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INTRODUCTION AND RATIONALE

Forest ecosystems constitute an important part of the planet's land cover. Understanding
their exchanges of carbon with the atmosphere is crucial in projecting future net atmospheric
CO2 increases. It is also important that experimental studies of these processes be performed un-
der conditions which are as realistic as possible, particularly with respect to photosynthesis and
evapotranspiration. New technology and experimental protocols now exist which can facilitate
studying an undisturbed forest canopy under long-term enriched CO2 conditions.1

The International Geosphere Biosphere Program of the International Council of Scientific
Unions has established a subprogram on Global Change and Terrestrial Ecosystems (GCTE). This
program is driven by two major concerns: to be able to predict the effects of global change on
the structure and function of ecosystems, and to predict how these changes will control both at-
mospheric CO2 and climate, through various feedback pathways. GCTE anticipates large-scale
field experiments in which many investigators contribute to an integrated program of ecosystem
research. In discussing their first task, estimating terrestrial carbon pools and fluxes, the program
plan called for chamber-free experiments and stated:

"The top priority is for large-scale experiments involving free-air CO2 enrichment studies
in which water regime and temperature are also varied. They will need to run for more
than one growing season for perennial communities, in order to establish the most likely
pattern of patch adjustment to CO2 change."

"The objective is to establish quantitatively the terrestrial ecosystems as sources and sinks
for atmospheric CO2. This objective will be addressed in several ways. First, the CO2
enrichment experiments will determine the overall effects of elevated CO2 on carbon
storage."

Brookhaven National Laboratory (BNL) has developed a system for exposing field-grown
plants to controlled elevated concentrations of atmospheric gases, without use of confining cham-
bers that alter important atmospheric exchange processes. This system, called FACE for £ree A.ir
C_C>2 Enrichment, uses a 23-27 m diameter array of vertical vent pipes (Figure 1) and has been
proven in over 6,400 hours of testing (22,000 array-hours) at three locations (BNL; Yazoo City,
MS; and Maricopa, AZ) mainly on cotton. BNL's FACE system offers a large plant growing
area (300-400 m2) with minimal disturbance to the plants, experimental CO2 concentrations con-
trolled within 20% of the target level at least 98% of the time, the ability to operate in remote
areas, and seasonal costs per unit of growing area which can be less than those of chamber-based
systems.

This paper focuses on the fluid mechanics of free-air fumigation and uses a numerical
simulation model based on superposed gaussian plumes to project how the present ground-based
system could be used to fumigate an elevated forest canopy. More detailed descriptions of FACE
and the results achieved with CO2 fumigation of cotton may be found elsewhere. '
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Figure 1. A 23-m FACE array fumigating newly emerged
cotton plants in Arizona.

POTENTIAL FOREST CO2 ENRICHMENT STUDIES

Previous Research

An early attempt at studying a mature mixed-forest canopy was made in a Puerto Rican
rain-forest in the 1960s, using a plastic-covered cylinder about 18 m in diameter and 17 m high
equipped with a down-flow aspiration system. Carbon flux was studied by comparing CO2 con-
centrations at the top and bottom. This arrangement suffered from lack of structural integrity,
but the 18 m diameter was sufficient to encompass eight trees with trunk diameters exceeding 20
cm and twenty trees between 10 and 20 cm.

Applications of FACE

Two types of FACE studies, each with different objectives and experimental require-
ments, may be relevant to achieving an understanding of the carbon balance resulting from
higher CO2 levels in forests. The simplest case is probably that of studying long-term effects in
a plantation monoculture environment, beginning with seedlings and following their growth
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through the sapling stage into the development of a full canopy. For the first 3-7 years, depend-
ing on tree species, this is a straight-forward application of the present FACE configuration with
surface fumigation (Figure 1).

A more challenging part of such an experiment would involve fumigating the mature
forest canopy, using an elevated FACE system with gas injection covering the entire canopy.
Such an experiment must encompass a sufficient number of trees to allow destructive harvesting
as part of forest thinning, for the entire duration of the experiment. Thus the FACE array
diameter may have to be increased, depending on the character of the forest. Such an experiment
could be designed to verify the predictions of a plant growth model with respect to a step-change
in CO2 level.1

A Proof-of-Concept Experiment

Modifying FACE to provide CO2 injection at a height of, say, 20 m has its own set of
structural design challenges, especially if the present design criteria of concentration uniformity
and minimal plant disturbance are to be maintained. The initial approach to this challenge in-
volves demonstrating system feasibility in the new environment.

According to gas dispersion theory, a "zeroth" order estimate would project that about
twice as much CO2 would be required for elevated injection relative to surface injection (all
other factors remaining constant), because of the effective loss of the ground reflecting surface.
However, other factors will change, notably the wind speeds. Although the non-dimensional
profiles of wind speed seem to scale well from crop to forest canopies, since the reference winds
above the canopy may be substantially higher for forests, it follows that the local winds within
the canopy will also be higher. It is thus possible that substantially more CO2 might be required,
if care is not taken to optimize the efficiency of fumigation. Using more gas not only raises the
operating costs, it also increases the separation distances required between control and treatment
plots, to avoid interference. Higher CO2 flows with the same air flow (limited by fan capacity)
also increases the initial CO2 injection concentration, thereby requiring more dilution to be ac-
complished in the atmosphere within the FACE array.

There is also the matter of the scale of turbulence, which will be increased in a forest
canopy, both because of increased height above ground and because of the size of eddies emanat-
ing from the wakes of tree trunks, branches, etc. We are presently unable to predict how changes
in the scale of turbulence might affect FACE performance.

FLUID MECHANICS OF BNL's FREE AIR FUMIGATION SYSTEM

BNL's FACE system has several features which are. believed to be unique, especially in
combination. Since FACE uses a circular array of vertical vent pipes, there are no preferred
wind directions and spatial concentration nonunifo.mities tend to be smoothed out by the normal
variability of wind direction. The injected CO2 is mixed in a plenum chamber with ambient air
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supplied by a fan and diluted to a concentration of 1-3%, which greatly reduces the subsequent
atmospheric mixing requirements. The CO2 is injected from any of five rows of jets, with ap-
preciable initial momentum; most of the jets are oblique to the wind, which substantially in-
creases the rate of initial mixing. The vent pipes are also designed to impart upward vertical
momentum to the jets, decreasing from the bottom rows of jets to the top. This initial upward
velocity component at the bottom of the plant canopy helps prevent build-up of high CO2 con-
centrations in the regions of low transport velocity typically found in dense plant canopies. CO2
is also injected just above the canopy in the higher velocity atmospheric shear layer; turbulence
generated by the flow over the top of the canopy helps mix this CO2 downward into the zone of
highest photosynthetic activity in the canopy.

The rates of CO2 injection in FACE are microprocessor-controlled to maintain the cen-
terline concentration at the top of the array within preset limits. Wind speed and direction are
also sensed at this location and the control system selects the appropriate upwind vent pipe valves
to open, under normal wind conditions. During low winds when the true direction is uncertain,
alternate vent pipes are opened clear around the circle, in order to maintain gas flow where
needed. The control algorithm that adjusts the flow rate of CO2, based on wind speed and direc-
tion, is of the proportional-integral-differential type. It accounts for time lags in the system
(such as the CO2 residence time within the array), changes in wind speed, and the previous his-
tory of control errors. CO2 mass flow is adjusted each second, based on the preceding 45-sec
average; 98% of the 1-minute CO2 averages fell within 20% of the target concentration during
the 1990 season-long experiments on cotton in Arizona.

MODELING GAS DISPERSION WITHIN THE FACE ARRAY

Various analytical methods of fluid mechanics have been applied to the BNL FACE
design, for the purposes of understanding its characteristics and of predicting performance under
varying conditions and sizes of arrays. Early studies were made by Allen et al., using a two-
dimensional numerical eddy diffusivity model for FACE-type simulations involving grasslands
and tropical forests. This model framework was later used in an attempt to simulate the current
application of FACE to a cotton crop.

Lipfert et al. used a one-dimensional representation based on urban-scale area sources as
a device for comparing the performance of the entire array (as a single entity) over time and for
different array sizes. However, this representation is not capable of addressing spatial variability
within the array, which is one of the topics of primary interest.

FACE is a three-dimensional system; the initial mass flow distribution varies with height,
depending on how many rows of jets are used, and the use of a circular array in an assumed
two-dimensional wind field results in a distinct cross-wind spatial pattern within the array. At-
tempts to represent this detailed configuration in fewer than three dimensions are unlikely to be
adequate. Recognizing this, superposed multiple plumes in a gaussian framework are used to rep-
resent specific FACE configurations of interest.
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The BNL Engineering Dispersion Model

This model is based on the conceptual division of FACE into three regimes or scales of
distances: ' (1) the jet regime, extending about 2 m from the injection ports, downwind of
which individual jets no longer exist; (2) the array scale, appropriate for flow within the array;
and (3) the downwind scale, which includes distances up to about 200 m downwind. The simula-
tion model presented in this paper is intended for the array scale, taking the existing injection jet
configuration as a constant. The model's features include: 3-D representation of the flow field,
making direct use of array geometry and jet parameters as input; parametric representation of
atmospheric turbulence; and representation of canopy drag by wind speed profile. Its applica-
tions include: estimating the region of essentially uniform gas concentration, estimating gas usage
and efficiency, optimizing array geometry, and estimating array-array interference and minimum
separation distance. The output data presented below represent a vertical slice through the array
center; however, since the model is three-dimensional, it is also possible to look at the entire
predicted gas distribution within the array.

In this context, the gaussian plume serves as a device for representing the detailed CC»2
injection arrangement, while subjecting each plume to a common diffusion environment. The
net effect (the horizontal and vertical CO2 distributions) is obtained by superposing all the
plumes. With 12 vent pipes and all rows of ports open, this ultimately requires the superposition
of ISO gaussian plumes, each carrying the appropriate fraction of the total mass flow. Steady
winds are assumed so that each plume is assumed to travel in a straight-line trajectory. The ini-
tial jet deflections are ignored for these simulations, which are aimed at the array scale, and the
virtual origin of each plume is estimated based on jet trajectory data. The actual canopy drag
and velocity profile is not simulated by this model, which also neglects uptake or deposition of
the injected gas.

Single-row (2-D) Plume Simulations. The initial applications of this simulation technique in-
volved a single horizontal layer of jets in a uniform wind field, based on arbitrary meteorological
conditions (i.e., effects of the canopy were not considered). Some sample outputs are shown in
Figures 2 and 3 for a 23 m diameter array, showing the difference in CO2 distribution between a
finite array of multiple plumes and the equivalent single plume, in the vertical plane of symmetry
(y-0). Figure 2 compares incremental CO2 concentrations (ppm) along the plume centerlines;
concentrations fall off more slowly with distance in the multiple jet case, essentially because CO2

from the off-center jets diffuses towards the center to help maintain a more uniform downwind
pattern. Figure 3 compares CO2 concentration ratios (CO2 divided by the control value at x»0)
at the top of a 1.5 m canopy, with the CO2 jets located 2 m above ground. In Figure 3, CO2

concentrations are assumed to be controlled to the target level at the center (x-0, z-1.5). The
"design limits" represent 20% deviations from a target level of 550 ppm; the multiple jet case
adheres to this limit, while the single jet shows more variation, both upwind and downwind.

Multiple Row (3-D) Simulations. The single-row simulations emphasized horizontal dispersion
and reinforcement; FACE also takes advantage of vertical dispersion and reinforcement. A
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three-dimensional simulation using the engineering model is given in Figure 4, which shows CO2

concentrations in the vertical plane of symmetry (y=0) for a background concentration of 350
ppm. For this simulation, 12 vent pipes are represented around the ring as horizontally-aligned
individual sources but the details of the actual lateral jet arrangement are ignored. Jet dispersion
(turbulence) is assumed to be the same in the horizontal and vertical planes and has been in-
creased relative to Figures 2 and 3 to simulate the effects of a mature plant canopy at midday.
Initial vertical mass and wind distributions are assumed, increasing with height, and the wind
fields are assumed to maintain their identities downwind (the effect of a jet originating in one
wind regime and diffusing into another wind regime is not considered by this model). The three
rows of injection jets are located at z*0.75, 1.25, and 1.75 m; the downwind horizontal CO2 con-
centration profiles are displaced vertically every 0.5 m, beginning at z=*0.5. These results show
that downwind of about x* -5, the spatial variability in CO2 is within our design objectives of
20% of the target concentration. (Since ambient CO2 is assumed to be 350 ppm in these calcula-
tions, the uniformity requirements are much less stringent in terms of the injected CO2.)
Downwind of the control point, which is at the array center, CO2 drops off slowly and remains
within the design limits and decreases only slightly from bottom to top. Assuming this rate of
concentration decay persists downwind, the CO2 concentration would decay to about 15 ppm
above ambient within 100 m; this rate of decay governs the minimum spacing of adjacent arrays
in a multiple array experiment.

1000.0

I 100.0

10.0:

•5 0 5
downwind distance (m)

10 15

Figure 2. Simulation results for single layers of gaussiin plumes at various
heights above ground, comparing plume centerline incremental concentrations (ppm)

for a row of 9 parallel jets with an equivalent single jet.
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Figure 3. CO^ concentration ratios at canopy height for single and multiple parallel
jet injection; CO2 sampled at h-1.5 m; CO2 injected at h=2 m.
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Figure 4. Simulation of three rows of 12 CO, injection jets, at z«0.75, 1.25, and 1.75 m,
with mass flows in the ratio SO, 100, and 120% of nominal. The corresponding

wind speeds are 1, 1.5, and 2 m/s. Background CO2 is 350 ppm.
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Note that these calculations are based on physical dimensions (such as the distance re-
quired for atmospheric mixing) rather than on proportions (such as velocity or flow ratios).
Thus, the design cannot be scaled to substantially different diameters as might be done with an
open-top chamber. An array of different diameter with the same vent pipe spacing would have
essentially the same downwind and vertical profiles as shown in Figures 3 and 4. Thus, larger ar-
rays are feasible (within reason), but substantially smaller arrays might lead to unacceptable spa-
tial nonuniformity.

Vertical Concentration Profiles with Surface Iniecfion. Results for injection from a 23 m
diameter array of 2 m vent pipes located at ground level (the configuration used at the Maricopa,
AZ site) are given in Figures 5 and 6. In Figure 5, vertical CO2 concentration profiles are shown
for three downwind distances and two assumed turbulence levels. The lower turbulence levels
would apply to early morning or late evening conditions. These simulations were performed with
constant gas flow rate rather than constant (550 ppm) centerline CO2 concentration; hence the
profiles for the two turbulence levels should be compared on a relative rather than absolute basis.
We note the lack of vertical concentration gradients, especially for the high turbulence case. This
simulation was based on three rows of open jet injection ports, whose heights are indicated by
the triangles on the Y-axis of the Figure.

• jet iocotions low turbulence
high turbulence

350 850
CO2 © 6 m upwind

350 850
COo ® center

350 850

CO2 0 6 m aownwlnd

Figure 5. Vertical (crosswind) CO2 concentration profiles in the plane of
symmetry of a 23 m FACE array located at ground level.
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Simulation of Elevated CO2 Injection

Figure 6 presents results for this same array configuration, with the vent pipes extended
vertically to a height of 12 m. These vertical CX>2 profiles are more symmetric because of the
absence of reflections from the ground surface. Although the CO2 concentrations at the 6 m
upwind location are about the same for both surface and elevated injection, the downwind
gradient is stronger for the elevated case. One of the objectives of the BNL proof-of-concept
experiment will be to verify this finding and to attempt to improve the distribution by modifying
the injection jet arrangements.

The performance of a larger (40 m) array is simulated in Figure 7, using 13.5 m high vent
pipes and five rows of injection ports. The vertical profiles are smoother and the horizontal
gradient is diminished. This picture may be somewhat misleading since data are shown at the
same horizontal coordinates and substantially more CO2 is required for the larger diameter.

Recommended Model Refinements

These results indicate the capabilities of our three-dimensional gas dispersion simulation
model. They were based on assumed canopy turbulence levels and isotropicity. Our next
development tasks include incorporating the data on velocity profiles and turbulence levels that
have been obtained in a fully-developed cotton canopy. After such data have been obtained in a
forest environment, this extension should follow readily.

14-
• jet locotions iqw turbulence

Kgh t^-bu'ence

II

350 850 350 850

C09 9 6 m . upwind CO2 & center

350 650

CO2 ® 6 m. downwind

Figure 6. Vertical CO2 concentration profiles in the plane of symmetry
of a 23 m FACE array with elevated injection.
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Figure 7. Vertical CO2 concentration profiles in the plane of symmetry
of a 40 m FACE array with elevated injection.

CONCLUSIONS

The global change research community has expressed a need for large-scale experiments
on the uptake of increased atmospheric CO2 levels by natural forests and ecosystems. Such ex-
periments must be free of chamber effects that can alter evapotranspiration and photosynthesis,
and should allow for competition among species. BNL's Free Air CO2 Enrichment (FACE) sys-
tem can meet this need and we have begun a program of gas dispersion simulation modeling as an
initial step in designing appropriate experiments.
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