.

18, and September 8) consistently resulted in Lopt values that fit the acceptability

criteria, representing 29 of the total 95 30-min periods (29 out of the 35 30-min

periods on those three days). No dates within these three dates had all of the

measurements required for the optimization. Figure 3.7 gives an example of one of

the acceptable optimized profiles for August 18 at 1430. Inputting the acceptable Lopt

into the forward WT2000 equation results in a high correlation between the measured

and calculated concentrations for those 29 30-min periods (Ccalc = 1.01Cmeas −

80.92 µmol m−3, r2 = 0.996). The inverse calculation also results in good predictions

of soil and net CO2 fluxes (Fcalc,soil = 1.13Fmeas,soil − 0.24 µmol m−2s−1, r2 = 0.68,

Fcalc,net = 1.03Fmeas,net − 0.61 µmol m−2s−1, r2 = 0.93). Half-hour periods in the

daytime (where available) gave smaller differences between measured and calculated

values than those from the late afternoon. Within those 29 time periods, 5 to 30

Loptvalues from the 40 trials with different bounds were acceptable. A similar profile

shape arose, displayed in Fig. 3.8.
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Figure 3.7: (a) Lopt from one unconstrained optimization for August 18 1430; (b)
the measured and calculated concentration profile using the L profile in (a); and (c)
the calculated source profile (bars) and cumulative flux (‘◦’) profile for five layers.
The triangle is the measured net CO2 flux, and the square is the measured soil CO2

flux.

The remaining dates later in the season (September 16 to October 13) had Lopt

capable of calculating Ci and had source predictions close to the measured values.

However, these source profiles do not recalculate the measured flux at the top of the

canopy after calculating the cumulative flux profiles because of overestimations and

underestimations of source strengths at the two middle layers. Other optimizations

during the autumn had Lopt capable of calculating the measured Ci and fluxes, but

only with erratic L profiles. Figure 3.9 shows an optimization with an Lopt that is

within the bounds of the optimization, but is unacceptable since the high degree of

fluctuation in L with height makes it impossible to parametrize.
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Figure 3.8: Optimized L profiles with similar shapes for three dates: (a) August 17,
(b) August 18, and (c) September 8. All profiles can re-calculate the concentrations
and fluxes. One representative profile is displayed for each 30-min period.
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Figure 3.9: (a) Lopt from one optimization for October 3 1530; (b) the measured
and calculated concentration profile using the L profile in (a); and (c) the calculated
source profile (bars) and cumulative flux (‘◦’) profile for the five layers. The triangle
is the measured net CO2 flux, and the square is the measured soil CO2 flux.

3.4.3 Constrained Optimization

Data were re-optimized using the same simulated annealing optimization routine,

but with a constraint on the profile shape. The profiles in Fig. 3.8 suggest that the

length scale profile follows a somewhat convex shape to the y-axis. Constraining the

optimization to follow a sigmoidal profile:

L(z)

h
=

a

1 + exp((z/h− b)/c) , (3.9)

with a, b, and c as the optimized coefficients, preserves the essence of the convex

shape but keeps the values increasing throughout the canopy, and is similar in shape

to the parametrization of Styles et al. (2002). This shape is also physically realistic

for a L profile, as it is expected that the coherence of the turbulent motions would
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increase with the increased eddy size above the surface. The optimization solves

for the coefficients with bounds on the optimization so that L ≤ h and L > 0.

Again the optimization minimizes the difference between the measured and calculated

concentration profiles. Each 30-min period was run through the optimization routine

with 20 different initial values for the coefficients.

The constrained optimization resulted in Lopt,sig profiles capable of recalculating

the measured concentrations and fluxes for the majority of dates, including those

on September 16 and 17, resulting in 36 30-min periods with acceptable Lopt from

45 half-hour periods. Time periods with no adequate solutions were typically after

1700 local time (Eastern Standard Time) when stable and low wind-speed conditions

prevailed. Within each of the 36 dates many (approximately 25 to 100%, depending

on the day) of the 20 Lopt,sig profiles recalculate the measured Ci and F when used

in the WT2000 equations. Figs. 3.10a-d display the optimized profiles for the three

days, plus two days from later in September, that resulted in the lowest difference

between both the measured and calculated Ci and fluxes. Little variation was found

between the optimized coefficients within each date; however, discrepancies between

30-min periods were common. Optimized coefficients for Eq. 4.8 displayed a wide

range of values (a = 0.20 to 0.80h, b = 0.27 to 0.83h, and c = 0.06 to 0.21h).

Narrowing the bounds on the coefficient optimization to reduce the disparities in

magnitude between 30-min periods resulted in Lopt,sig profiles incapable of recreating

the measured values within the limits of acceptability.
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Figure 3.10: Optimized L fit to the sigmoidal equation for (a) August 17, (b) August
18, and (c) September 8.
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Inputting the acceptable Lopt,sig into the forward WT2000 equations leads to a

strong correlation between the measured and calculated concentrations at all heights,

as expected, since this was optimized for (Ccalc = 1.00Cmeas + 52.41 µmol m−3, r2

= 0.996). Using the same Lopt,sig in the inverse equation leads to a slight underesti-

mation of the measured soil flux when compared to the unconstrained optimization

(Fsoil = 0.67Fcalc − 0.12 µmol m−2s−1, r2 = 0.71), and a good correlation between

the measured and calculated net CO2 fluxes (Fnet = 1.17Fcalc + 1.97 µmol m−2s−1,

r2 = 0.85). Plots of the correlations are shown in Fig. 3.11. Flux values calculated

for the mid-canopy are reasonable as well, as the degree to which the layer is a sink

aligns with the leaf area density at that level.

Attempts at optimizing the coefficients of the Leuning et al. (2000) and Styles

et al. (2002) parametrizations did not result in L profiles capable of recalculating

the measured values, despite the similar magnitudes of the optimized sigmoidal

profiles (0 to h). Constraining the shape to convex-shaped equations similar to

the results from the unconstrained optimization (i.e., a Gaussian equation, polyno-

mial equations) were also incapable of recalculating the measured values. None of

the measured variables (mean and standard deviation of the vertical and horizon-

tal wind speeds, friction velocity, temperature, Obukhov length, latent heat flux,

bulk Richardson number, Eulerian length scale, net radiation, shear stress, turbu-

lence intensity) scaled with the coefficients, suggesting that other processes possibly

overlooked or immeasurable from the standard micrometeorological measurements,
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or processes beyond the conventional examination of atmospheric variables, could

affect the value of L.
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Figure 3.11: Comparison between the measured (a) soil and (b) net above canopy
fluxes calculated from the inverse WT2000 equation using the optimized coefficients
in the sigmoidal equation for L.

Time periods where no reasonable solution could be found for Lopt were predomi-

nantly for u∗ < 0.4 m s−1, and also later in the day when the stability increased

relative to the daytime values. Figure 3.12 shows the bulk Richardson number

(Rb = g∆θ̄v∆z(θ̄v[∆(ū)2 + ∆(v̄)2])−1) for the upper half of the canopy (1.25 to 2.84

m) and the Obukhov length (L = −u3
∗θ(κgw

′θ′)−1), where θ is the mean potential

temperature and w′θ′ is the kinematic sensible heat flux) calculated just above the

canopy (z = 2.84 m) for time periods when all optimization data were available for

four days in the summer. The dashed line on Fig. 3.12a-b is the dividing line between

the 30-min periods when the optimization found acceptable Lopt,sig and times with

no acceptable L profiles of any shape. The Rb values for 81% of dates with accept-
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able Lopt,sig profiles in the summer time were negative, signifying unstable conditions

and coupling with the upper atmosphere. Once the degree of mixing begins to de-

crease, or is low, in the case of September 12, no reasonable L profile can relate the

concentrations and sources in the WT2000 equation.

3.4.4 K Optimization

For the dates in the autumn (September 20 to October 13), both the constrained

and unconstrained optimizations failed at finding an acceptable length scale profile.

Plants make only minor contributions to the CO2 source profile in the senesced

canopy, and CO2 respired from the soil is reasoned to be transported in a far-field,

diffusive manner, since L(0) = 0. In the absence of these near-field effects, the

observed concentration profile is a product of the diffusive transport of the scalar.

Given the failure of the L optimization, a heuristic argument was made that the

similarity-theory length scale (Eq. 3.1, assuming SC = 1) should suffice, with the

assumption that the σw profile captures the effect of canopy drag on the turbulent

field. This LK was tested in the forward and inverse equations. The simple length

scale reproduces the measured Ci and F for several of the dates in the autumn.

Figure 3.13 displays the LK and calculated concentrations and fluxes for October 9

at 1500 local time.

The autumn dates achieved a better fit by incorporating a slope and intercept to
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Figure 3.12: Bulk Richardson numbers (Rb) and Obhukov stability parameter (zL−1)
calculated for (a) August 17, (b) August 18, (c) September 8, and (d) September 12.
Points to the left of the dashed line in (a) and (b) are dates when acceptable L profiles
were found. All 30-min periods for Sept 8 had acceptable L proifles. Optimizations
for September 12 did not find any acceptable L profiles.
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the linear K calculation, such that

LK = b2κzu∗/σw(h) + a2. (3.10)

Optimizing Eq. 3.10 in the WT2000 equations resulted in good approximations of the

measured Ci and fluxes for 26 out of 40 30-min periods for dates between September

20 and October 13 (Ccalc = 1.00Cmeas + 55.58, r2 = 0.999). The LK profiles were

rarely successful for the dates in September when the canopy was still a sink for

CO2, as well as for most dates with low u∗ values (u∗ < 0.40 m s−1). Lopt, K profiles

generally have lower values than the Lopt, sig values, with mean coefficient values

of b2/h = 0.17 ± 0.14 and a2/h = 0.08 ± 0.03. Using those mean values in Eq.

3.10 results in calculated soil and net CO2 fluxes close to the measured values, as

73



plotted in Fig. 3.14. The linear correlation between the measured and calculated Fnet

values is poor (r2 = 0.08), but the degree of difference between most measured and

calculated values is low since the flux measurements are smaller during the senesced

period. Figure 3.14c shows that the EC method may be underestimating the net flux

measurements, or the chambers are overestimating the soil CO2 fluxes. Agreement

with measured and IL calculated fluxes would not be greater than the precision of

the measurements.
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Figure 3.14: Comparison between measured (a) soil and (b) net CO2 fluxes and
fluxes calculated using Eq. 3.10 in the WT2000 equations. Figure 3.14c displays a
plot of the measured soil CO2 fluxes versus the measured net CO2 fluxes.

3.5 Discussion

Without the ability to directly measure L, few opportunities exists to confirm the

shape and magnitude of the L profile. Constraining the WT2000 analytical La-

grangian equations to solve for L gave an indication of the profile shape in a corn
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canopy. A convex profile arose across all 30-min periods, each capable of calculating

the measured Ci and fluxes. The decrease of L towards zero just above the canopy

was unexpected. The system of equations has numerous local minima with no clear

global solution. Non-linear parameter estimations adjust the solution values to fit

the measured data in the WT2000 equations, and an infinite number of combinations

exist as suitable L profiles. Above-canopy L values may be approaching those closer

to LE values (Fig. 3.5c); however, optimizations with the measured LE substituting

for the top L did not result in profiles capable of recalculating the measured con-

centrations and fluxes. Smooth L profiles from the constrained optimization with

Eq. 3.9 maintained the ability to reproduce the measured values when used in the

WT2000 equations to a degree comparable to that of the unconstrained optimization.

This sigmoidal profile shows L increasing with height, suggesting that the turbulence

remains correlated as eddies increase in size further above the surface. Measurements

of LE within and above canopies (Wilson et al., 1982; Raupach et al., 1996) also re-

flect an increase in correlation with height. It is not anticipated that the L profile

would differ greatly from the LE profile by being of convex shape; however, without

measurements of L, the actual profile shape will still be debatable.

The sigmoidal equation maintains L values close to zero near the ground, and the

shape is similar to that previously suggested for use in inverse Lagrangian equations

(Leuning et al., 2000; Styles et al., 2002). Within the full canopy in the summer, the

shape of the Lopt, sig profiles suggest a rapid decorrelation to a diffusive state low in
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the canopy. This is consistent with flow visualizations in modelled dense canopies

by Poggi et al. (2004), who found in a flume that small vortices connected to von

Káraman vortex streets dominate in the lowest part of the canopy. Around 0.5h to

0.75h the optimized length scales indicate that the vertical Lagrangian velocity of

the parcels originating at these points remains correlated for a longer period. To be

consistent with the literature, the optimized length scales are presented in Fig. 3.15

as T u∗h−1, where T (z) = L(z)σw(z)−1. This also shows the increased persistence

mid-canopy; however, T decreases above this level as σw increases. Wind speeds

are very low at 0.5h (u ' 0.05 to 0.10 m s−1) but quickly increase to u ' 1.5 to

2.5 m s−1 at the top of the canopy (Fig. 3.5). The coherent gusts and sweeps that

dominate scalar transfer between plant canopies and the atmosphere (Raupach et al.,

1996) cannot penetrate through the dense canopy, and the coherence of these eddies

perhaps cannot continue below 2h/3.

Results from this study indicate that L is dependent on environmental conditions;

however, no measured variable, including u∗ and L, scaled with the Lopt,sig. Several

L parametrizations are available in the literature (Raupach, 1989a; Massman and

Weil, 1999; Leuning et al., 2000; Styles et al., 2002), and most assume that L scales

with u∗ and zL−1. Many studies using these scaled parametrizations present satis-

factory results (e.g. Harper et al., 2000; Wohlfahrt, 2004; Qiu and Warland, 2006;

Santos et al., 2011), but no consensus exists as to which of these L profiles reduces

the uncertainty in the IL analyses. The lack of scaling may also indicate the exis-
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tence of processes that evade the WT2000 equation, which the L optimization then

captures. Phenomena such as free convection and gravity waves could lead to trans-

port within the canopy (Nemitz et al., 2000; Siqueira et al., 2003; van Gorsel et al.,

2011) that is not accounted for in the IL equations. Further testing of Lsig profiles

on independent datasets with more detailed in-canopy measurements is necessary to

investigate the environmental conditions that influence the length scale and improve

the applicability of L parametrizations. Incorporating additional source layers in the

forward equation via soil-vegetation-atmosphere transfer models will help to stabilize

the inverse parameter estimation (Styles et al., 2002; Haverd et al., 2009), although

uncertainties in these models are often embedded in the optimizations.

Inverse analyses using optimized length scales resulted in calculated sources close

to measured values for the majority of dates despite the inhomogeneous conditions.

Consideration of the Rb value will help to improve the confidence in source predictions

of IL analyses. Flow conditions within dense canopies can be decoupled from the

above canopy flow (Santos et al., 2011; Haverd et al., 2009), which violates the well-

mixed assumption of the WT2000 equation. There is no defining value for either Rb

or zL−1 that indicates when the equation begins to break down because there are

time periods with acceptable Lopt,sig when Rb > 0, and vice versa. A combination of

factors, or variables not measured in this campaign, may relate to the applicability

of the WT2000 equation. It is not known if flows in and above the lower portion of

the canopy are coupled during this time period as no turbulence measurements were
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taken below 0.5h. Further work is required to determine a threshold value of Rb.

The optimal L profile shape changed as the canopy senesced. With the negligible

effects of near-field dispersion on the concentration profiles, a far-field length scale

sufficed in the WT2000 equations. The linear length scale was similar to a boundary-

layer mixing length, with the LK increasing with height as even larger sized eddies

picked up parcels of air (Hunt and Weber, 1979). The less-dense canopy also expe-

rienced a greater degree of mixing, with the gradient in wind speed decreasing in

autumn creating flow conditions, and thus an L, closer to a boundary-layer flow.

The forward and inverse WT2000 equations using T = βLEσ
−1
w produce excellent

results using wind-tunnel data with a short, straight canopy. This, along with the re-

sults of the inverse parameter estimation with the Coppin et al. (1986) data, supports

the use of β = 1, and a direct relationship between LE and T . LE did not substitute

for L within the corn canopy as was the case using Coppin et al. (1986)’s wind-

tunnel data for both the summer and autumn dates. LE values measured within the

canopy are an order of magnitude lower that the optimized L profiles at 1.25 m. The

inability of the measured LE to calculate reasonable concentration and cumulative

flux profiles with the field data demonstrates that the relationship between LE and

L may be more complex than T /TE ∼ 1 within dense plant canopies.

Further efforts towards the goal of an easily parameterized L profile will improve

the practical application of IL analyses. Increased knowledge of L will strengthen IL

methods for uses such as the partitioning of soil and canopy respiration and transpi-
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ration, or other situations where it is desirable for a non-intrusive means to determine

the distribution of scalar sources in plant canopies. This study demonstrated that

a consistent sigmoidal L profile shape exists in the corn canopy. Additional mea-

surements and optimizations in canopies with different structures and densities are

necessary for establishing this shape, and more detailed measurements of turbulence

and thermal stability will improve the opportunity for parametrization. Examination

of L in the same canopy using a variety of scalars will also substantiate length scale

estimations.
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Chapter 4: Estimating a Lagrangian length

scale using measurements of CO2 in a mixed

forest canopy

4.1 Introduction

The movement of trace gases in plant canopies is complex because of their frequent

interactions between the soil, vegetation, and the atmosphere. Changeable turbu-

lent conditions in plant canopies add to this complexity. Gains have been made in

quantifying scalar concentrations and fluxes in a variety of environments in spite

of these challenges. Bulk flux measurements common to many micrometeorological

studies cannot distinguish vertical source distributions within the canopy such as,

for example, the separation of soil and plant sources and sinks. Inversions of ana-

lytical Lagrangian equations (Raupach, 1989b; Warland and Thurtell, 2000) provide

a relatively simple and non-intrusive method to partition vertical source strengths

within the canopy. Initial tests of the forward and inverted equations by Raupach

(1989b) and Warland and Thurtell (2000) with wind tunnel data of Coppin et al.
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(1986) demonstrated their proficiency at relating concentrations and sources. Numer-

ous studies have demonstrated the ability of these equations to produce reasonable

source profiles in different field canopies (Harper et al., 2000; Leuning et al., 2000;

Wohlfahrt, 2004; Qiu and Warland, 2006); however, the equations can be unstable

and give erratic source predictions.

The lack of a means to fully verify the source distributions inhibits practical appli-

cation of the inverse Lagrangian (IL) analyses. Further confounding this predicament

is the uncertainty in the value of the Lagrangian length scale, L, an input to the IL

equations. Refer to Chapters 2 and 3 for details on L in IL analyses. L is a measure

of the “persistence” of the movement of scalar, and is immeasurable in plant canopies.

Numerous parameterizations exist in the literature (Raupach, 1989a; Leuning et al.,

2000; Styles et al., 2002); however, the shape and magnitude of these L profiles are

unconfirmed. Currently the closest approximation of L is from measurements of

the Eulerian length scale (LE), which is the autocorrelation of the Eulerian velocity

measured at a single point, calculated as:

LE =
u

σ2
w

∫ ∞
0

w′(t)w′(t+ τ)dτ. (4.1)

where ū is the mean horizontal wind speed, σw is the standard deviation of the

vertical wind velocity, w′ is the instantaneous vertical wind velocity, and τ is a time

lag. Relationships between L and LE assume the two values scale to one another
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(Gifford, 1955; Hay and Pasquill, 1959; Corrsin, 1963) such that

L = βLE (4.2)

where β is a constant. The value of β is unclear, and has been reasoned to be either

greater than 1 (Corrsin, 1963; Hanna, 1981) or less than 1 (Philip, 1967). Most IL

analyses assume that β = 1 (Raupach, 1989a). The relationship between Lagrangian

and Eulerian scales in equation 4.2 is debatable since there is little evidence that this

relationship holds in the inhomogeneous turbulence present in plant canopies.

Examinations of L using inverse parameter estimation with analytical Lagrangian

equations have helped to identify properties of L profiles in plant canopies. Haverd

et al. (2009) used CO2 concentration and flux measurements in a eucalyptus forest,

along with a soil-vegetation-atmosphere transfer model, to constrain the analytical

Lagrangian equations given by Raupach (1989a). Coefficients of the Styles et al.

(2002) L parameterization were optimized to minimize the difference between mea-

sured concentrations and those calculated with the forward analytical Lagrangian

equations. This profile shape with the optimized coefficients gave low residuals be-

tween measured and calculated concentrations, and scaled with the friction velocity

(u∗) and canopy height. The optimization in Chapter 3 showed that a similar sig-

moidal equation for L gives low residuals between measured and calculated concen-

trations in the forward Warland and Thurtell (2000) (WT2000) equations, and low

residuals between measured and WT2000 IL calculated fluxes in a dense corn canopy.
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The coefficients from Chapter 3 did not scale with any other measured quantity, as

the optimization may have been impacted by a lack of coupling between the canopy

and the above-canopy air, which violates the well-mixed assumption of the WT2000

equations. The characteristics of the optimized profiles are likely canopy-specific,

and have yet to show adequate results in IL analyses in other plant canopies. An

ideal optimized L profile will be parameterizable with measurable statistics in order

to apply IL analyses to various environments.

The purpose of this study is to examine L in a mixed forest canopy by constraining

the WT2000 equations with measurements of CO2 to solve for L. Profiles of CO2

and turbulence statistics were measured in the canopy, and measured net fluxes and

soil CO2 fluxes provided information about the source distribution to constrain the

equation. An inverse parameter estimation routine was used to find the optimal

L profile that leads to the best agreement between measured and calculated scalar

quantities. This work is an extension of the findings from Chapter 3 to examine the

L profile in a taller, less dense canopy with a greater degree of coupling with the air

above the canopy, and allows for an examination of possible influences of the different

type of canopy on L profile shape and magnitude. The objectives of this study are to

(1) identify a common profile shape with an unconstrained optimization; (2) smooth

the optimized L by constraining its shape in the WT2000 equations; (3) test the

results of this estimation using IL analyses of water vapor fluxes in the forest; and

(4) examine the properties of the constrained L in relation to the measured variables.
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Sections 4.2 describes the data and equations used to solve for L, and Section 4.3

compiles the results from the L optimizations. Results are discussed in Section 4.4.

4.2 Methods

4.2.1 Field Measurements

Measurements were taken in a mixed forest canopy at Environment Canada’s Bor-

den Forest Research Station facility at Borden, Ontario, Canada (44o 19’ N, 79o

56’W) from June to August of 2009. Tree species consist of red maple, trembling

aspen, white ash, large tooth aspen, white pine, and black cherry (Staebler et al.,

2000; Teklemariam et al., 2009). Leaf area index measurements were taken with two

LICOR LAI-2000 Plant Canopy Analyzers (LICOR, Inc., Lincoln, NE). The LAI

profile is displayed in Figure 4.1. The dominance of maple/aspen results in the one-

layer canopy (Lee et al., 1999). Newer growth of maples and ash are reflected in the

increased LAI in the lowest level of the canopy. Average canopy height is 22 m.

A 40 m permanent tower at the site anchored the equipment for the concentration,

flux, and turbulence measurements. Continuous measurements of atmospheric and

soil variables are also made at this site. Detailed information on the measurements

at this site can be found in Staebler et al. (2000). Above-canopy CO2 and water va-

por fluxes were measured using the eddy covariance method at 33 m. A closed-path

gas analyzer (Li-6262, Li-Cor Inc., Lincoln, Nebraska) measured CO2 and water va-

por mixing ratios. A triaxial sonic anemometer (Model DAT-310, Kaijo Denki Ltd.,
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Figure 4.1: Leaf area index of the forest canopy.

Tokyo, Japan) measured the turbulence statistics for the eddy covariance calcula-

tions. Staebler et al. (2000) also describes the eddy covariance instrumentation and

net CO2 and latent heat flux (Qe) calculations. Flux measurements were filtered fol-

lowing Lee et al. (1999) to ensure the flux measurements were representative of the

forest, and not of the agricultural areas to the north of the site. Crosswind and ver-

tical alignment corrections from Tanner and Thurtell (1969) were applied. Further

details on the eddy covariance measurement protocol can be found in Teklemariam

et al. (2009). Three additional sonic anemometers (CSAT3, Campbell Scientific,

Logan, UT, USA) to measure wind statistics were installed at 2, 13, and 25 m.

CO2 and water vapor concentrations were measured at 8 heights within and

above the canopy (0.45, 1.45, 5.51, 9.65, 10.10, 16.69, 20.77, 25.81, and 36.81 m)

using a closed-path infrared gas analyzer (Li-6262, Lic-Cor Inc., Lincoln, Nebraska,
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USA). Refer to Santos et al. (2011) for complete details on the sampling system

operation. The sampling system drew air sequentially from each intake for 15 s,

rotating through the 8 intakes over the half-hour periods. CO2 mixing ratios were

multiplied by the molecular density (ρ = air density/molar mass of air) to convert

concentrations to µmol m−3. H2O mixing ratios were also multiplied by ρ, the latent

heat of condensation, and the molecular weight of water to convert concentrations to

energy units of Joules m−3. Half-hour time periods were used to calculate the fluxes,

wind statistics, and concentrations.

An automated chamber system located near the base of the tower (Li-8100, LI-

COR, Inc., Lincoln, NE) measured the CO2 respiration from the loamy sand soil

(Bartlett et al., 2009) Measurements were taken every 15 minutes throughout the

field campaign for periods of 3 minutes. The chamber lid closes onto a 20 cm diameter

PVC collar. To account for the spatial heterogeneity of the forest site, measurements

of soil CO2 flux were made at 30 locations in the main footprint of the tower twice

weekly with the same gas analyzer. Static measurements fell within the sampling

range of the spatial measurements, but measured higher fluxes than the spatial av-

erage of the other 30 chambers. A linear fit (0.623 × Static chamber Fc + 0.727,

r2 = 0.88, Santos et al. (2012)) adjusted the static chamber measurement to be

representative of the soil flux within the tower footprint.
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4.2.2 The WT2000 Equations

The basic discrete equation from Warland and Thurtell (2000) splits up the canopy

to calculate concentration gradients for i layers from j (j = 1 . . .m) source layers

(S):
dC

dz

∣∣∣∣
i

=
m∑
j=1

MijSj∆zj (4.3)

where Mij is the mixing matrix, ∆zj is the source layer thickness, and C the concen-

tration. An integration of equation 4.3, recommended by Qiu and Warland (2006)

to avoid spurious results when inverting the equations, calculates differences in con-

centrations between each concentration layer and the reference concentration above

the canopy (CR):

CR − Ci =
n−1∑
i=1

m∑
j=1

1

2
(Mij +Mi+1,j)Sj∆zj∆zi (4.4)

where n = 1 . . . i, and ∆zi is the concentration layer thickness, defined as zi+1 − zi.

The dispersion matrix contains information about the turbulence within the canopy,

and is given by Warland and Thurtell (2000) as:

Mij =



−1

2σwiLi[1− e(−Φ(1,−1))]
− 1

2σwiLi[1− e(−Φ(1,1))]
, zi > zj (4.5a)

−1

2σwiLi[1− e(−Φ(1,1))]
, zi = zj (4.5b)

1

2σwiLi[1− e(−Φ(−1,1))]
− 1

2σwiLi[1− e(−Φ(1,−1))]
, zi < zj (4.5c)
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with Φ(p, q) = (pzi+qzj)/((Li+Lj)/2), where p and q are ±1, zi is the concentration

height, and zj is the source layer height, defined as the midpoint of the layer. Forward

calculations of concentration profiles requires information about CR, S, σw, and L.

For the inverse Lagrangian (IL) analysis, source profiles can be calculated by inverting

equation 4.4 with a measured concentration profile, along with σw and L profiles.

The equations assume homogenous, steady-state conditions, and typically give better

results when the canopy is coupled with the air above the canopy (Haverd et al., 2009;

Santos et al., 2011).

Equations 4.4 and 4.5c were inverted by using a regularized singular value decom-

position (Menke, 1989; Siqueira et al., 2000; Qiu and Warland, 2006). Cumulative

fluxes were calculated as:

Fj =
m∑
j=1

Sj∆zj (4.6)

where Fj is the flux at each source height. Fm is equal to the net flux.

4.2.3 Optimization Routine

To solve for L, the two measured sources were input into the forward WT2000 equa-

tion, along with the σw profiles and an initial L profile, to generate a concentration

profile. The optimization routine works to find the best L to minimize the difference

between the calculated and measured concentrations. Dividing the measured soil

CO2 fluxes by the thickness of the source layer at the bottom of the canopy gives
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the soil source strength. Subtracting the soil CO2 flux from the net CO2 flux gives

an approximation of the flux from the plants, and multiplying by the layer thickness

gives an average source strength. The canopy flux was split into two layers with

the proportion of the canopy source adjusted according to the plant area density

in those two layers. The second layer, ∆zj=2, represents 15% of the total canopy

source, and the top layer, ∆zj=3, where the majority of the vegetation lies, is alloted

85% of the total canopy source. The three source layer heights were chosen so that

the midpoints (zj) of these layers equal the concentration measurement heights to

minimize the number of unknown values. Setting zj=1 at 0.45 gives a source layer

thickness of 0.9 m. Sources and sinks from the understory may not be included in

this value, and thus is a source of error in the optimization. The layers used for the

length scale optimization are displayed in Figure 4.2a.

The equation for σw(z) from Leuning et al. (2000) was used to calculate σw

profiles, given as:

σw
u∗

=


c2e

c3z/h z < 0.8h

(a2z/h+ b)− ((a2z/h+ b2)2 − 4θa2b2z/h)0.5

2θ
z ≥ 0.8h

(4.7)

The original coefficients given in Leuning et al. (2000) (a2, b2, c2, and c3) lead to

a consistent underestimation the σw values measured by the sonic anemometers in

the canopy. Coefficients were optimized so that the profile fit the measured σw. LE

measured at 33 m was used to calculate the L for the top height (36 m) in the
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Figure 4.2: Diagram displaying the separation of the canopy used in the (a) forward
optimization, (b) the inverse calculations with the WT2000 equations using the un-
constrained optimized L, and (c) the inverse calculations using the constrained opti-
mized L. Ci are the concentration measurements, zj are the midpoints of the source
layers of thickness ∆zj. Not to scale.

optimization using equations 4.1 and 4.2 with β = 1. This minimizes the number of

unknown values in the optimization, creating a determined system of equations.

The WT2000 equations are nonlinear, which necessitates an iterative method to

solve for L. A global optimization routine searched for the L profile that results in the

calculated concentration profile closest to the measured values. An infinite number of

solutions exist for the system of equations, and there will be different L for each choice

of initial value or boundary on the optimization solution. The optimization routine

was run through 50 times for each half-hour measurement period with variations in

the initial L profile (L0). The similarity length scale (LK = κzu∗S
−1
c σ−1

w , where Sc

is the turbulent Schmidt number, assumed to equal 1), and variations on this profile

(LK ± 0.1 to 0.5,LK × 0.1 to 2) were used as the L0. Boundaries were set such that
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L > 0 and L ≤ 2h. The same optimization and testing of the routine as Chapter 3

was used.

A second round of optimizations used the same global optimization routine but

with a constraint on the shape of the profile. This reduces the number of variables

and gives a more stable solution. The output from the unconstrained profile guided

the choice of profile shape for the constrained optimization, as further explained in

Section 4.3.

The following criteria selected which of the 50 optimized profiles (Lopt) from

each half hour were appropriate choices. Profiles fitting the criteria were deemed

“acceptable”. Lopt values had be within the same order of magnitude of the canopy

height (Raupach et al., 1996). A smooth profile shape is ideal to allow for the

possibility of parametrization with measurable statistics, and it is assumed that

similar shapes and magnitudes will exists across different dates. The Lopt profile

should also be able to reproduce the measured concentration profile in the forward

WT2000 equation, and reproduce the measured soil and net CO2 fluxes through the

inverse Lagrangian analysis (Tarantola, 2006). An acceptable difference between the

measured and calculated concentrations was considered to be ||Cmeas −Ccalc|| < 300

µmol m−3, which is less than the typical standard deviation of the concentration

measurements. For the flux calculations, acceptable profiles calculated the measured

fluxes within 3 µmol m−2 s−1 for the soil flux and 10 µmol m−2 s−1 for the net flux.

Bounds for the flux acceptability criteria were narrowed for the nighttime half-hour
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periods as flux values are lower during this time. Source profiles from the IL analysis

should also be reasonable, i.e., sinks for CO2 during the daytime hours throughout

the canopy, with the soil layer being the main CO2 source.

For the inverse analysis using the Lopt from the unconstrained optimization, the

canopy was split into five source layers (Figure 4.2b). The layers are not of equal

depth since the optimized L profiles are discrete, thus the source layer heights were

forced to equal the heights of those Lopt. The constrained optimization results in a

smooth profile, so for the inverse source calculations the source layers were distributed

to represent a thin layer at the surface (∆zj=1 = 0.9 m) with three even layers for the

canopy sources (Figure 4.2c). Cumulative flux profiles were calculated from those

source profiles via equation 4.6.

4.3 Results

4.3.1 Field Data

A total of 134 30-min periods contained the data required for the L optimization,

i.e., the soil CO2 flux, net CO2 flux, CO2 concentration profiles, and σw profiles.

The mean above-canopy air temperature was 22±2.64oC, and the average u∗ was

0.65 ± 0.21 for those 30-min periods. Figure 4.3a shows that mean horizontal wind

speeds (ū) remain low in the bottom half of the canopy (z = 2 and 13 m, ū = 0.1

to 0.49 m s−1), and increased by an order of magnitude above the canopy (z = 25

to 33 m, ū = 1.0 to 4.9 m s−1). Standard deviations of the vertical wind velocity
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showed a steady increase throughout the canopy (Figure 4.3b). Lagrangian length

scales profiles, calculated using the measured Eulerian length scales (equation 4.1)

with the assumption of β = 1 in equation 4.2 are presented in Figure 4.3c. LE

(E subscript to denote an Eulerian measurement) profiles remain relatively constant

throughout and just above the canopy. The magnitude increases to 0.5h on average

above the canopy (z = 33 m), but displays a wide range of values (LE = 2.72 to

28.91 m).
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Figure 4.3: Mean wind variables (solid lines) measured in the canopy with minimum
and maximum values (dotted lines) for the dates with optimized L profiles. (a)
Horizontal wind speed, (b) σw, and (c) the LE, calculated with β = 1.

Above-canopy stability conditions were determined by calculating the Obukhov

length (L = −u3
∗θ(κgw

′θ′)−1, where θ is the mean potential temperature and w′θ′

is the vertical potential temperature flux) and the bulk Richardson number (Rb =

g∆θ̄v∆z(θ̄v[∆(ū)2 + ∆(v̄)2])−1), presented in Figure 4.4 for the dates where L was

optimized. Stability conditions were close to neutral for the optimization dates with

the majority of zL−1 values begin near zero. Well-mixed conditions dominated for
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those 30-min periods as indicated by the negative above-canopy Rb values. Bulk

Richardson numbers calculated for layers within the canopy were largely positive

with the Rb-determined stability increasing close to the surface (Rb(2-5 m) = 4.56 ±

25.53, Rb(5-13 m) = 0.76 ± 1.75, Rb(13-25 m) = 0.05 ± 0.09).
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Figure 4.4: Plot of stability parameters, Rb (N) and zL−1 (•), measured at 33 m.
Dates with data available for the optimization are presented. Day of year is indicated
on each axes. Points are values for 30-min periods with optimized L values, dotted
lines are the Rb or zL−1 values between those points.

Figure 4.5a displays the net CO2 fluxes measured throughout the campaign (June

16 to Aug 26), unfiltered by u∗ and wind direction. Fluxes from the 30-min periods

with the data available for the optimization are highlighted. Net fluxes used in the

optimizations range from periods when the forest is a net CO2 source (up to 7.6 µmol

m−2 s−1) during the nighttime to a CO2 sink in the daytime (low as -32.7 µmol m−2
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s−1). Soil CO2 fluxes measured in this time are displayed in Fig. 4.5b. Soil fluxes

used in the optimization varied from 3.2 to 6.3 µmol m−2 s−1.
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Figure 4.5: Fluxes measured at the Borden forest site from June 16 to August 26. (a)
Net CO2 flux measured by the eddy covariance system at 33 m. The line is unfiltered
measured 30-min fluxes for all u∗ and wind directions,  are the fluxes for the dates
with the data available for the optimization. (b) Soil CO2 flux measured by the
chamber system. The line represents all measurements taken during the campaign,
 are soil fluxes for dates with all the data available for the optimization.

4.3.2 Unconstrained Optimization

Since an infinite number of solutions exist for the nonlinear system of equations,

differing profile shapes and magnitudes resulted from the optimization within and

across the half-hour periods. The majority of these dates (114 out of 134) contain
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optimized L profiles capable of recalculating the measured concentrations and fluxes

in the WT2000 equations. Calculated source profiles within the canopy followed a

logical distribution with the upper levels of the canopy exhibiting stronger sinks than

lower layers of the canopy in accordance with the LAI profile. Figure 4.6a displays a

plot of one optimized length scale (Lopt) from July 26 1300 capable of recalculating

the measured concentrations and a reasonable source and flux profile.
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Figure 4.6: (a) Lopt from one optimization for July 26 1300; (b) the measured and
calculated concentration profile using the L profile in (a); and (c) the calculated
source profile (bars) and cumulative flux (◦) profile for five layers. The triangle is
the measured net CO2 flux, and the square is the measured soil CO2 flux.

A k-means clustering algorithm separated four main shapes of the acceptable

profiles amongst all of the acceptable Lopt. The cluster with the greatest number

of profiles, encompassing the 114 dates, is of convex shape. These profiles are pre-

sented in Figure 4.7. All profiles in Figure 4.7 give a close approximation of measured

concentration and flux values as evaluated using linear regressions. Regressions co-

efficients and statistics are given in Table 4.1.
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Table 4.1: Table of slope, intercept, and r2 values from linear regressions be-
tween forward-calculated and measured concentrations (C column), and inverse
Lagrangian-calculated and measured soil CO2 (Fsoil column), net CO2 (Fnet column),
and net water vapour (Qe) fluxes. Each row represents calculations using L from the
unconstrained (Lopt) and constrained (Lopt,sig) optimizations, and the constrained
sigmoidal with measured stability parameters as the coefficients.

C (µmol m−3) Fnet (µmol m−2s−1) Fsoil (µmol m−2s−1)
Type Slope Intercept r2 Slope Intercept r2 Slope Intercept r2

Lopt 1.00 3.53 0.99 1.05 0.18 0.94 1.02 0 0.91
Lopt,sig 0.98 276.5 0.99 1.24 0.65 0.88 0.72 1.92 0.18
Lopt,sig, scaled 0.87 2618 0.02 1.30 1.10 0.78 1.56 -0.36 0.06

Qe (W m−2

Lopt,sig 1.20 23.70 0.71
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Figure 4.7: Optimized length scales from the unconstrained optimization. Each line
represents one Lopt from each of the 114 30-min periods analyzed.
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4.3.3 Constrained Optimization

Data were re-optimized using the same data and global optimization routine, but with

a constraint on the profile shape. The profiles in Figure 4.7 suggest that the length

scale profile follows a convex shape to the y-axis. Constraining the optimization to

follow a sigmoidal profile:

L(z)

h
=

a

1 + exp((z/h− b)/c) . (4.8)

with a, b, and c as the optimized coefficients, preserves the essence of the con-

vex shape, and proved to produce acceptable L profiles in a cornfield (Chapter 3).

The optimization solves for the coefficients with bounds on the optimization so that

L ≤ 2h and L > 0. Again the optimization is minimizing the difference between

the measured and calculated concentration profiles. Each half-hour period was run

through the optimization routine with 40 different initial values for the coefficients.

The measured LE substituted for L at z = 36 m. The optimization of equation 4.8

resulted in lower differences between measured and WT2000 calculated values than

optimizations of coefficients for other equations for L such as a Gaussian equation,

and parameterizations suggested by Leuning et al. (2000) and Styles et al. (2002).

The constrained optimization resulted in acceptable profiles for 112 half-hour

periods. Each optimization within each half hour resulted in as little as one to as

many as 40 acceptable Lopt,sig profiles. Inversions of the WT2000 equations with the
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measured water vapour profiles provided an additional criteria to the acceptability

of the Lopt,sig profiles. Profiles of acceptable Lopt,sig were selected from each half hour

period that resulted in the lowest difference between the eddy-covariance measured

and IL calculated Qe at the top of the canopy. Coefficients exhibited a wide range

of values (a = 9.89± 9.06, b = 8.93± 4.94, c = 2.14± 1.29). A plot of the acceptable

Lopt from each half hour is given in Figure 4.8a and b.

Results of linear regressions between measured and calculated values using the

Lopt,sig are given in Table 4.1. The Lopt,sig in the forward WT2000 equation esti-

mated the CO2 concentration profile and the calculated net CO2 flux well, although

not as closely as the unconstrained optimization. Estimation of the soil CO2 flux was

scattered, but the mean differences were small (mean of 1.0 µmol m−2 s−1) between

the measured and calculated values. The IL calculated Qe slightly overestimated the

measured Qe with a lower degree of agreement than the CO2 fluxes (Table 4.1). In-

versions of the WT2000 equations with the Lopt,sig resulted in reasonable partitioning

of fluxes within the canopy, as shown in Figure 4.9 for Qe and CO2 fluxes for one

representative day, Aug 8 2012. Latent heat fluxes generally increased with height

as anticipated, and follow the same diurnal pattern as the Qe measurements. The

CO2 flux profiles for the top two layers followed the pattern of the measured net CO2

flux, while the two lower canopy layers showed a lesser degree of diurnal patterning

and remained fairly steady throughout the day.

Two distinct Lopt,sig shapes arose from the constrained optimization. A k-means

100



0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

1.2

z
 h

−
1

L h−1
0 0.2 0.4 0.6 0.8

L h−1

(a) (b)

Figure 4.8: One optimized profile from each of the half-hour periods, separated by
the two main optimized profile shape. (a) Lopt,sig belonging to cluster 1, and (b)
Lopt,sig belonging to cluster 2.
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Figure 4.9: Partitioning of (a) latent heat and (b) CO2 fluxes as calculated using the
Lopt,sig in the inverse WT2000 equations (dotted lines) for Aug 8 2009. Solid lines
represent measurements of net latent heat and CO2 fluxes measured at 33 m, and
the soil CO2 flux. Heights represent the top of each calculated flux layer.
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clustering algorithm categorized the two profile shapes. The first cluster (Figure 4.8a)

represents lower coefficient values (a = 5.01± 2.35, b = 5.97± 2.90, c = 1.56± 1.01),

and the second cluster (Figure 4.8b) represents higher values (a = 11.54 ± 4.42,

b = 13.00± 3.00, c = 2.99± 0.94). Profiles in the first cluster are lower in magnitude

than those of the second cluster, and have an inflection point lower in the canopy.

A weak linear relationship existed between the maximum magnitude of Lopt,sig

from both clusters and the Obukhov length, shown in Figure 4.10a (a = −1.33zhL−1−

46.66h, r2 = 0.29). Points on Figure 4.10 are separated according to the low and

high coefficient clusters (Fig. 4.10 a and b). Profiles from the first cluster are gener-

ally associated with stable to neutral above-canopy conditions and profiles from the

second cluster are associated with unstable conditions. A linear correlation between

the point of inflection (b) and LE showed a weak relationship between the two values

(b = 0.76LE + 0.13, r2 = 0.31) (Figure 4.10b). No major differences were found

between the two clusters with regards to these relationships, although the LE and

zL−1 values related to the profiles with a larger inflection point and magnitude are

more scattered. No significant relationship exists between the profile magnitude and

inflection point.

The linear regression equations for the a and b coefficients, along with the mean

optimized c value, combined for both clustered groups, in equation 4.8 were tested in

the forward and inverse WT2000 equations. A similar relationship based on turbulent

and convective conditions just above the canopy from the measurements at 25 m
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Figure 4.10: Relationships between optimized Lopt,sig coefficients and measured vari-
ables separated according to values from cluster 1 (2) and cluster 2 (◦). (a) The
maximum value of the optimized profile (a) compared to the stability conditions
(zL−1) at 33 m. (b) Inflection point of the optimized profile (b) compared to the
measured LE at 33 m.

(ξ = w′θ′σ−1
w θ

−1) substituted for zL−1, as this combination improved the correlation

(a = 26.01zhξ − 0.31h, r2 = 0.37). These two linear correlations between a and ξ

and b and LE were substituted in equation ??. The forward calculations for several

of the dates using this scaled Lopt,sig produced erratic concentration predictions for

14 of the 112 half hour periods, and thus a low correlation between measured and

calculated concentrations (Table 4.1). Soil CO2 flux calculations were more scattered

than the constrained optimization, but still within a low range of values. Calculated

net CO2 fluxes were close to the measured values. Flux profile calculations resulted in

56 of the 110 half-hour periods with reasonable flux profiles throughout the canopy.

Profiles for the remaining dates showed spurious sources and sinks (e.g., mid-canopy
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sources in conditions suitable for photosynthesis) despite close approximations of net

and soil CO2 fluxes. No differences in the ability to calculate measured values was

found between the two different groups of Lopt,sig profiles.

4.4 Discussion and Conclusions

Results from this study demonstrated that an optimized sigmoid equation for L

profiles produced reasonable source and concentration calculations when used in the

WT2000 equations. Similar results were found using the optimized equation 4.8 in a

corn canopy (Chapter 3). For consistency with the literature, Figure 4.11 displays the

Lopt,sig as the Lagrangian time scale, T (L(z) = T (z)σw(z),) assuming the adherence

to Taylor’s frozen turbulence hypothesis) scaled with u∗, with separate plots for

the two main profile shapes as in Figure 4.8. The profile shape differs from those

previously suggested in the literature (Raupach, 1991; Siqueira et al., 2000; Leuning

et al., 2000; Styles et al., 2002), in that the T increases to a maximum point in the

lower half of the canopy in stable and neutral conditions (Figure 4.11a), and slightly

higher up and less dramatic in unstable conditions (Figure 4.11b). Lower values of σw

in the bottom half of the canopy led to a longer persistence time, but over a shorter

distance, since Lopt,sig values are low closer to the ground. Since a parametrization

of σw was used to convert L to T , scaling with detailed measurements of σw may

give a different perspective on the T profile.

The inverse parameter estimation allows for an examination of the properties

104



0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

1.2
z
 
h
−
1

T u∗ h−1
0 1 2

T u∗ h−1

(a) (b)

Figure 4.11: One optimized profile from each of the half-hour periods presented as
time scales, separated by the two main optimized profile shape. (a) Topt,sig belonging
to cluster 1, associated with neutral and stable conditions, and (b) Topt,sig belonging
to cluster 2, associated with unstable conditions.

of L in plant canopies. The magnitude of Lopt,sig and the height at which Lopt,sig

changes in magnitude varies according to environmental conditions specific to each

half hour. The relationship between zL−1 and the magnitude of Lopt,sig displayed

in Figure 4.10 aligns with the stability corrections given by Leuning (2000) that act

to increase Lagrangian time scale T parametrizations derived for neutral conditions

to values theoretically closer to T values in unstable conditions, and vice-versa for

stable conditions. Unlike parametrizations in the literature, the Lopt,sig coefficients

did not scale with u∗, indicating that stability conditions have greater influence on the

magnitude of the persistence of Lagrangian motions in the canopy than mechanical

mixing alone. The greater values of LE relates to an inflection point higher up in

the canopy (Figure 4.10b), suggesting that turbulence within the canopy cannot
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maintain the relatively higher degree of persistence at lower heights in the canopy.

Previous authors found better results from IL analyses with well-mixed conditions

within the canopy (Siqueira et al., 2003; Haverd et al., 2009; Santos et al., 2011).

The optimization of L in a corn canopy in Chapter 3 found acceptable Lopt profiles

prevail when Rb(z ≥ h) < 0. The majority of dates with acceptable profiles in

the forest canopy also occurred for half hours where Rb(z ≥ h) < 0; however, Rb

values within the canopy measured in this study were largely positive. The WT2000

equations are capable of forward and inverse calculations with these L despite the

incomplete coupling throughout the canopy as determined by Rb. The extent of the

coupling between the in and above canopy turbulence required for application of

the WT2000 equations is unclear. Examination of analytical Lagrangian analyses in

non-ideal conditions will help to determine this degree of mixing, and which stability

parameters give the best valuation of this.

Parameterizing equation 4.8 with variables related to stability (Section 4.3.3)

gave scattered results in the inverse and forward WT2000 calculations, and halved

the number of reasonable IL analyses when compared to the optimized coefficients.

Tighter correspondence between measured values and L parameterizations will in-

crease the practicality of IL analysis. The relatively poorer mixing conditions within

the canopy as discussed above may cause the optimization to capture errors related

to the violation of the WT2000 equation assumptions, thus reducing the prospect

of scaling the coefficients to any measured variable. Introducing a storage term into
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the WT2000 equations will offset these issues, or an exploration of possible vari-

ables related to Lagrangian turbulence properties not measured in this campaign in

a fully coupled plant canopy. However, the positive results from these IL calculations

provide some groundwork for examining the relationship between L and stability in

the canopy, and further optimizations are necessary to understand the circumstances

around these successful Lopt,sig parameterizations.

Substituting LE for the above-canopy L decreases the uncertainty in the L for the

WT2000 equations, thus increasing the functionality of IL analysis. This also adds

support to the assumption of β = 1 for equation 4.2. Conversely, the LE profiles

(Figure 4.3) differ from the optimized L profiles in that they remain essentially

constant throughout the bottom half of the canopy and increase to values a fraction

of the Lopt and Lopt,sig values. A more detailed LE profile is required to examine the

value of β in plant canopies; however, these results suggest a larger β value of ≈ 4 at

z = 25 m, and up to 16 at z = 13 m. Previous theoretical and experimental analyses

estimate at β > 1 (Degrazia et al., 1998), although the ratios between LE and L for

boundary layer flows are generally smaller than those observed in this study.

The encouraging results from the IL analysis of latent heat flux profiles with the

Lopt,sig substantiates the L estimations, and attests to the potential practicality of

IL analysis. Calculated net Qe fluxes reproduce the measured values (Table 4.1),

although not as close of an estimation as with the CO2 fluxes. Siqueira et al. (2003)

analyzed the amount of information about source strengths contained in CO2 and
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H2O concentration profiles. The error analysis showed that H2O profiles as measured

by a Licor-6262 did not provide as much information about the source distribution

as the CO2 measurements, which could account for the lessened agreement between

measured and calculated net Qe.

4.4.1 Conclusions

The optimization of L allowed for an examination of the characteristics of L in a

forest canopy. Optimizing the non-linear WT2000 equations poses difficulties since

an infinite number of solutions exist for a given set of equation inputs. Results from

the unconstrained optimization showed a consistent convex-shaped profile across the

majority of the half-hour periods. This consistency substantiates the persistence of

the canopy turbulence with this profile shape. All optimized profiles gave excellent

results in the forward and inverse WT2000 equations. Constraining the L profile

to a sigmoidal equation maintained the ability to recalculate measured CO2 concen-

trations and fluxes, and water vapour fluxes. This same sigmoidal equation gave

similar results when used in the WT2000 equations for the corn canopy in Chapter

3. Further work on using this profile shape in different plant canopies examining

various trace gases will help to establish this profile for use in IL analysis. The

repeatedly acceptable IL analysis results with the optimized profiles indicate that

with improved turbulence data, IL analyses are a reliable means of estimating source

profiles in plant canopies.
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Parameterizing the sigmoidal equation with measurable variables will increase

the practicality of the analytical Lagrangian equations. The optimizations detected

a connection between L and stability conditions. Two distinct profile shapes arose

according to the above-canopy stability conditions as determined by the Obukhov

length (Fig. 4.8), indicating that the degree of stability has an effect on the magni-

tude of L, as well as changes in the persistence of the vertical Lagrangian velocity

at different levels in the forest. Substituting calculated stability variables in the sig-

moidal equation for use in the WT2000 equations reduced the correlation between

measured and calculated concentrations and fluxes when compared to the optimized

coefficients, but still provides insight for future parametrizations of L. Greater de-

tail of in-canopy turbulence and stability conditions will facilitate improved profile

parametrizations, and this further exploration of the effects of stability conditions

on L will help to operationalize IL analyses.

Optimizations of analytical Lagrangian equations provide an indirect means of

assessing L, as the L profile is difficult to measure directly in plant canopies. The

promising results of the WT2000 equations with the optimized profiles gives weight

to these estimations of L. Expansion of Lagrangian measurement techniques (Mor-

dant et al., 2001; Toschi and Bodenschatz, 2009) to plant canopies will improve upon

investigations based on L optimizations, and increase the possibility of a parameter-

izable L.
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Chapter 5: General Conclusions

This thesis examined means of parameterizing the Lagrangian length and time scales

for use in inverse Lagrangian analysis. Further efforts towards the goal of a param-

eterized L profile will improve the practical application of IL analyses. Increased

knowledge of L will strengthen IL methods for uses such as the partitioning of soil

and canopy respiration and transpiration, or other situations where it is desirable

for a non-intrusive means to determine the distribution of scalar sources in plant

canopies. Several commonalities arose from the literature review (Chapter 2) and

optimizations of the Lagrangian length scale (L) in two different plant canopies

(Chapters 3 and 4). The operation of IL analysis, the relationship between L and

the Eulerian length scale (LE), and the conditions for application of IL analysis are

discussed in each study.

All studies demonstrated that inverse Lagrangian equations provide a promising

means of estimating source profiles from readily measured variables. Chapter 2

reviewed numerous studies from a variety of canopies and conditions demonstrating

the functionality of IL analyses and Lagrangian time scale (T ) parameterizations for
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field situations. Chapters 3 and 4 showed that when using an optimized L, inversions

of the Warland and Thurtell (2000) (WT2000) equation partition the within canopy

sources in a reasonable manner, along with close estimations of measured soil and

net CO2 fluxes. Chapter 4 took the analysis one step further by using water vapour

measurements, data independent of those used for the optimization, to examine the

IL calculation of water vapour fluxes. The successful partitioning of the vapour

fluxes illustrated the transferability of the optimized profiles to a different scalar

species within the same canopy, and demonstrated the capability of using optimized

L profiles in inverse analysis to partition canopy sources. Future studies may improve

upon IL source partitioning by comparisons with, or the incorporation of, information

from soil-vegetation-atmosphere transfer models. In addition, the optimizations in

Chapters 3 and 4 showed that with measurements of concentration profiles, soil

fluxes, and net fluxes, the WT2000 equations provides a means to calculate the

partitioning of in-canopy sources. Numerous long-term flux monitoring sites measure

these variables, and this method could be used to assess the separate responses of

understory and overstory canopies to environmental variables.

Parameterizations for T (Raupach, 1989a; Raupach et al., 1992; Massman and

Weil, 1999; Leuning et al., 2000; Styles et al., 2002) have been used in IL studies,

but a standard T parameterization for plant canopies remains elusive. From the

studies reviewed in Chapter 2 comparing IL calculated net fluxes to measured fluxes,

T parameterizations that reduce to zero at the ground (i.e., Raupach et al., 1992;
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Leuning et al., 2000; Styles et al., 2002) produce better results in the IL analysis

than those that increase closer to the ground, also noted by Wohlfahrt (2004) and

Qiu and Warland (2006). The studies in Chapters 3 and 4 optimized the WT2000

equations to find L profiles that resulted in close comparisons between WT2000-

calculated and measured values for a corn and a forest canopy. These optimal L

profiles were similar in magnitude to the parameterizations from the literature and

also reduced to zero at the ground. The system of equations used to solve for L has

an infinite number of solutions, yet the optimization found similar profile shapes in

unconstrained optimizations for two canopies with differing structures and mixing

conditions. In addition, the constrained optimizations found that the same sigmoidal

profile shape gave the best results in the WT2000 equations for both field campaigns.

Applying this L profile shape to IL analysis for different plant canopies will facilitate

further evaluation of this profile shape.

The studies in this thesis also provided insight into the relationship between T

or L and its Eulerian counterpart, LE. Since LE is easily measured, reseachers

have examined means of calculating these scales from LE. The forward and inverse

WT2000 equations using T = βLE/σw produces excellent results using the wind

tunnel data of Coppin et al. (1986) with its short, straight canopy (Raupach, 1989b;

Warland and Thurtell, 2000). This, along with the results of the inverse parameter

estimation with the Coppin et al. (1986) data in Chapter 3, supports the use of

β = 1, and a direct relationship between LE and T throughout the canopy. However,
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the discussion on using LE in place of T or L in plant canopies from Chapter 2

also showed that Eulerian and Lagrangian relationships may be more complicated

in plant canopies than the idealized flows where most Lagrangian measurements

originate. Uncertainty remains concerning using LE in IL analysis for field canopies

since no IL field study includes a detailed LE profile. Complicating matters is the

numerous studies showing T parameterizations resulting in good IL results, despite

these parameterizations rarely matching measured LE values.

Most of the research on the relationship between L and LE in the literature focuses

on estimations of β in wind tunnel or flume studies (Querzoli, 1996; Bourgoin et al.,

2007), or in the atmospheric boundary layer (Angell, 1964; Hanna, 1981). These

previous theoretical and experimental analyses estimate β > 1 (Degrazia et al.,

1998). Little is known about the relationship between these Eulerian and Lagrangian

quantities for canopy turbulence. Ratios between measured LE and L inferred from

the two optimization studies were generally larger than those estimated for boundary

layer flows. In the corn canopy, measured LE values were a degree of magnitude lower

that the optimized L profiles at 0.52h. LE values measured in the forest canopy in

Chapter 4 were also a fraction of the optimized L profiles that resulted in close

calculations of concentrations and fluxes with the WT2000 equations. The results

suggested a larger β value of ≈ 4 at z = 1.14h, and up to 16 at z = 0.59h. However,

substituting a Eulerian measurement for L above the forest canopy (z = 1.63h) with

β = 1 still produced good results in the analytical Lagrangian equations. A more
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detailed LE profile is required for this type of indirect assessment of the value of β

in plant canopies.

The survey of the literature in Chapter 2 also found that the IL equations give

better results in canopies containing flows that are more likely to be well-mixed with

the above-canopy air, indicating that other processes influencing scalar transport

may need to be included in analytical Lagrangian equations. This confuses the

assessment of T parameterizations because it is difficult to determine if instances

of poor performance of the IL equations are from the choice of T equation or the

turbulent conditions in the plant canopy. Future IL studies with known mixing

conditions, or with a storage term incorporated in the IL equations, will improve the

assessment of IL equations and canopy Lagrangian-Eulerian time scale relationships.

A full assessment of T parameterizations requires additional IL studies with greater

consistency amongst σw measurements, IL implementation, and stability conditions

to lessen the ambiguities in evaluating T parameterizations in order to find a standard

T equation.

The optimization of L profiles in the WT2000 equations in Chapter 3 found that

consideration of the bulk Richardson number (Rb) measured just above the canopy

may improve the confidence in source predictions from IL analyses. The majority

of time periods with more well-mixed conditions had optimized profiles capable of

recalculating concentrations and fluxes with the WT2000 equations. This is not

unanticipated as flow conditions within dense canopies can be decoupled from the
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above canopy flow (Santos et al., 2011; Haverd et al., 2009), thus violating the well-

mixed assumption of the WT2000 equation. There was no defining value for either

Rb or the Obukhov length (L) to signal when the equation begins to fail because time

periods existed with acceptable L when Rb > 0, and vice versa. A combination of

factors, or variables not measured in that campaign, may relate to the applicability

of the WT2000 equation, and additional work is required to determine a threshold

value of Rb. All optimized profiles from Chapter 4 were during times of well-mixed

conditions as measured just above the canopy, which could have contributed to the

high percentage of optimized L profiles for that study (85% successful).

Results from Chapter 3 indicated that L is dependent on environmental condi-

tions; however, no measured variable, including u∗ and the Obukhov length, scaled

with the coefficients of the constrained L profile. The lack of scaling may indicate the

existence of processes that evade the WT2000 equation, which the L optimization

then captures. Phenomena such as free convection and gravity waves could lead to

transport within the canopy (Nemitz et al., 2000; Siqueira et al., 2003; van Gorsel

et al., 2011) that is not accounted for in IL equations. Further testing of optimized

L profiles on independent data sets with more detailed in-canopy measurements is

necessary to investigate what environmental conditions influence the length scale

and thus improve the applicability of L parametrizations. Optimized coefficients in

Chapter 4 showed a weak degree of scaling with parameters related to the stability

just above the forest canopy, also indicating that either the length scale is influenced

115



by the stability conditions, or the effects of stability conditions on scalar transport

need to be accounted for in the WT2000 equations. Future studies could fully ex-

amine the effect of canopy structure on L as well with greater details on the canopy

composition.

No measurements of L currently exist. Verifying L profiles, and the relationship

between L and LE, will benefit from advancing Lagrangian measurement techniques

for use in plant canopies. This will provide a means of separating the performance

of T parameterizations from that of IL equations. Measurements of Lagrangian flow

properties have increased our knowledge of T in ideal flows (Porta et al., 2001; Toschi

and Bodenschatz, 2009). Application of these imaging techniques to plant canopies

is in its early stages with Eulerian particle imaging velocimetry measurements (van

Hout et al., 2007; Marchetto et al., 2010; Bai et al., 2012), and is proving to be a

promising gateway to understanding complicated canopy turbulence characteristics.

Wind tunnel studies with modelled canopies, along with added heat for different

stability conditions, will help to examine the effects of these complications that occur

in natural flows on the L profile. Progressive studies with a focus on measuring

turbulence in a Lagrangian framework in plant canopies will facilitate a thorough

means of evaluating and calculating scalar dispersion.
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