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Using Turbulent Transport Theories
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ABSTRACT

This study reports recent developments in mulitlayer turbulent
transport methods to compute distributions of strengths of scalar
sources and sinks S, as well as turbulent fluxes F, within the plant-
atmosphere continuum. In particular, we focus on the so-called “in-
verse methods” that estimate S, from measured mean scalar concentra-
tion (or temperature) distribution within the canopy without resorting
to any ecophysiologically based input. These approaches are able to
reproduce measured turbulent fluxes above and within the canopy
without relying on gradient diffusion formulation. Comparison be-
tween measured and modeled sensible heat flux vertical attenuation
within the canopy suggests that all three methods provided compara-
ble root-mean squared error (RMSE) (~50 W m™?). Furthermore,
correcting for local atmospheric stability significantly improved the
agreement between model calculations and measurements. Compari-
sons between measured and modeled land surface fluxes of sensible
heat, latent heat, and CO, above the canopy are conducted using
wavelet spectral methods applied to a wide range of temporal scales
(30 min-2 yr). This study is the first to rigorously assess the perfor-
mance of several inverse methods for such a broad range of time
scales. We found that the three inverse modeled flux spectra bound
the measured one. Hence, spectral agreement among the three models
provides the necessary confidence in calculated fluxes and scalar
sources. Conversely, large disagreement between the inverse models
“flags™ large uncertainties at those particular time scales.

ONE OF THE MAJOR CHALLENGES in quantifying mass
(water vapor, CO,) and energy exchanges between
the land surface and the atmosphere is that vegetation
is a biologically active source or sink of matter and
energy and can modify its microclimate through com-
plex turbulent exchange processes. How vegetated sur-
faces interact with their local microclimate, which in
turn influences the exchange of CO,, water vapor, and
heat with the atmosphere has received considerable at-
tention. In fact, variants on this question form key re-
search themes in the Carbon Cycle Science Plan (Sar-
miento and Wofsy, 1999) and the Water Cycle Science
Plan (Hornberger et al., 2001) of the United States Glo-
bal Change Research Program (USGCRP). This is not
surprising given the modulating role of the biosphere
on global atmospheric CO, concentration (Wofsy et al.,
1993) and on the general spatial and temporal character-
istics of the water cycle (Chen et al., 2001; Maurer et
al., 2001). A direct outcome of such attention is the
emergence and exponential growth of four continental
flux-monitoring networks: EuroFlux, AmeriFlux, Asi-
aFlux, and OzFlux (Valentini et al., 2000; Kaiser, 1997),
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all participating in a world-wide flux monitoring initia-
tive known as FluxNet (Baldocchi et al., 2001).

Within FluxNet, many of the flux measurements are
conducted within the canopy sublayer of tall forests,
thereby prohibiting the use of single-layer (or big leaf)
approaches to link turbulent fluxes with their microcli-
mate. Here we consider mulitlayer theories (Finnigan
and Raupach, 1987; Raupach, 1988) which explicitly
consider the nonuniform vertical structure of the canopy
and can resolve the subsequent feedbacks of such non-
uniformity on the microclimate via complex turbulent
transfer processes. The objective is to present and evalu-
ate recent advances in methods that estimate scalar
source-sink distribution within the canopy using multi-
layer transport theories and over a broad range of time
scales, ranging from minutes to years.

Multilayer theories are commonly classified as either
“forward” or “inverse” depending on the types of mea-
surements performed (Raupach, 1989a,b). In forward
approaches, the source strength and location is specified
such that knowledge of the turbulent transport mechan-
ics permits the estimation of downwind mean scalar
concentration and flux distribution. The inverse prob-
lem utilizes measured mean scalar concentration distri-
bution downwind from the source in concert with knowl-
edge of the turbulent transport mechanics to infer the
source-sink strength distribution. The interest in inverse
models is driven, in part, by the fact that mean concen-
tration can be more easily measured (or monitored)
within the canopy than can the actual sources and sinks,
or fluxes. Furthermore, these methods do not require
any ecological or ecophysiological input, making them
suitable for long-term source-sink calculations. To date,
no one study evaluated inverse models over a broad
range of time scales ranging from hour to years.

While we focus on inferring sources and sinks within
the canopy volume, we stress that both their interpreta-
tion and controls cannot be divorced from their counter-
part in the vadose zone. For example, water vapor sources
in the canopy volume are strongly impacted by the hy-
draulics of root water uptake; forest floor respiration is
intimately linked to root and microbial respiration,
which in turn are influenced by the amount of C seques-
tered by the leaves. Hence, it is constructive to probe
some analogies between the laminar fluid flow com-
monly encountered in the vadose zone and turbulent
flows inside canopies before presenting the inverse mod-
els for the canopy volume.

Canopy Turbulence vs. Vadose Zone Transport

Biological sources (or sinks) and fluxes are directly
related by a scalar continuity equation (in the vertical

Abbreviations: ASL, atmospheric surface layer; EUL, Eulerian clo-
sure “inverse” model; HEL, hybrid Eulerian—Lagrangian model; LNF,
localized near field theory; ODE, ordinary differential equation.
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dimension), whether be it in the canopy atmosphere or
the vadose zone (see Fig. 1), which is given by
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where C is the mean concentration of a scalar entity C
(i.e., H,O, CO,, and air temperature T,), F, is the mean
vertical flux of the scalar entity (e.g., Fco, Fino, and Fr
are the CO,, H,O, and sensible heat fluxes at height z,
respectively), and S, is the mean vegetation source
strength (i.e., sink implies S. < 0) at time ¢ and height z
above (or below in the case of vadose zone) the ground
surface.

For canopy flows, all mean quantities are subject to
both time and horizontal averaging as described by Rau-
pach and Shaw (1982). The scalar continuity equation
(Eq. [1]) can be used to compute one of the unknowns
(C, F,, S.), provided additional information is available
on the remaining two variables.

Early attempts to estimate biological sources and
sinks S, from mean concentration C relied on the so-
called “K-theory”, which relates F, to the vertical gradi-
ent of C using some effective eddy diffusivity K, (z).
Combining this approximation with Eq. [1] for station-
ary conditions leads to

The right-hand side of Eq. [2] depends only on C and K.

The formulation in Eq. [2] is common to many con-
temporary vadose zone transport problems involving
biologically active sources or sinks. For example, esti-
mating root water uptake (Su0), production or con-
sumption of methane gas (Scy,) in the soil pore space,
and root and microbial production of CO, (Sco,) for the
root-soil components all lead to nonlinear diffusion-
like equations (e.g., Jury et al., 1991):
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where 6 is the soil moisture content; K(6) and {s(6) are
the soil hydraulic conductivity and retention functions,
respectively; Dy is the soil gas diffusivity, which depends
on the molecular diffusivity of species & as well as the
soil physical properties (e.g., air-filled porosity, temper-
ature); and Cy is the pore-space concentration of species
¢ In Eq. [3], a laminar flow approximation permits the
usage of Darcy’s and Fick’s Laws to estimate fluxes
from gradients of the state variables, thereby reducing
the estimation of S, to solving diffusion equations analo-
gous to Eq. [2], provided concentration or soil moisture
content are measured in depth and time.

Within the atmospheric surface layer, (ASL, see Fig. 1),
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Fig. 1. Schematic of the canopy sublayer (CSL) domain bounded by
the vadose zone and the atmospheric surface layer (ASL), where
h is the canopy height. An elemental volume of thickness dz suffi-
ciently large to include biological sources and sinks are shown in
the canopy sublayer and the vadose zone. Inverse problems in both
domains estimate such biological sources and sinks from the depth-
time measured concentration, temperature, or soil moisture content.

successes of surface layer similarity theory (e.g., Brut-
saert, 1982, p. 209-230) to predict K,, from the velocity
statistics, given by

_ k(Z - dc)u*
" b (z/L)

profoundly influenced the search for an analogous for-
mulation inside canopies, where k is the von Karman
constant, d. is the scalar zero-plane displacement height,
us is the friction velocity, ¢. is a stability correction
function, and L is the Obukhov length (e.g., Brutsaert,
1982, p. 209-230). With such a K,, model, the analogies
between Eq. [2] and [3] are evident: both equations are
inferring biological mass production (or consumption)
within a porous media (soil or foliage) by continuous
diffusion transfer.

However, by the 1970s and early 1980s, it was recog-
nized that the canopy sublayer (Fig. 1) possesses unique
attributes prohibiting the use of “gradient-diffusion”
models or K-theory that appears to be reasonable in the
vadose zone and for ASL transport. A local imbalance
between production and dissipation terms in the scalar
flux budget can lead to the so-called “counter-gradient”
fluxes—or negative diffusivities (Finnigan, 2000). Limi-
tations of K-theory are well recognized (e.g., Raupach,
1988; Wilson, 1989) and documented by several field
experiments (e.g., Denmead and Bradley, 1985; Katul
et al., 1997b) and laboratory studies (e.g., Coppin et al.,
1986). Raupach and Tom (1981) provided a detailed sur-
vey of the early field and laboratory experiments that led
to a better understanding of the inadequacies of K-theory.
In the last 15 yr, two basic approaches have emerged to
circumvent the limitations of K-theory in canopy flow
inverse models: Lagrangian dispersion models (e.g., local-
ized near field theory) and higher-order Eulerian closure
models. This study evaluates the performance of such
methods to reproduce land—-atmosphere fluxes of heat,



60 VADOSE ZONE J., VOL. 1, AUGUST 2002

water vapor, and CO, for time scales ranging from 30
min to multiple years.

Inverse Models of Canopy Flow

In this section, a brief review of three inverse methods,
including Eulerian, Lagrangian, and hybrid schemes is
provided for completeness.

The Localized Near Field Theory

The localized near field theory (LNF), proposed more
than a decade ago, has gained popularity among the
inverse methods. It was successfully applied over a wide
range of vegetation types, including artificial vegetation
in wind tunnels, rice canopies, and pine forests (Rau-
pach et al., 1992; Denmead and Raupach, 1993; Den-
mead, 1995; McNaughton and Van den Hurk, 1995; Van
den Hurk and McNaughton, 1995; Katul et al., 1997b;
Massman and Weil, 1999; Leuning, 2000; Leuning et al.,
2000; Warland and Thurtell, 2000; Katul et al., 2001b).
The basic premise of LNF is that the difference in the
mean scalar concentration C at any height z and a refer-
ence value Cy measured above the canopy at zz (zg >
h) is calculated by a superposition of near field (C,)
and far field (C;) contributions:

C(z) — Cr = Cy(2) + Ci(2)

Raupach (1989a,b) showed that the near field contri-
bution is computed via a kernel function:

Gl = L 5%?3 {kan(ZSO)‘TfESOJ ! “[ow(zso;TiZso)“ds‘]

where s, is a dummy variable, o, is the vertical velocity
standard deviation, and 7} is a lagrangian time scale.
An analytical approximation for the kernel function k,
was also derived by Raupach (1989a) and is given by:

ky(£) = —0.39894In[1 — ¢ ] — 0.15623¢¢

The far field contribution is calculated using results
from the near field and a gradient-diffusion relationship
and is given by:

_ R FC(Z)
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and the Lagrangian time scale can be estimated by:
Ti(2)us
—, B

where, B (~0.1) is a constant (see also Raupach et al.,
1996), and us is the friction velodity.

With these formulations for C, and C;, and with direct
concentration measurements within the canopy, it is
possible to estimate the sources and sinks via Eq. [2].
One practical limitation to applying the above formula-
tion is that the measured C is “infected” with sampling
and instrumentation errors. Such errors are likely to
introduce spurious and large oscillations in the com-
puted S.. To avoid numerical instability when computing
S., redundant concentration measurements are neces-
sary (i.e., the number of concentration measurements
n must exceed the number of source layers m).

As shown in Raupach (1989a), such redundancy

transforms the inverse problem into a regression prob-
lem given by

%Aijk =B (j=1,...,m) [4]

k=1
where:
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Once Aj and Bj are determined from the measured
concentration and modeled dispersion matrix (Dj), the
estimation of the source strength can be readily
achieved. Details on the generation of D; can be found
in Raupach (1989a,b). The LNF approach does not
allow for non-zero vertical velocity skewness, strong
inhomogeneity in vertical source strength variation, or
mean horizontal velocity variation within the canopy.
These limitations can be relaxed in practice if one in-
vokes a second-order Eulerian closure “inverse” model
(EUL), as proposed by Katul and Albertson (1999) and
described next.

Eulerian Methods

Upon applying time and horizontal averaging, the
steady-state scalar conservation equation for planar ho-
mogeneous and high Reynolds and Peclet number flows
(neglecting molecular diffusion) can be written as (Fin-
nigan, 1985; Raupach, 1988):

iC_,_ awC
ot 0z

where primes denote fluctuations from time averages
and w is the vertical velocity. Equation [5] is identical
to Eq. [1] if F, = w'C’ is the scalar vertical flux. The
corresponding time and horizontally averaged conserva-
tion equation for the vertical scalar flux budget is:

W _ o 9 aww o L9p!
ot 0z 0z 0z
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where p’ is the static pressure perturbations.

In Eq. [6], scalar drag, and waving source production
were neglected (Finnigan, 1985). The terms P, and Ps
are unknowns requiring closure approximations. The
flux transport term (P,) is modeled after Meyers and
Paw U (1987), and the dissipation term (P;) is modeled
after Finnigan (1985). These approximations are:

+ S, [5]

ww'C = T{—w'w’w’(ac) - w’C’(LV u )
3 0z dz
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where C, and C; are closure constants and T is an Eu-
lerian time scale given by T = g%, ¢ (= Vu/u/) is a
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characteristic turbulent velocity, € is the mean rate of
viscous dissipation, and u; are the velocity components
in the x; (or x), x, (or y), and x; (or z) directions,
respectively, with x; aligned along the mean wind direc-
tion so that u, = 0. The relaxation time T is only depen-
dent on the velocity statistics and can be computed from
momentum higher-order closure models (Meyers and
Paw U, 1986; Katul and Albertson, 1998;1999; Katul and
Chang, 1999) or LES techniques (Shaw and Schumann,
1992; Shen and Leclerc, 1997; Dyer et al., 1997; Albert-
son and Parlange, 1999).

We note that when P, < Py, the flux-transport term
can be neglected and K-theory is recovered to give:

o
e _(Ww)ac,
C4 0z
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C,

Hence, failure of K-theory is commonly attributed to a
large flux transport term (e.g., Deardorff, 1978) within
the canopy volume (in Eulerian formulations).

Upon combining these closure approximations with
the scalar budget, the scalar turbulent flux within the
canopy can be computed from (Katul and Albertson,
1999):
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The measured mean concentration profile affects the
flux distribution calculations through A,(z). The flow
statistics w'w’, w'w'w’, and T can be estimated from
momentum transport second-order closure principles,
such as the model proposed by Wilson and Shaw (1977)
or Wilson (1988) (see Katul and Albertson, 1998). In
contrast to LNF, the EUL model of Katul and Albertson
(1999) can incorporate non-Gaussian w statistics (e.g.,
nonzero w'w’'w’) and advective scalar transport. How-
ever, the EUL model calculations of S. and F. are sensi-
tive to measurement errors in C (at least when compared
with LNF) because of the lack of any redundancy in
the inversion for S, from measured C (Katul and Albert-
son, 1999; Siqueira et al., 2000). Hence, it is desirable
to construct a model that combines advantages of both
EUL and LNF. Such a model, known as a Hybrid Eu-
lerian—-Lagrangian (HEL), is discussed next.

Hybrid Eulerian-Lagrangian Method

The hybrid Eulerian-Lagrangian model was pro-
posed by Siqueira et al. (2000) to include many of the
advantages of EUL and LNF in one inversion scheme.
The method adopts a second-order closure model, simi-
lar to the one described above, to estimate the elements
of D; but computes S, from the robust regression algo-
rithm of Raupach (1989a,b) given by Eq. [4].

That is, the second-order ordinary differential equa-
tion (ODE) describing the concentration profile from
a prescribed source is given by:

RS + B - B 7]

8
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The flux w'C’ is calculated by simply integrating the
unit source placed at one layer via Eq. [5] to determine
the corresponding C from this unit source. In essence,
the elements of D; are computed by (i) positioning a
unit source at a layer located at node j; (ii) integrating
this source profile to obtain the w’C’ profile; (iii) solving
the ODE in Eq. [7] for the concentration at all i nodes
resulting from the unit source placed at node j, where
n is the number of layers within and above the canopy
for which concentration measurements are available;
and (iv) repeating this procedure for j = 1,..m (m <
n) to obtain all the elements of the D; matrix, where
m is the numbers of source layers.
The scheme includes the LNF regression inversion in
a more physically sound forward calculation of Dy,
which also includes the effects of non-zero w'w’w’ on
D; through the coefficients B; and B,.

+ 2w’w’avz;cﬂ + C4W <

0z Z T

Local Buoyancy Effects on Inversion Schemes: A Case
Study with Sensible Heat

Thus far, all three methods assumed neutral atmo-
spheric conditions. To account for local buoyancy ef-
fects, we consider the EUL method of Katul and Albert-
son (1999) as a case study. The time and horizontally
averaged conservation equation for (w’T") as a function
of (T) for stratified turbulent flows is
Iw'T") _ 0

ot

_ —<W>8<T> _ a<W’W’T’> 1<T/%> + é(Tiy)
0z 0z p 0z T
When compared with Eq. [6], the new term in Eq. [§]
is the buoyancy production term, which varies with the
virtual temperature variance. To estimate (7"?), a tem-
perature variance budget, given by
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is used with the following closure models for the trans-

port term (w'T'T") and the dissipation term (€;7):
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where Cs is a closure constant.

Upon combining these approximations, a set of sec-
ond-order ODEs can be derived for estimating (w'T")
and (T'%). The boundary conditions proposed by Katul
and Albertson (1999) and Meyers and Paw U (1987)
were adopted. This approach was first proposed by Si-
queira and Katul (2002), and they determined the clo-
sure constants to be C;, = 2.5, C; = 3.0 and Cs = 0.5,
also used here.

EXPERIMENTS

Two sets of experiments were conducted at the Black-
wood Division of the Duke Forest near Durham, NC
(36° 02" N, 79° 8" W, elevation = 163 m). The first set
is a heat dispersion experiment aimed at assessing how
well the models recover the vertical flux distribution.
The second set is a long-term heat, CO, and H,O disper-
sion experiments aimed at assessing how well the models
recover the temporal variability of land surface fluxes
above the canopy. Details of the setup are presented in
Siqueira et al. (2000). However, for completeness, a
brief review is provided. The stand is a uniformly
planted loblolly pine (Pinus taeda L.) forest that extends
300 to 600 m in the east—west direction and 1000 m in
the north—south direction. The mean canopy height was
14.0 m (=0.5 m) in 1998. Topographic variations within
the stand are small (terrain slope changes <5%) such
that the influence of topography on the turbulent fluxes
can be neglected (Kaimal and Finnigan, 1994).

The Heat Dispersion Experiment

To assess the vertical distribution of scalar fluxes in-
side the canopy, simultaneous mean temperature pro-
files and turbulence statistics were measured inside the
canopy. The mean temperature was measured at eight
levels (1.5, 3.5,5.5,7.5,9.5, 11.5, 13.5, and 15.5 m) using
shielded Copper Constantan thermocouples (20 gauge,
diameter = 0.812 mm). The thermocouples were sam-
pled every 1 s and averaged every 1800 s (30 min).
Calibration of the thermocouples is described in Si-
queira et al. (2000). These thermocouple measurements
are also used for the long-term flux monitoring.

The velocity statistics and turbulent heat flux distribu-
tion were simultaneously measured at 3.0, 4.9, 8.6, 10.9,
12.2, and 15.5 m above the forest floor using six Camp-
bell Scientific triaxial sonic anemometers (CSAT3,
Campbell Scientific, Logan, UT). The sampling fre-
quency was 10 Hz, and the sampling period was 1800 s
(30 min) per run. More than 150 runs were collected in

2000 during two periods, 19 to 23 April and 20 to 27 Oct.,
and for a wide range of atmospheric stability conditions.

The Long-Term Mass and Heat
Dispersion Experiments

To assess how well these three methods reproduce
the temporal patterns of scalar fluxes above the canopy,
a long-term record of CO,, water vapor, and sensible
heat fluxes above the canopy and mean CO,—water va-
por concentration, and mean temperature profiles
within the canopy were used. This data set is being
collected as part of an ongoing long-term H,O-CO, flux
monitoring initiative at the Duke AmeriFlux site (Katul
et al., 1999; Lai et al., 2000a,b). We focus on a long-
term temperature, water vapor, and CO, data set col-
lected from March 2000 to September 2001, which re-
sulted in 16 165 30-min simultaneous flux and concentra-
tion profile runs for all three scalars.

The sensible heat, CO,, and H,O fluxes above the
canopy were measured by an eddy-covariance system
comprised of a Licor-6262 CO,/H,O infrared gas ana-
lyzer (LI-COR, Lincoln, NE) and a Campbell Scientific
triaxial sonic anemometer. The CSAT3 was positioned
at 15.5 m above the ground surface and was anchored
on a horizontal bar extending 1.5 m away from the
walkup tower top. The infrared gas analyzer was housed
in an enclosure 4.5 m from the inlet cup, which was
positioned just under the CSAT3. Sampling flow rates,
tube attenuation, and lag time corrections are discussed
in Katul et al. (1997a,b).

The eddy-covariance instruments were sampled at
5 Hz using a Campbell Scientific 21X data logger and
processed using the procedures described in Katul et
al. (1997a,b) with scalar covariance computed after max-
imizing the cross correlation between vertical velocity
fluctuations and scalar concentration fluctuations for
each 30-min run. Other measurement and processing
corrections were described in Katul et al. (1997a,b).

In addition to the thermocouples, a multi-port system
was installed to measure the mean H,O and CO, concen-
tration inside the canopy at seven levels above the
ground surface (3.5,5.5,7.5,9.5,11.5, 13.5, and 15.5 m).
The concentration at each level was sampled for 60 s
(45-s sampling and 15-s purging) at the beginning, the
middle, and the end of a 30-min sampling duration by
another Licor 6262 housed in a wooden shed 15 m away
from the tower. The flow rate within the tube (i.d. =
4.23 mm) was set at 1.5 X 107> m® s™! to dampen all
turbulent fluctuations.

The shoot silhouette area index was measured in the
vertical at increments of 1 m by a pair of Licor LAI
2000 plant canopy analyzers four times a year starting
in 1996. A subset of this data set was used to generate
the flow statistics needed by all three methods. In a
first-order analysis, to model the flow field, it was as-
sumed that the LAI 2000 plant canopy analyzer mea-
surement is analogous to the leaf area density a(z).
Hence, with such an approximation, the Wilson and
Shaw (1977) closure model described in Appendix A
can be used to compute the flow statistics.
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Fig. 2. Comparison between 30-min measured and modeled sensible heat flux (H) at all six levels within the canopy. Modeled sensible heat fluxes
by the Eulerian method, corrected for local atmospheric stability, are also shown. Table 1 lists the regression statistics for these comparisons.

RESULTS

We present the comparisons between fluxes predicted
by the three inverse models and measured by eddy-
covariance methods in time and depth within the can-
opy volume.

Vertical Variation: Heat Dispersion Experiment

Using the three inverse models, we modeled the sensi-
ble heat flux within the canopy at six levels and com-
pared the model calculations with eddy covariance mea-

surements (Fig. 2) for each 30-min run. All three models
reproduced the statistics of the 30-min sensible heat
fluxes reasonably well (Table 1) across all levels. The
RMSE from all three models (not corrected for local
atmospheric stability) was about 50 W m 2. Examination
of Table 1 also suggests that stability corrections to the
EUL model significantly improved the overall compari-
son between measured and modeled sensible heat flux.
We consider next whether such an agreement persists
over a broad range of time scales and for different sca-
lars such as water vapor and CO,.
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Fig. 3. Time series of eddy-covariance measured sensible heat flux (H) (top), latent heat flux (LE) (middle), and CO, flux (or Net Ecosystem
Exchange, NEE) (bottom) are shown. Note the large and random gaps in the record. Abscissa origin refers to 1 Jan. 2000.

Temporal Variations and Multiscale Attributes
of Land-Surface Fluxes

We compare spectrally the modeled and measured
sensible heat, latent heat, and CO, fluxes. A spectral
comparison between measured and modeled fluxes is
more illustrative than standard regression analysis (e.g.,
Table 1) given the inherent multi-scale attributes of
these three land-surface fluxes. For example, flux vari-
ability at time scales ranging from hours to a week is
primarily controlled by environmental variables such as
incident solar radiation, air temperature, vapor pressure
deficit, and precipitation. At seasonal time scales, vari-
ability in canopy attributes such as leaf area density, and
leaf physiological attributes such as maximum quantum
efficiency, leaf absorptivity, photosynthetically active
radiation, or maximum Rubisco capacity all introduce

Table 1. Comparison between measured and modeled sensible
heat (W m~?) for all six levels and atmospheric stability condi-
tions. The regression model is H (model) = Slope H (ec) +
Intercept. The correlation coefficient (R) and the root-mean-
squared error (RMSE, [W m™2]) are shown along with the
total number of points used (N).}

Sensible heat EUL HEL LNF EUL stab
N 1314 1314 1314 1314
Slope 0.71 0.69 0.75 0.82
Intercept, W m? —13.88 —14.92 —18.23 —4.93
RMSE, W m 2 52.93 53.53 59.93 46.47
R 0.64 0.63 0.60 0.71

¥ EUL, Eulerian closure “inverse” model; LNF, localized near field
theory.

additional “variances”. Hence, to diagnose how well the
inverse models reproduce the flux variability at such a
broad spectrum of time scales a spectral representation
is most suitable. We note that standard Fourier spectral
analysis cannot be readily used for such spectral compar-
isons. This is, in part, due to the unavoidable random
(and large) gaps in both measured and modeled flux
time series (see, e.g., Fig. 3). Towards this end, orthonor-
mal wavelet transformation with a localized basis func-
tion in time (e.g., Haar wavelet) is used. The computa-
tion of orthonormal wavelet spectra from the wavelet
transform of such “gap-infected” time series is described
elsewhere (Katul et al., 2001a).

In Fig. 4, predicted and measured Haar wavelet spec-
tra of sensible heat, latent heat, and CO, fluxes are
compared. The figure demonstrates that:

1. Neither measured nor modeled flux spectra decay
as the time scale increases (even after 1 yr). Clearly,
with increasing time scales beyond a single year, a new
source of variability associated with growth and stand
age becomes dominant. This implies that the flux time
series is a nonstationary process and hence cannot be
properly analyzed by standard Fourier methods.

2. The EUL corrected for atmospheric stability greatly
improved the agreement between predicted and mea-
sured sensible heat flux spectra, at least when compared
with the original EUL model of Katul and Albertson
(1999). This is in concert with the findings in Fig. 2 and
Table 1.
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3. The LNF overpredicted variability at all time scales
for CO, and water vapor fluxes when compared with
EUL and HEL. Interestingly, Leuning (2000), Leuning
et al. (2000), Siqueira et al. (2000), and Katul et al.
(2001b) reported similar overestimation in the time do-
main. Also, EUL and HEL systematically underesti-
mated the measured flux variability at time scales rang-
ing from 1 to 10 d, and for all three scalars. These time
scales are associated with day-to-day differences in envi-
ronmental factors forced by different weather patterns.

4. Measured flux spectra appear to be bounded by all
three inverse models and for all the three scalars analyzed.

DISCUSSION AND CONCLUSION

This study described recent developments in inverse
methods to infer distributions and strengths of scalar
sources and sinks of water vapor, C, and heat within
the canopy volume for a wide range of time scales from
30 min to years. The inverse approaches considered do
not resort to empirical relationship between turbulent
scalar fluxes and mean concentration gradients.

Given that these inverse models do not require any
hydrologic, climatic, or ecophysiological input, and given
that the measured flux variability spans three decades,
the comparison between measured and modeled fluxes
is a promising first step, but still leaves much to be desired.
It is clear from Fig. 4 that correcting for atmospheric
stability is a first step towards improving the frequency
response of the Eulerian models. Future inverse schemes
clearly benefit from explicitly considering the role of local
atmospheric stability and should resort to a nonsteady
formulation in their continuity and flux-budget models.

Also, given that the inverse problem itself is ill posed,
we envision the application of all the three methods
for routine source inference to be more beneficial than
recommending a particular method. These methods differ
in their basic assumptions; hence, agreement amongst all
three methods adds confidence in the modeled source
strength and simplifications for a particular scalar con-
centration profile. Similarly, disagreement between them
highlights the magnitude (and location) of the uncer-
tainty in the modeled source distribution (in space) or the
failure to capture flux variability at a particular time scale.
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APPENDIX
Wilson and Shaw’s Model

Upon time and horizontally averaging the mean momentum
and Reynolds stress equations for neutral conditions, the sec-
ond-order closure model of Wilson and Shaw (1977) reduces to
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Fig. 4a. Comparison between measured and modeled Haar wavelet
spectra for sensible heat flux (H).

10"1.,_“ —

H
om
T

LE Spectrum (W2 m‘4)
5

,_.
ob
T

103 L 1 ’) Al
10° 10 1d
Time Scale (d)

Fig. 4b. Comparison between measured and modeled Haar wavelet
spectra for latent heat flux (LE).
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In Eq. [A.1], u; (u; = u,u, = v, u; = w) are the instantaneous
velocity components along x;; x; (x; = x, x, = y, x; = z) are
the longitudinal, lateral, and vertical directions, respectively;
N\, Ny, and \; are characteristic length scales for the triple-
velocity correlation, the pressure—velocity gradient correla-
tion, and viscous dissipation, respectively; C,, is a constant; Cy
is the foliage drag coefficient; and a(z ) is the leaf area density.

With estimates of the characteristic length scales \;, \,,
and \;, and the constant C, the five ordinary differential equa-
tions in [A.1] can be solved for the five flow variables (u),
W'w'), (W', (v'*, and (w'? if appropriate boundary conditions
are specified. The following neutral boundary conditions were
used here:
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While more complex second-order closure schemes (e.g.,
Wilson, 1988; Ayotte et al., 1999) and third-order closure
schemes have been developed for vegetation flow, recent stud-
ies by Katul and Albertson (1998) and Katul and Chang (1999)
suggest that the Wilson and Shaw (1977) model performance is
comparable to Wilson’s (1988) and another third-order closure
model for this pine forest.
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