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ABSTRACT

A method is described for estimating flux densities and
deposition of gaseous pollutants for a period of a year or more,
ugsing data collected for a period of a few days. The estimates
are based on models which characterize the transfer of gases
from the atmosphere to the vegetation as a series of resist-~
ances. Linear statistical submodels based on experimental data
are then used to relate the resistances to the surrounding
environment. The models are shown to fit the experimental data
reasonably well. Anmual values calculated for a young loblolly
pine plantation were evaporation 63.2 ¢m, carbon dioxide
exchange 10.5 t/ha, and sulfur dioxide exchange 1.20 kg/ha.

INTRODUCTION

Most forest micrometeorological research is focused on
short~term measurements, taken in a limited area, with the goal
of understanding the processes which control the exchange of
energy and matter between the forest and the atmosphere. On the
other hand, many important scientific and technological environ-
mental problems require information over long time periods. An
example of this is the acid rain problem, where a knowledge of
the dry deposition of sulfur compounds to forests is important
in determining the relative role of dry deposition in the acid+-
ification of aquatic systems. The period of deposition of
interest is on the order of years while most micrometeorological
estimates of dry deposition are based on a few selected days of
data. Models of long term deposition, using parameters derived
from the shorter term measurements, have been used to construct
longer term estimates of sulfur deposition (Sheih et al. 1979).

The models used for integration of the experimental data
from forests are of many forms including time series models,
completely empirical statistical models, and system models built
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on submodels of the processes controlling the energy or material
exchange. Each of these models have strengths and weaknesses
for developing predictions. The time series model requires
little knowledge about the internal workings of the system, how-
ever, it requires a long, continuous series of data for analysis
(Ford and Milne 198l1). The empirical statistical model does not
require specific information about the underlying processes driv-
ing the system, but best results are obtained when enough is
known to pick appropriate empirical relationships for statistical
fitting. The strength of the systems approach is that informa-
tion gained from experiments on parts of the system and from
theoretical relationships can be included in the model. However,
in many cases the submodels of the system are complex and have a
number of site specific constants which must be evaluated. This
leads to a very large number of constants for the entire model.
In many cases the work involved in independently determining the
constants of a system model by experiments is more than can be
realistically accomplished. The number of constants also is too
large to obtain meaningful values by fitting input/ output data
from less complete experiments. The model described in this
paper is a gsystems model which includes empirical relationships
in its submodels. The purpose of this approach is to construct a
model that incorporates our knowledge of atmospheric science and
vegetation physiology, but has a limited number of system con-
stants to be evaluated.

The process of developing a model of this type has two
steps: 1) defining the model and the unknown parameters of the
model and 2) determining values of the parameters. The model
described in this paper has been developed from the "big leaf"
model of gas exchange. The model is a great simplification of
the energy and gas exchange of the forest in that it simulates
the forest as a single leaf with the average energy and gas .
exchange properties of all the leaves in the canopy. Gas
exchange is modeled as driven by the concentration gradient of
the particular gas which is limited by a series of resistances in
the diffusion path. 1In this form the processes of turbulent
transport from the atmosphere, through the canopy, to the leaf
surface are characterized as a single aerodynamic resistance.
Diffusion into the leaf is limited by a canopy resistance which
is, largely, an integrated stomatal resistance. The sink or
source strength for the gas in the leaf is treated as an apparent
internal resistance to a zero sink concentration (Waggoner 1969)
or through a submodel of the physiological processes.

The submodels of the big leaf model must provide estimates
of the diffusion resistances and the sink or source strengths.
The submodels in the model presented here are linear equations
relating the resistances to measured environmental parameters.




The values of the linear coefficients are determined by multiple
linear regression on data sets collected at the site of interest.
In the cases presented here, the resistance values and the fluxes
which were used to determine sink or source strength were calcu-
lated from energy balance flux-gradient measuremeuts. However,
the model is not constrained to use data from this type of
measurement.

THE "BIG LEAF" MODEL

While the origins of the '"big leaf" model of canopy energy
and mass exchange can be traced to the earlier work of Penman’
(1948) and Raschke (1956), the model was first explicitly formu-—
lated by Monteith (1965). The "big leaf" model has been used
extensively as a tool for understanding the characteristics of
vegetation influencing exchange with the atmosphere (Stewart and
Thom 1973, Thom 1975, Jarvis et al. 1976). The basic equation of
the "big leaf" model 1is:

F= (s Cy-Cy)Is (rg +ry) +rgl (1)

The gas {or energy) flux (F) of interest is assumed to be propor-
tional to the gradient between the concentration of gas at some
measured reference height extermal to the canopy (Cg) and the
sink or source concentration inside the leaf (Cy). The flux is
limited by a series of resistances which include the aerodynamic
resistance (ry), the canopy resistance (r.), and the internal
resistance (ry). The solubility of the gas (s) is included
because the sink inside the leaf is in the water filled cells.

Monteith used Equation (1) to describe water and sensible
heat exchange in the canopy energy balance equation. In this |
case, the internal resistance is neglible and the concentration
gradients are vapor density for water and sensible heat content
for heat transfer. For other gases, such as carbon dioxide,
sulfur dioxide or hydrogen fluoride, the effects of the sinks or
sources in the leaves commonly are taken into account by defining
the internal resistance as a virtual resistance to a zero sink:
(Cy = 0) or determining a relationship between the envirounment.-
and the sink or source strength. Both formulations have been
used successfully to predict net carbon dioxide exchange
(Waggoner 1969, Sinclair 1976). For the zero sink case, the
inverse of the sum of the resistances is equal to the deposition
velocity (vq) commonly used in atmospheric, pollution disper-
sion models.

va=Cal F=1/ (ra+ 1, * 1y/s) @

Stewart and Thom (1973) showed how the big leaf model could




be a powerful means of interpreting data gathered by the energy
balance/gradient method. They showed that the canopy resistance
could be calculated from this data using the equation

ro = {(d /¢g)B - 1]‘1'a + (B + 1) rg (3)

where B is the Bowen ratio, g is the psychrometric constant, and
d the first derivative of the vapor pressure with respect to tem-—
perature. The climatological resistance (rj) is defined as the
resistance calculated as if all the heat load (H) on the canopy
was used to evaporate water

r; = q ¢, de / (g H) (4)

where q is the density of air, ¢, the specific heat of air and
de the vapor pressure deficit. ghe aerodynamic resistance can be
calculated from the wind profile above the canopy as

rg =u/ u*2 +au, (5)
where the wind speed (u) is measured at the reference height and
the friction velocity (u,) is found from the slope of the

wind speed against the logarithm of height. The constant, a, has
been found to be about 0.0l (Thom 1975).

Assuming that the aerodynamic resistance is known from the
wind profile and the canopy resistance, and flux of the gas is
known from the energy balance/water f£lux calculation, the inter-
nal resistance can be found from Equation (2)

ry = (F/ C) -, -, (6)

The value of r, will vary for different gases because the dif--
fusion of gas into the leaf through the stoma is molecular. The
variation is inversely proportional to the ratio of the molecular
weight of the gases.

The above equations provide a means of determining the
resistances to the diffusion of gases from the atmosphere to the
canopy from very precise environmental measurements. The ability
to predict gas exchange for periods other than those used in the
experiments depends on the development of relationships which
predict the resistances from routinely measured envirommental
data.

ESTIMATION OF RESISTANCES FROM CLIMATOLOGICAL DATA

Models can be developed for the resistances on the basis of
theory and/or experiments which describe the functiemal




components of the resistances, by developing a lower order of
models in the hierarchy of submodels. In the case of the acrody-
namic resistance, this is the logical choice since an adequate
model requires only the determination of roughness length and
displacement height of the vegetation. These parameters are
normally estimated in the procedure for determining the resist-
ances experimentally.

However, as pointed out previously, the problem is that this
approach often leads to a model that is too complex to be easily
evaluated or used for prediction. The successful application of
linear equations and standard statistical techniques to evaluate
the coefficients depends on understanding enough about the mech-
anisms which control the resistances to choose the correct set of
independent variables. It is also usually necessary to know
enough about the form of the relationships to perform correct
transformations oun the data where necessary. Murphy et al.
(1981) found that canopy resistance could be predicted from meas-
ured values of air temperature (T) and vapor density, and solar
radiation {(S). They found that the effect of seasonal changes
in leaf area could be taken into account by multipling the
canopy resistance by the leaf area index to get an average leaf
resistance. Leaf conductance (hl), the reciprocal of leaf
resistance was found to be linearly related to solar radiatiom.
The relationship between leaf conductance and solar radiation was
further strengthened by computing the_average solar radiation
incident on the leaves in the stand (§).

The fit of the linear regression could be further improved
by scaling the leaf conductance by the maximum (hy,) and
minimum (hy,) conductances determined by leaf chamber exper-
iments. Canopy resistance determined by the Bowen ratic method
is most accurate at high fluxes when the resistances are small.
The scaling forces the regression to predict reasomable values of
conductance in the range of values where experimental error is

highest.

The choice of temperature (T) and vapor density deficit as
other parameters of the model was based on published observations
that these variables affected leaf conductance (Gresham 1975,
Lange et al. 1971). We were surprised that various measures of
soil moisture did not correlate well with the leaf conductance.
It may be that we have not had low enough soil moistures “in our
humid climate to produce this response or that the response to
vapor pressure deficit decreases evaporation on days when the
s0oil moisture is low and stress would be high. Closure due to
vapor density deficit, in anticipation of high evaporative demand
would avoid moisture stress throughout the entire tree.

The final form of the regressioan is

SR o Mo e s STl s aand TR - . -



(hy = hp)/(hpe = hp) =a; 5§+ ay T + ag dv.

(1)

Similar equations can be used to estimate the internal

- resistances for specific gases.

The success will depend on the

ability to perform the proper transformations on the data.

RESULTS

Determination of Resistance

The results discussed in this section are based on a data set

collected in the summer and fall
ot the Savannah River Plant near
include energy balance and water
available as a Du Pont report to

of 1980 in a loblolly pime stand
Aiken, South Carolina. The data
balance data. The data are

the Department of Energy (Murphy

1982). The full results will be published elsewhere at a later
date. In this paper we will focus on the analysis of the data
for use in predictive models.

The data set was used to calculate aerodynamic and stomatal
resistance as described in Equations 3 to 5. Multiple linear
regression procedures (SAS 1979) were used to fit scaled, leaf
conductance as described above. The independent variables
selected were solar radiation, temperature, water vapor density
deficit, soil water tension, and carbon dioxide concentration in
the air. The resulting coefficients are shown in Table 1. All
of the variables were statistically significant at the 0.99 level
except carbon dioxide concentration. However, soil water tension
was positively correlated with conductance which was not
expected. A closer look at the results reveals that the addition
of soil water tension to the regression makes only a very small
change in the squared regression coefficient (0.724 for the three
parameter model versus 0.743 for the four parameter model), and
thus, on the predictive capability of the model. Therefore, the
three parameter model was judged to be the best model.

TABLE 1. Coefficients of linear models for leaf conductance (equation 7 and 8) and .
carbon dioxdie exchange (equation 9) of a loblolly pine forest. ’

Parameter/ Vapor Density  Solar

Equation Deficit (dr) Radiation {S) Temp (T} 8 x dr SxT h; x T R?

kg/m3 oW /m2 °C m/s

(7) -.03122 .0004340 ,01397 .739

(8) 0006120 -.00006323 .00002265 .755

(9 3.992 x 1076 8143 .893
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The form of this model can predict a leaf conductance lower
than the specified minimum value if solar radiation is low and
the vapor density deficit is high. This is not usually a problem
because the vapor deficit is normally low when the solar radia-
tion is low. However, it is reasonable to constrain the model to
calculate no values of conductance lower than the minimum con-
ductance when it is used for prediction. This problem can be
lessened, but not eliminated by using a model of the form.

(hy = bpn)/(hpx = hgn) =a; S + ap Sdv + a3 S T. (8)

‘This forces h] = hp, at zero solar radiation. The squared
regression coefficient for this model is 0.736.

As Jarvis et al. (1976) have pointed out, the modeling of
carbon dioxide exchange (net photosynthesis) with the approach
outlined above has been difficult. They present a nonlinear
empirical model where the independent variables are solar radia-
tion and vapor pressure deficit. It is likely that most of the
effect of vapor pressure deficit is an effect on the canopy
resistance in the diffusion path for carbon dioxide. Therefore,
a model including leaf conductance and solar radiation should
apply equally well. The form we used was

(Pn+R)/me=a1 S + ag hy T. (9)

The respiration of the stand (R) includes both canopy res-—
piration and soil respiration. Daytime respiration was calcu-
lated from night measurements of respiration by extrapolating to
daytime conditions, assuming a Q)9 of 2.0 for temperature.

The maximum gross respiration is an arbitrarily high value that
is not likely to be exceeded (15 mgm/m2/s). The resulting
coefficients are found in Table 1. The squared regression cocef-
ficient is 0.804. It is surprising that the linear regression
fits these data so well when the response of individual needles
of loblolly pine is very nonlinear. However, the photosynthetic
response of whole canopies to solar radiation may not be as non-
linear as single needles. Even though the photosynthetic capa-
city of sunlit needles becomes saturated as the solar radiatiom.
increases, the shaded needles may not have reached saturation.
In this case, the photosynthesis of the entire canopy will
continue to increase as radiation intensity increases.

Another gas for which we have measured fluxes and air con-
centration is sulfur dioxide. These data indicate that, for the
conditions under which the measurements were made, i1.e., low
sulfur dioxide concentrations, the internal resistances are low
and nearly constant throughout the season. This is the simplest
case for making predictions using our model.




Calculation of Seascnal Flux Densities

We have set as our objective the estimation of long-term
exchange of gases between the atmosphere and the vegetation, The
means of making these estimates is the model developed above.

One of the reasous for taking this approach has been to simplify
the process of making the estimates. Figure 1 shows the results
of simulating the exchanges of water vapor, carbon dioxide, and

sul fur dioxide for the loblolly pine plantationm,

The model is basically the same as that used above to derive
the resistances and their relationship to the environment. There
is one important exception, the values of all the parameters in
the model were derived from half hour averages of the measured
parameters, while the model was run with daily (daytime) averages
of the climatological inputs. This may not be reasonable for all
types of vegetation or climates, but because the relationships
derived for this model are all linear, linear averages should not
cause great bias. We have tested for bias in the calculation of

Z3 carbon dioxide, kg/ha
20+ evaporation, cm
3 sulfur dioxide, gm/ha
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Figure 1. Model estimates of the annual variation in the
monthly flux density of water vapor, carbon dioxide
and sulfur dioxide for a pine forest.
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daily fluxes for the energy balance components of the "big leaf"

model. Given the response curves for loblolly pine and meteoro-

logical inputs for selected days, we found very small differences
in the average flux densities based on hourly inputs and the £lux
densities based on average daily inputs.

Table 2 shows the results of the integrated flux densities
for the year 1980. The evaporation is about 65% of the rainfall
which seems reasonable for this vegetation type under the pre-
vailing climatic and soil conditions (this was one of the driest
years on record in this region). The carbon dioxide exchange is
in line with what one might expect. The sulfur dioxide exchange
is somewhat lower than reported in some areas, but this is a
function of the relatively low atmospheric concentration of
sulfur dioxide in this area.

SUMMARY AND CONCLUSIONS

For the transport of several important gasses between the
atmosphere and vegetation, annual flux densities have been
estimated from experiments of a few days duration scattered
throughout the year. The means of extrapolation between
measurement periods has been a model that is a systems model in
the sense of having a hierarchy of modeling statements. The
lowest level in the hierarchy is a system of linear statistical
models. The results appear to be satisfactory, but are yet to be
tested by independent means such as water balance estimates of
evaporation or growth estimates of carbon exchange.

While this methodology appears to be a means of using short
time span data to extrapolate over long periods, it would also be
desirable to use this type of model to extrapolate to other '
stands of vegetation of the same or even other species. Use of
the model for other sites, having the same species, is probably
possible for water exchange. It is, therefore, also likely to
give reasonable estimates of exchange of pollutant gases at air
concentrations below the level where the gases begin to affect
physiological processes of vegetation. However, the uptake of-:
gases, such as carbon dioxide, which are metabolically active
will depend on the physiological activity of the vegetation which

" TABLE 2, Model Estimates of the Flux Density of Gaseous Transport
for Water Vapor, Carbon dioxide and sulfur Dioxide

Water Carbon Dioxide Sulfur Dioxide
cm/yr t/ha/yr. gm/ha/yr

63 10.5 1270




depends on factors not taken into account in this model, such as
mineral nutrition. While significant steps have been taken in
this direction (Luxmoore et al. 1978, Landsberg 1981) it is
likely to be some time before we are able to produce wood volume
yield tables from these models.

ACKNOWLEDGMENT

The information c¢ontained in this article was developed during
the course of work under Contract No. DE-AC09-76SR0O0001 with the
U.S. Department of Energy.

REFERENCES

Ford, E., D. and R, Milne: 1981, Assessing plant response to the
weather. pp. 333-362 in Plants and their Atmospheric
Environment, ed. J. Grace, E. D. Ford, and P. G. Jarvis,
Blackwell Scientific Publ., Oxford.

Gresham, C. A.: 1975, Stomatal Resistance im a Loblolly Pine
Plantation. Ph. D. dissertation, Duke University, Durham, North
Carolina.

Jarvis, P. G., G. B. James, and J. J. Landsberg: 1976:
Coniferous forest. pp. 171-236 in Vegetation and the
Atmosphere, Vol 1I, ed. by L. L. Monteith, Academic Press, New

York,

Lange, 0. L., R. Losch, E, D, Schulze and L. Kappen: 1971,
Respouses of stomata to humidity. Planta 100:76-86.

Landsberg, J. J.: 1981, The use of models in interpreting plant
response to weather. pp. 369-390 in Plants and their
Atmospheric Environment, ed. by J. Grace, E. D. Ford,

P. G. Jarvis, P. G., Blackwell Scientific Publ., Oxford.

Luxmoore, R. J., C. L. Begovich and K. R. Dixon: 1978, Modeling
solute uptake and incorporation into vegetation and litter.
Eco. Modeling 5:137-171.

Monteith, J. L.: 1965, Evaporation and environment. Symp. Soc.
Exp. Biol. 19:205-234,

Murphy Jr., C. E., J. F. Schubert, and A. H. Dexter: 1981, The

energy and mass exchange characteristics of a loblolly pine
forest. J. Appl. Ecol. 18:271-281.

SRR oM. LS epeh. LT LTTURSYIDRDATITIOS g L



Murphy Jr., €. E.: 1982, The Exchange of Carbon Dioxide between a
Forest and the Atmosphere. DP-1630, E. I. du Pont de Nemours &
Co., Inc. Savannah River Laboratory, Aiken, South Carolina 32

PP-

Penman, H. L.: 1948, Natural evaporation from open water, bare
soil and grass. Proc. Roy. Soc. London (A) 193:120-145.

Raschke, K.: 1956, Uber die Physikalishchen zwischen
Warmeubergangszahl, Strahlungsaustausch, Temperatur, und
Transpiration eines Blattes, Planta 48:200-238.

SAS Institute Inc.: 1979, SAS User's Guide. Raleigh, North
Carolina 4%4 pp.

Sheih, C. N., M. L. Wesley, and B. B. Hicks: 1979, Estimated dry
deposition velocities of sulfur over the eastern United States

and surrounding regions.

Sinclair, T. R., C. E. Murphy Jr., and K. R. Knoerr: 1976,
Development and evaluation of simplied models for simulating
canopy photosynthesis and transpiration. J. App. Ecol.
13:813-829.

Stewart, J. B. and A. S. Thom: 1973, Energy budget in pine
forest. Quart. J. R. Met. Soc. 99:154~170.

Thom, A. S.: 1975. Momentum, mass, heat exchange of plant
communities. pp. 537-110 in Vegetation and the Atmosphere, Vol I
ed. by J. L. Monteith. Academic Press, New York.

Waggoner, P. E.: 1969, Environmental manipulation for higher
yields. pp. 343-374 in Physiological Aspects of Crop Yield, ed.
by J. D. Eastin, F. A. Haskins, C. Y. Sullivan, C. H. M. van Bavel.
ASA, Crop Sci. Soc. of Amer., Madison Wisconsin.



