\\ \\
A

.

,
A

4

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

\
) \

4
/f
{

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL
OF SOCIETY

Novel Meteorological Methods for Measuring Trace
Gas Fluxes

O. T. Denmead

Phil. Trans. R. Soc. Lond. A 1995 351, 383-396
doi: 10.1098/rsta.1995.0041

i i i Receive free email alerts when new articles cite this article - sign up in
Email alerti ng service the box at the top right-hand corner of the article or click here

To subscribe to Phil. Trans. R. Soc. Lond. A go to:
http://rsta.royalsocietypublishing.org/subscriptions

This journal is © 1995 The Royal Society


http://rsta.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=roypta;351/1696/383&return_type=article&return_url=http://rsta.royalsocietypublishing.org/content/351/1696/383.full.pdf
http://rsta.royalsocietypublishing.org/subscriptions
http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

Novel meteorological methods for measuring
trace gas fluxes

By O. T. DENMEAD

CSIRO Centre for Environmental Mechanics, GPO Box 821,
Canberra ACT 2601, Australia
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The paper deals with flux measurements in two contexts: small plots and plant
canopies. Mass balance methods have been developed for small experimental plots
with lateral dimensions of tens of metres rather than the 1 m typical of cham-
bers or the hundreds of metres required for conventional micrometeorological
estimates. The general method relies on the conservation of mass to equate the
differences in horizontal fluxes across upwind and downwind boundaries of a test
plot with the surface flux within the plot along the line of the wind. Applications
to soil and animal experiments are discussed.

Lagrangian descriptions of transport now supplant older, but inappropriate
gradient-diffusion theory for inferring fluxes and source-sink distributions of
scalars in plant canopies. An inverse Lagrangian theory due to M. R. Raupach
provides a relatively simple observational and computational scheme for making
such inferences from measurements of mean concentration profiles and canopy
turbulence. The scheme and a range of applications are described.
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1. Introduction

The methods commonly used for measuring trace gas fluxes are appropriate on
either the microscale (chambers with length scales of order 1 m) or the macroscale
(conventional micrometeorological techniques requiring fetches of hundreds of me-
tres to kilometres). The notoriously large point-to-point variability of trace gas
emissions necessitates extensive replication of chamber measurements or the use
of larger space scales. Conventional micrometeorological methods, based on gra-
dient diffusion, eddy correlation or eddy accumulation, fill the latter need, but
require large, flat, uniform sites — usually difficult to find. Further, if the trace
gas is produced as a result of an imposed surface treatment, application over a

1 large area is likely to be expensive and time-consuming. The time course of gas
< emission immediately after the treatment is imposed may, however, be a desired
> E experimental result. Liberation of ammonia or pesticides from soil applications
o) s are two such examples. There is then a place for techniques appropriate to inter-
= mediate space scales, requiring test plots of, say, tens of metres in lateral extent.
=0 Small-plot meteorological techniques have been in existence for a considerable
LT O time, but the last decade has seen them used extensively for trace gas flux mea-
Hw» surement. Based on mass balance, the general method equates the differences in
2"2 horizontal gas fluxes across the upwind and downwind boundaries of a test plot
Yo with the surface flux of the gas within the plot along the line of the wind. Ap-
gs w Phil. Trans. R. Soc. Lond. A (1995) 351, 383-396 © 1995 The Royal Society
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384 O. T. Denmead

plications to measurement of trace gas fluxes from strips, circles and rectilinear
plots and from plane and point sources are described here.

While the net flux of a trace gas between surface and atmosphere may be
sufficient information in studies of atmospheric pollution or the compilation of
trace gas inventories, knowledge of the sources and sinks of trace gases within
the soil-plant system may be required for understanding at the process level. A
simple example is CO, assimilation by plants in the field where both atmosphere
and soil contribute. Early attempts at flux measurement within plant canopies
relied on gradient-diffusion approaches, but it is now apparent that this approach
is inappropriate in the canopy space (Finnigan 1979; Shaw et al. 1983; Denmead
& Bradley 1985, 1987; Raupach et al. 1986). Most of the transport occurs in short,
infrequent bursts when very large eddies penetrate downwards into the canopy
space. In these circumstances, mean concentration profiles provide inaccurate
and often misleading pictures of canopy transport. Apparent counter-gradient or
zero-gradient fluxes in the canopy space are common. The mean concentration
profiles reflect more the distribution of sources and sinks than the direction of
scalar transport.

Alternative approaches to canopy transport have been developed in conse-
quence, e.g. higher order closure models (Wilson & Shaw 1977; Finnigan & Rau-
pach 1987), large-eddy simulation (Shaw & Schumann 1992), wavelet analysis
(Collineau & Brunet 1993) and Lagrangian dispersion models (Raupach 1989a-
c¢; Raupach et al. 1992). This paper concentrates on Lagrangian dispersion, which
treats the canopy as an assembly of source elements, each releasing a plume of
scalar material into the turbulent air flow within and above the canopy. The be-
haviour of the plumes near and far from the source elements accounts for the
shapes of the mean concentration profiles developed in canopies and phenomena
such as the apparent counter-gradient flows mentioned above. Application of the
Lagrangian approach to the inverse problem of inferring source-sink distribu-
tions from the mean concentration profiles, first mooted by Raupach (1989¢) in
a Discussion Meeting of the Royal Society six years ago, has been a very signif-
icant recent development, providing a new way to calculate source strengths of
scalars within the canopy from relatively simple measurement and computational
schemes (Raupach et al. 1992; Denmead & Raupach 1993). Applications to flux
inference in crops of wheat and sugar cane are described here.

As indicated above, the emphasis of this paper is on application rather than
theory. Brief theoretical backgrounds are given for each of the methodologies
described. More detailed explanations of theory are contained in several of the
publications referred to.

2. Mass balance methods

Gases emitted from the ground spread vertically by turbulent diffusion and are
convected horizontally by the wind. Footprint analyses (e.g. Leclerc & Thurtell
1990) indicate that for neutral conditions and surfaces with roughnesses typical
of short crops and grasslands, more than 90% of the emitted gas is contained
within a cloud which extends to a height Z of about 1/10 of the fetch X. In un-
stable conditions, the height of the cloud will be greater and in stable conditions,
smaller. Figure 1 from Denmead (1983) illustrates these points. It shows profiles
of atmospheric ammonia concentration on the downwind edge of a 30 m wide
plot fertilized with urea, for three stability conditions. (The ammonia is formed

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 1. Influence of stability on shape of profiles of atmospheric ammonia concentration de-
veloped over urea-treated plots with fetch of 30 m. Abscissa is pg/( fo pe(2)dz/Z). L is the
Monin-Obukhov length. , Unstable (L = —3 m); — —, neutral; — - —, stable (L = 4 m).
(From Denmead 1983.)

through hydrolysis of the urea.) Stability is specified by the Monin-Obukhov
length L. As stability varied from highly stable (L = 4m) to highly unstable
(L =—3m), Z increased from 1.4 to 3.5 m.

The basic concept of the general mass balance method is simple. Consider
a semi-infinite cross-wind strip, whose width along the line of the wind is X,
emitting a gas whose atmospheric concentration on the downwind edge is p,, a
function of height 2. Let the upwind, background concentration be p;,, which may
also be a function of z. If the surface flux density of the gas is F', then from the
conservation of mass,

R
F=< [ U= mdz (2.1)
0

where U(z) is the total horizontal wind speed, as measured by a cup anemometer,
and the overbar denotes a time average.

A problem with the practical application of (2.1) is that the term is the mean
of instantaneous fluxes. Writing U, p, and p;, as the sums of means U, p,; and py

and fluctuations about those means U’, p, and p;,, equation (2.1) becomes

L7 e ) d
F=<| (Upg——Upb—l—U pg> 2. (2.2)

The first two terms in the integrand are the fluxes due to horizontal convection
while the third represents a turbulent diffusive flux in the opposite (upwind)
direction. The corresponding term in pj disappears because there is no horizontal
gradient in p, upwind. The first two terms, the products of the mean wind speed
and the mean concentrations, are the ones usually measured. Field tests suggest
that it might overestimate the true flux by about 15% (Leuning et al. 1985). Wind
tunnel tests suggest 10% (Raupach & Legg 1984), while theoretical calculations

Phil. Trans. R. Soc. Lond. A (1995)
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suggest up to 20% (Wilson & Shum 1992). An empirical correction of say, 15%,
may suffice, although bigger corrections may be needed in very small plots and
over very rough surfaces (Wilson & Shum 1992).

Passive samplers have been designed to measure the instantaneous horizon-
tal flux directly, thereby avoiding the problem just discussed. Passive samplers
for ammonia have been described by Leuning et al. (1985) and Schoerring et
al. (1992), but have not yet been devised for other gases. In what follows, it is
assumed that the surface flux can be calculated (with a small correction) from
profiles of mean horizontal windspeed and mean gas concentration on the upwind
and downwind boundaries of the source plot. Unlike conventional micrometeoro-
logical methods, the aim is to measure concentrations right through the boundary
layer developed over the plot rather than just in the shallow equilibrium layer
close to the surface, which extends to a height of only about X/100. In this regard,
the smaller the plot the better, whereas just the opposite holds for conventional
methods. Typically, source plots have lateral dimensions of about 20 m.

Example applications of the method are given in figure 2 which shows profiles
of U, (pg —py) and their product in three experiments concerned with emissions of
ammonia following nitrogen fertilizer applications. The profiles over short grass
have quite regular shapes and could be defined well enough by measurements
at five levels. Profiles in the crop canopies, however, were irregularly shaped
and required measurements at more levels to define them well enough for the
integration in (2.2).

The need to work with differences between upwind and downwind concentra-
tions can constitute a difficulty, not only because it entails extra measurement,
but also because it involves the subtraction of experimentally determined data —
an error-prone procedure. The technique is thus suited best to situations where
Py is small and experimental treatments generate fluxes that are large compared
to normal emissions. One such situation where the method has been used ex-
tensively is measurement of ammonia emissions following application of nitrogen
amendments to soils (see, for instance, Beauchamp et al. 1978; Denmead 1983;
Ryden & McNeill 1984; Jarvis et al. 1989; Freney et al. 1992). Determining emis-
sions from pesticide residues would be another highly appropriate application.
Recently, the method has been used to measure emissions of nitrous oxide and
methane during episodes of grazing (Jarvis 1990; Jarvis et al. 1993). Determina-
tion of methane production by cattle using a mass balance method is described
later.

(a) Plot shape

Usually, agricultural experimenters work with rectilinear test plots in which
fetch changes with wind direction. This necessitates careful and continuous mea-
surement of wind direction and introduces uncertainty into the calculations when
the direction changes significantly within a run. These problems are discussed by
Ryden & McNeill (1984) for semi-infinite cross-wind strips and are considered in
the context of square plots later in the paper. In the case of a plane source, the
problem of changing fetch can be overcome by working with circular plots, and
measuring U and p, at their centre. Regardless of compass direction, the wind
will always blow towards the centre and the fetch is always equal to the plot
radius. For a circle, however, a further correction may be necessary to account
for cross-wind diffusion, away from the plot centre. The calculations of Wilson
& Shum (1992) suggest that this correction is small. Circular plot technology is

Phil. Trans. R. Soc. Lond. A (1995)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

Novel meteorological methods 387

2.5 T T T T T T
(@) f (b)
0 - !
20 I
H |
= 5|
: : |
~ 2 ol |
> I
§ >_‘ 05 / IBackground\ ////?
.5 |- o |
O ~ / _} Top of grass \'
d E ) I | i L | ! /
= U o] 1 2 3 Q 10 20
I O 5 T T T T T
= 8 / a
4 |- l N 4 Strong wind

a Light wind

PHILOSOPHICAL
TRANSACTIONS
OF

e/
§ , -_//‘/ | Top of crop
[/ \
| N
\ A\\\‘
0 L 1 .2 1 "
o] 4 0 100
5 T T T

o .

Height {m)
e,
o

0 1 0 50 100
Wind speed (m/s) X NH, concenlratlcn(pg/ma) = Flux of NH, across centre
(pg mi?s™)

THE ROYAL
SOCIETY

Figure 2. Application of the mass balance method showing mean wind speeds, ammonia concen-
trations and horizontal fluxes at the centres of treated plots emitting ammonia after application
of urea fertilizer. Top for short grass, 0.2 m high, with a fetch of 25 m; centre for maize, 2.1 m
high, with fetch of 35 m; bottom for banana plantation, 2.75 m high, with fetch of 15.5 m. (From
Denmead 1994.)
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now adopted widely (see, for instance, Beauchamp et al. 1978; Denmead 1983;
Wilson et al. 1982, 1983; Wilson & Shum 1992).

(b) Theoretical profile shape

Both theory and experiment indicate that in some circumstances, it is possible
to infer the surface flux from measurements of the horizontal flux at just one
height. The main requirements are: (i) although the experimental plots should
be small, the areas in which they are located should be large and uniform so as
to ensure both horizontal equilibrium and predictable shapes for the wind and
eddy diffusivity profiles; (ii) the treated area should have very short vegetation,
if any, so that essentially all of the horizontal flux occurs in the unobstructed air
layer above the surface; (iii) the surface emission should be driven by processes in
the soil and/or vegetation rather than by the atmospheric gas concentration; i.e.
there should be a constant flux rather than a constant concentration boundary
condition at the surface.

In these circumstances, the profiles of concentration and horizontal flux density
have a theoretically predictable shape that is determined by surface roughness,
plot geometry and atmospheric stability (Wilson et al. 1982 and figure 1). From
their analysis of the influence of stability on profile shape, based on a trajectory-
simulation model, Wilson et al. (1982) predict the existence of a unique height
within the plot boundary layer at which the normalized horizontal flux, Upg/F,
has almost the same value in all stability regimes. They designate that height
ZINST. If the appropriate value of Up,/F is known, measurements of U and p,
at only that height are sufficient to calculate F. Wilson et al. (1982) give nomo-
grams for circular plots of 20 and 50 m radius which first allow ZINST to be
specified from knowledge of plot radius and surface roughness, and then per-
mit the determination of the normalizing factor (Up,/F). Denmead (1983) and
Wilson et al. (1983) give additional values for plots of 25 and 30 m radius.

Independent, empirical evidence for the existence of a ZINST is provided by
figure 1 which illustrates the effects of atmospheric stability on the shape of the
concentration profile. Although quite different in shape, the stable, unstable and
neutral profiles all intersect within a narrow height range whose mid-point is
about 0.8 m. The same behaviour can be expected for the horizontal flux den-
sity. Denmead (1983) provides further experimental evidence concerning ZINST,
including that presented in figure 3, which was obtained in measurements of am-
monia diffusion from urea-treated circular plots of short grass with a radius of
25 m. The figure shows plots of U p, at three different heights above the plot centre
against the surface flux density F' calculated from (2.2). It distinguishes between
measurements made at night when stable conditions prevailed and those made
during the daytime when conditions were mostly unstable. Lines of best fit which
pass through the origin were calculated for the night-time and daytime observa-
tions at each height. The influences of stability on profile shape manifested in
figure 1 are again evident: near the surface, at z —d = 0.15 m (d is the zero-plane
displacement), the ratio of Up, to F is clearly higher in stable conditions than in
unstable conditions, while in the top of the profile at 1.55 m, the reverse is true.
At 0.75 m, the scatter is much reduced and the ratio is virtually independent of
stability. Dividing the horizontal fluxes at that height by the slope of the line of
best fit to the data (11.3) gives the surface flux F in all stability conditions with
very small error.

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 3. Relationship between horizontal flux density of ammonia at three heights (Upg) and
surface flux density (') in urea-treated plots of short grass. Fetch over plot 25 m. Points are 2 h
averages: open squares and solid lines for day time observations; solid squares and dashed lines
for night time. Lines of best fit pass through the origin. (From Denmead 1983.)

(¢) Point sources

The general mass balance method outlined above, but using full profiles of U
and pg, has been used for measuring emissions of ammonia and methane from
grassland during periods of grazing by cattle and sheep (Jarvis et al. 1989, 1993).
A difficulty, in the case of methane at least, is that a good part of the gas produc-
tion is directly from the animals which constitute moving point sources that may
not necessarily be upwind of the central measuring point. A variant of the mass
balance approach that overcomes this problem has been used recently by the au-
thor and colleagues, L. A. Harper and J. R. Freney, to measure CH4 production
by grazing cattle. In that instance, a complete methane budget was made for the
field in which the animals were grazing.

Four cattle were grazed in a small field, 24 mx24 m. Sampling tubes were
mounted at four levels along the complete length of each side. The CH, content
of the air at each level was determined continuously by infrared gas analysis.
Figure 4a shows example profiles of CH, concentrations on each of the two upwind
and downwind boundaries. Wind speeds were measured at the same levels as the
sampling tubes, along with wind direction, in order to calculate the flow of air
across each boundary of the field, the U and V of figure 4b. The mean air flows
during runs of 33 min were then combined with the mean concentration profiles
to calculate first the horizontal flux profiles (figure 4b) and then the total fluxes
of CHy across each boundary (figure 4c). The net efflux from the field (the sum
of the S and E fluxes in figure 4c less the sum of the N and W fluxes) represented
CH, production by the cattle.

The potential of the method for investigating emissions from isolated point
sources or small intense land sources, is evidently very high. Other problems

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 4. (a) Vertical profiles of CH4 concentration on each boundary of experimental field
for one experimental run with a NW wind. N, S, E; W denote compass points; solid lines for
upwind profiles; dashed lines for downwind profiles. (b) Vector winds across N and S boundaries,
denoted by U, and E and W boundaries, denoted by V', and corresponding CH4 flux densities.
(¢) Wind direction and net CH4 fluxes across each of the boundaries. Stippled area represents
CH4 production by the cattle. Arrow indicates time of the run in (a) and (b).

for which it could be exploited include CH,; production from termite mounds,
production of CH,, CO,, N,O and toxic gases from landfills and dumps, and
N,O production during and after grazing.

3. Inverse Lagrangian techniques

The most comprehensive treatment of Lagrangian dispersion in the canopy
space is contained in publications on the topic by M. R. Raupach, notably Rau-
pach (1987, 1989a—c). Here it is possible to give only a rudimentary outline. A
feature of Raupach’s analysis is treatment of dispersion in separate regions near
to and far from the source elements (foliage elements and the ground). Scalar
concentration C within the canopy results from contributions C, from the near
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field and C; from the far field. Thus
C(z) = Cu(2) + Ci(2), (3.1)

where the subscripts n and f refer to the near and far fields. In the near field, dis-
persion is dominated by the local coherence of eddy motions. The near field region
extends about one canopy height downwind of any particular source. Within this
region, the size of the scalar cloud generated by a source element increases linearly
with the time of liberation or travel, ¢. In the far field, dispersion is dominated by
the randomness of the turbulence and the cloud size grows approximately as ¢'/2.
The dispersion process in the far field can be described by turbulent diffusion
along the mean concentration gradient.

The near field concentration is obtained from knowledge of the source strength
S and the turbulence, as characterized by o, the standard deviation of the
vertical wind speed w and 71, the Lagrangian time scale for vertical velocity,
which is a measure of the average persistence time of eddies. Designating the
height of a particular source element by zq,

ooS’(zg){ [ z—2 } [ z+ 2o }}

Cu(z =/ ——= Sk | ———| T ko | ——7— | ¢ 42, 3.2
(=) 0 Ow®o ow(20)T1.(20) ow(20)T1(20) ’ (32
where k, is a near field kernel derived and tabulated in Raupach (1989a). The

parameter o, is a datum of the problem and in practical applications to date, 71,
is obtained empirically from u,. In the applications described here,

Ty (2)u./h = max|co, k(z — d)/a,h], (3.3)

where h is canopy height, u, is the friction velocity, ¢, is an empirical constant
(set equal to 0.3), k is von Karman’s constant, d is the zero-plane displacement
and a; = 0 (2) /..

The far field concentration component is obtained by solution of the turbulent
diffusion equation,

F,=-K,0C;/0z, (3.4)
where K, the far field eddy diffusivity, is
K, =olT.(2). (3.5)

Through these equations, Raupach (1989b) relates concentration at any level i
(1 =1 to n) to the source strengths at all levels j (j = 1 to m) using a dispersion
matrix D with elements D,;:

Ci - CR = ZDijS]‘AZj, (36)

Jj=1

where Cy is the concentration at a reference level above the canopy, m repre-
sents the number of discrete source layers, each with strength S, and Az; is the
depth of source layer j. The elements D;; are calculated from the statistics of the
turbulence (u,, 0y, 71) through procedures described in Raupach (1989a, b).
Equation (3.6) is the solution to the forward problem, namely predicting con-
centrations from source strengths. Raupach (1989b) extends the Lagrangian anal-
ysis to the inverse problem, that of determining source strengths from the con-
centrations. In that paper, he recommends that to ensure a stable solution for

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 5. Measured profiles of oy /u. (where u. is the friction velocity above the crop) in the
canopies of wheat (dots) and sugar cane crops (squares).

the source profile S;, redundant concentration data should be included, so that
source densities, S}, in m layers are sought with n measured concentration values,
C;, with n > m. He goes on to describe a best-fit, least-squares procedure for
obtaining the §;.
(a) Applications

Raupach (1989b) tested his procedure for calculating S from C by analysing
data on the dispersion of heat from an elevated plane source in a wind tunnel
canopy. More recently, Raupach et al. (1992) have applied the inverse Lagrangian
model to the problem of inferring sources and sinks of water vapour and CO, in
the canopy of a wheat crop. This last analysis is now extended to an examination
of changing seasonal patterns of CO, exchange in the same wheat crop, and to
studies of heat and water vapour transport in the canopy of a crop of sugar cane.
Because of contrasting geometries, the two crops provide a stringent test of the
appropriateness of the near-field/far-field description of canopy transport. The
wheat crop was dense with a maximum green leaf area index of 3 and a separation
of 17.5 cm between the rows. The sugar cane crop was a ratoon crop with a
leaf area index of 1.5 and 1.5 m between the rows. In both cases, concentration
measurements were made at eight heights (two above and six within the canopy)
and the number of source layers was set at four.

Figure 5 shows normalized profiles of o, obtained with sonic anemometers in
each crop. The best-fit relationships shown in figure 5 were used to calculate
0w in individual experimental runs from measurements of w, above the crop.
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Figure 6. (a) Profiles of atmospheric CO, concentration within and above the canopy of a
wheat crop measured near midday at two-week intervals covering reproductive development and
senescence. (b) Corresponding profiles of the CO2 flux density in the canopy as determined by
inverse Lagrangian analysis.

As expected, the turbulence was extinguished much more rapidly with height
in the dense wheat canopy. At mid-canopy, oy /u, was only half as much in
the wheat crop as in sugar cane. Figure 6 shows a sequence of near-midday CO,
concentration profiles and the corresponding CO, fluxes calculated by the inverse
Lagrangian method in the canopy of the wheat crop, as the crop advanced from
the vegetative stage to near maturity over four weeks (figure 6a, b, respectively).
Notable features are the early dominance of CO, assimilation by the mid-canopy
foliage and its later dominance by CO, assimilation in the ears.

Figure 7 examines the credibility of the Lagrangian inferences by comparing
scalar fluxes at the top of the canopy predicted by the analysis, i.e. 3, 5;Az;,
with fluxes measured in the air layer above the crop by conventional micromete-
orological approaches.

Figure 7a shows excellent agreement between the fluxes of CO, to the wheat
crop predicted by the analysis and measured by eddy correlation. Figures 7b and
7c indicate similarly good agreement between predicted and observed fluxes for
the sugar cane crop. Figure 7b compares the inverse Lagrangian prediction of the
total flux of sensible heat from the crop to the atmosphere with measurements
via eddy correlation and the energy balance. Figure 7c does the same for water
vapour. The predictions agree as well with the means of the two micrometeoro-
logical measurements as these agree with each other.
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Figure 7. (a) Predictions by the inverse Lagrangian model of CO; fluxes at the top of the canopy
of a wheat crop (h) and direct determinations of the CO, fluxes by eddy correlation at h+1.5 m.
(b) Predictions by an inverse Lagrangian model of sensible heat flux at the top of a sugar cane
crop (h) and direct measurements of the sensible heat flux (H) from the canopy by the energy
balance and by eddy correlation. (¢) Ditto for latent heat.

Both investigations indicate that the inverse Lagrangian approach is a very
useful tool for calculating source-sink distributions in plant canopies. The ap-
parent success of the method in dense and open crops and for different scalars
is particularly encouraging. None the less, some problems still remain. These in-
clude the influence of thermal stratification on transport processes in the canopy
and a rigorous description of turbulent transfer at the ground, where the present
model is probably weakest.

I am grateful to my colleagues, F. X. Dunin, L. A. Harper, J. R. Freney and R. Leuning for
permission to use unpublished data we have obtained. I also acknowledge the contribution of
Michael Raupach, who has assisted me greatly in understanding and using his inverse Lagrangian
technique.
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