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Abstract. Micrometeorological and physiological measurements were used to 
develop Penman-Monteith models of evapotranspiration for a wheat field in 
eastern Nebraska, a forest in Tennessee, and a grassland in east-central Kansas. 
The model fit the measurements well over the periods of observation. Model 
sensitivities to changes in climatic and physiological parameters were then 
analyzed. The range of changes considered was established from recent general 
circulation model output and from review of recent plant physiological research. 
Finally, climate change scenarios produced by general circulation models for the 
locations and seasons matching the observed data were applied to the micro- 
meteorological models. Simulation studies show that when all climatic and plant 
factors are considered, evapotranspiration estimates can differ greatly from those 
that consider only temperature. Depending on ecosystem and on climate and 
plant input used, evapotranspiration can differ from the control (no climate or 
plant change) by about -20 to +40%. 

1. Introduction 

Growing evidence suggests that the Earth's climate is being modified by 
anthropogenic and biogenic emissions of atmospheric carbon dioxide (CO2) 
and other radiatively active trace gases ( C H 4 ,  N 2 0 ,  C F C 1 3 ,  CF3C12,  etc.). By 
the time that CO2 and other radiatively active trace gases produce a heating 
equivalent to that of a doubling of the pre-industrial concentration of CO2, 
global temperature should increase by 1.5 to 5.5 ~ (Dickinson, 1986). If such is 
the case, precipitation and evapotranspiration patterns will be altered, and 
hydrological conditions will change throughout the world. 

* Present address: National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307- 
3000, U.S.A. 
** Resources for the Future is an independent non-profit research organization that specializes in 
natural resources and the environment. 
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Here, we concern ourselves with the question of how evapotranspiration may 
be affected by climatic change. Evapotranspiration, ET, is a compound term 
used to describe two processes that occur simultaneously - evaporation from the 
soil surface and the canopy when it is wet, and transpiration, which is vaporiza- 
tion at the leaf surface of water extracted from the soil by the plant. For 
evapotranspiration to occur three prerequisites are necessary: a source of water, 
energy to drive the phase change of the water, and a sink for water, i.e., a 
moisture deficit in the air above the ground. E T  can be expressed either in terms 
of mass of water evaporated, or in energy terms as the latent heat flux, LE. In 
what follows we use E T  and LE interchangeably. 

The question of how climatic change may alter E T  is complicated for a 
number of reasons. The greenhouse effect is expected to be accompanied not 
only by changes in temperature, but also in cloudiness - and hence radiation, 
windiness, and humidity as well, all of which affect the three prerequisites 
described above. These same climatic changes can alter plant growth leading to 
larger or smaller plants, to more or less plant cover of the ground, and to deeper 
or shallower rooting - all of which also affect ET. Additionally, the balance 
between precipitation and E T  determines how much can be transpired. It is also 
important to note that one of the major radiatively active trace gases, carbon 
dioxide, affects plant physiological conditions and, in particular, plant growth 
and the resistance to the passage of water through the plant into the atmosphere. 
In any analysis of the possible impacts of climatic change on ET, all these 
factors must be considered. 

If either precipitation or evapotranspiration changes, the amount of water 
stored in the soil, the amount that penetrates to depths below the root zone, and 
the amount that runs off into rivers and streams must also change, with conse- 
quent effects on hydrology. In most prior studies of the hydrological conse- 
quences of climatic change E T  is considered either a function of temperature 
(e.g., Revelle and Waggoner, 1983; Gleick, 1987), or a function of the carbon 
dioxide effects on plant resistance (e.g., Idso and Brazel, 1984; Aston, 1984). In a 
recent analysis of  the possible hydrological consequences of climatic change on 
a Belgian watershed, Bultot et al. (1988) devote considerable analytic attention 
to climatic effects, but choose not to deal with the direct effects of CO2 on plant 
behavior. Here, we attempt to evaluate the impacts of all of the changes 
described above. 

Our approach is as follows: After establishing a credible range of climatic 
changes and physiological responses to carbon dioxide enrichment (cf., Rosen- 
berg et al., 1989), we select a model that permits c0nsideration of each of the 
important changes identified. The model is then calibrated by comparing its 
predictions of  E T  rates to those measured in three ecosystems (control cases) - 
an agricultural field, a deciduous forest, and a grassland. The climatic and plant 
factors are considered to be independent. The changes in those factors are 
applied to the model over the credible range previously determined for each one 
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of them, thus establishing the sensitivity of the dependent variable, ET, to single 
and multiple climatic and plant factors. We then estimate the impact on E T  of 
climatic change scenarios based on three atmospheric general circulation 
models. Finally, we assess the  applicability of our resulting model predictions to 
a wider range of conditions than is represented by our test cases. 

2. Methodology 

Our purpose is to simulate the effects of a climatic change induced by increased 
levels of radiatively active trace gases on the latent heat flux considering both 
the climatic and the physiological impacts of a climatic change. The Penman- 
Monteith equation (hereafter P-M), which combines an energy balance 
approach with a catenary treatment of water vapor diffusion through the plant 
and into the atmosphere (van den Honert, 1948), is chosen as the basis of our 
model. The variables found in the P-M equation are temperature, net radiation, 
soil heat flux, humidity, and wind speed, as well as a set of parameters repre- 
senting the structure and the physiology of the plant. 

In addition to incorporating micrometeorological and physiological param- 
eters, the P-M approach has other advantages. The properties of the P-M 
equation have been well studied (e.g., Saxton, 1975; Beven, 1979). The P-M 
method has been successfully used to estimate evapotranspiration from crops 
and forests (Rosenberg et al. 1983). Finally, the P-M equation has been found 
suitable for simulation studies (e.g., Stewart, 1984). The P-M approach is best 
used at the local level, and with time scales of the order of a day. 

A standard formulation of the P-M equation (Monteith, 1965) for the latent 
heat flux, LE, expressed here in W m -2, is the following: 

L E  = s(Rn + S) + p a C p ( e  s - e)/ra 
y(ra + rc I (1) 

* +  J 

where L is the latent heat of vaporization, in J kg -l ; E is the flux of evaporated 
water, in kg m -2 s -1 ; Rn is the net radiation, in W m -2 ; S is the soil heat flux, in 
W m -2 ; Pa is the density of dry air, in kg m -3 ; r a i s  the aerodynamic resistance, 
in s m -1 ; re is the canopy (or bulk physiological) resistance, in s m -1 ; Cp is the 
specific heat of dry air at constant pressure, in J kg -1 K-l ;  es is the saturation 
partial pressure of water vapor (hereafter the "saturation vapor pressure") at leaf 
temperature - but here we take air temperature as a proxy for leaf temperature, 
and e is the actual vapor pressure in the air above the canopy, both in Pa; and, 
s and y are the derivative of the saturation vapor pressure with respect to 
temperature and the psychrometric constant, respectively, both in Pa K -l. (A 
comprehensive list of the variables, their definition, and their units may be 
found in Appendix 2.) 

Air temperature, Ta, is an adequate proxy for leaf temperature, TI, in the 
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case of the forest which is well coupled (aerodynamically) with the air above 
the canopy. On advective days, we can expect that Ta > T/, and on non-advective 
days, that T~ < T/, in the herbaceous species case. ([ Ta - Tt] is generally of the 
order of a few degrees C.) In our datasets, we encounter few hours of advection. 
Direct measurements of T/are lacking, but it is reasonable to assume that our 
analysis may underestimate temperature effects. 

The value of the canopy resistance is obtained differently for each ecosystem 
due to the different types of data available. In the grassland case, we used 
literature values of stomatal resistances (Jones, 1983) to compute the canopy 
resistance. The grassland model was tested against measured L E  and used 
without adjustment in the sensitivity studies and the simulation. 

For the forest model, we used the canopy resistance values obtained by 
Verma et al. (1986) which were calculated by inverting a P-M equation with 
different parameterizations. This model was tested against measured L E  and 
used without adjustment in the sensitivity studies and the simulations. 

Our methodological approach was different in the case of the wheat. We first 
tested the performance of the wheat model against measured L E  using a single 
average value of stomatal resistance for the whole observation period. This 
value was computed from hourly porometer measurements of the stomatal 
resistance of sunlit leaves for given days. Then, we inverted the P-M equation to 
obtain more realistic values of the stomatal resistance - in essence fitting the 
model to the observations. We used this latter value in the sensitivity studies 
and simulations. We refer to the average stomatal resistance computed from the 
measured hourly values as ~s and to the hourly canopy resistance obtained by 
inverting the P-M equation as rc. 

As discussed above, the methods of measurement, particularly of plant 
parameters, differ from one study to the next, making it necessary to para- 
meterize certain inputs to the P-M equation differently for each ecosystem. 
A detailed description of the model and the parameterizations for each eco- 
system may be found in Appendix 1. In summary, the three models were 
calibrated with local data. And, the wheat and the grassland models were 
validated using independant data. 

3. Origin of the Data 

For more than two decades, scientists of the University of Nebraska's Center for 
Agricultural Meteorology and Climatology (CAMaC) have used aerodynamic 
and Bowen ratio energy balance micrometeorological methods to measure E T  in 
agricultural fields. These methods were calibrated against precision weighing 
lysimeters (Rosenberg and Brown, 1970). In the past few years, instrumental 
systems have been perfected by this group for eddy correlation measurements of 
energy and mass balance in agricultural crops. These systems have recently been 
used to study the energy and mass balance in a deciduous forest and a grassland, 
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TABLE I: Location, soil, vegetation, and measurements at the experimental sites 
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Winter wheat Forest Tall grass prairie 

Location Mead, NE Oak Ridge, TN Manhattan, KS 
Latitude 40~ N 35~ ' '  N 39~ ' N 
Longitude 96~ ' W 84 ~ 17'15" W 96~ ' W 
Altitude 
[m above m.s.1.] 359 365 480 
Soil Sharpsburg n.a. Dwight 

silty clay loam n.a. silty clay loam 

Dominant species Triticum aestivum Quercus spp. Andropogon gerardii 
Carya spp. Panicum virgaturn 
Pinus taeda Sorghatorum nutans 

Height of canopy [m] from -0.22 in May -22.0 -0.5 
to -0.85 in June Range: 17-26 

LA1 [m 2 m -2] 4.6-0.1 ~4.9 -2.0 
WBI [m 2 m -2] n.a. 0.6 n.a. 

Observation period 20 May-24 June 2-9 August 1984 29 July-6 August 1986 
1985 

No. of collection days 10 6 7 
ET measurement 
method Bowen ratio eddy correlation eddy correlation 
Climatological deviation wetter than average normal wetter than average 

Legend." LAI: Leaf Area Index; WBI: Woody Biomass Index (see text for definition). 
References: wheat: Dr. Shashi B. Verma, Center for Agricultural Meteorology and Climatology 
(CAMaC), University of Nebraska, Lincoln 68583-0728, personal communication, September 
1987; forest: Verma et al,, 1986; and, grassland: Verma et al., 1987. 

as well. The forest and grassland data and a similar set for a wheat field serve 
as the basis for the analysis presented here of the impacts of climatic change 
and CO2 enrichment on evapotranspiration rates. The sites and data sets 
are summarized in Table I. Climate and plant conditions for days of high and 
low LE flux are shown for each ecosystem in Table II. 

3. I. The Wheat Field 

A four hectare wheat field and large areas of adjacent land at the University of 
Nebraska's Field Laboratory near Mead, Nebraska (40~ ' N; 96~ 359 m 
above m.s.1.) were planted with winter wheat (Triticum aestivum L.) in the fall 
of 1984. Soil in these fields is Sharpsburg silty clay loam. The canopy increased 
from a height of about 0.22 m in early May of 1985 to a height of about 0.85 m 
in late June. Over the same period, the green leaf area index decreased from 4.6 
to 0.1. 

The data were collected at regular intervals from May 20 to June 24, a period 
encompassing the end of inflorescence, the anthesis, milk development, and 
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dough development growth stages. A Bowen ratio-energy balance method 
(Rosenberg et al., 1983) was used to measure latent heat flux. For this purpose, 
wind speed, temperature, and vapor pressure were measured at 1.25 and 2.25 m 
above the ground. Net radiation was also recorded. The measurements were 
summarized hourly. Leaf area index and plant height were measured daily. On 
given days, hourly stomatal resistance measurements of sunlit leaves were made 
in the field using porometers, x 1985 was a wetter than normal year in eastern 
Nebraska. 

3.2. The Forest 

The Oak Ridge forest, a fully-leafed deciduous forest, is situated in eastern 
Tennessee (35~ ' '  N; 84~ ' '  W; 365 m above m.s.1.). The research site 
was covered by an uneven-aged stand of oak (Quercus spp.) and hickory (Carya 
spp.), with only small inclusions of loblolly pine (Pinus taeda L.) and extended 
for several kilometers in all directions. The average height of the canopy was 22 
m, but because of the uneven age structure and mixed-species composition of 
the stand, crown heights ranged between 17 and 26 m. The leaf area index 
(LAI) and the woody biomass index (WBI) - the projected area of branches and 
twigs per unit surface area of ground - were about 4.9 and 0.6, respectively. For 
further details on the canopy structure see Hutchison et al. (1986). 

The measurements were made from August 2 to August 9, 1984. Meteoro- 
logical parameters were measured at 28 m above the ground. The vertical flux of 
water vapor was measured with eddy correlation instruments at that same 
height. In addition, the canopy resistance and the canopy heat storage capacity 
were computed. Climatologically, 1984 was a near-normal year in eastern 
Tennessee. For a more complete discussion of the measurements and calcula- 
tions see Verma et al. (1986). 

3.3. The Tall Grass Prairie 

The Konza prairie is located near Manhattan in northeastern Kansas (39~ ' N; 
96~ ' W; 480 m above m.s.1.). Soil at the site is mainly Dwight silty clay loam. 
The vegetation was dominated by big bluestem (Andropogon gerardii), switch- 
grass (Panicum virgatum), and indiangrass (Sorghastorum nutans). The experi- 
mental area was burned in early spring to improve the mix of grasses and forbs. 
The area had been lightly grazed for several years, but was not grazed during the 
experiment. The average height was 0.5 m and the leaf area index was 2.0. 

Data were collected from July 29 to August 6, 1986. The meteorological 
parameters were measured 2.25 m above the ground. The fluxes of water vapor 

Dr. Shashi B. Verma, Center for Agricultural Meteorology and Climatology, University of 
Nebraska, Lincoln 68583-0728, U.S.A., personal communication, September 1987. 
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were measured using the eddy correlation technique. 1986 was a wetter than 
normal year in northeastern Kansas. A detailed account of the experiment may 
be found in Verma et al. (1988). 

4. Model Performance 

In this section, we evaluate the performance of the P-M model as adapted for 
use with the wheat field, forest, and grassland data; we assess the sensitivity of 
each model to changes in various climatic and plant growth parameters; and we 
present and discuss the results of a series of climatic change simulations. 

4.1. The Model Results 

Each of the ecosystem adaptations of the model was used to compute latent heat 
flux hourly values, daily averages, and averages over the whole observation 
period. The daily averages were calculated using midday values (i.e., 10-16 hr). 
Indeed, preliminary simulation results show that the largest relative changes in 
L E  occurred in the morning, though their absolute magnitude was small. More 
importantly, morning data and model results are less instructive than midday 
values because of very large stomatal resistances, small fluxes, and the frequent 
presence of dew. The total ecosystem average was calculated from the daily 
averages over all days for which complete data sets were available - i.e., ten days 
for the wheat, six for the forest, and seven for the tall grass prairie. 

4.2. Model Performance 

As a first step the P-M model as parameterized (see Appendix 1) was used to 
estimate E T  for each day of study in each ecosystem. As previously explained, 
the wheat model was fitted to the observations by inverting the P-M equation 
and using measured values of L E  at the simulation stage. To assess the 
performance of the P-M equation in the wheat case before fitting the model to 
the observations, the single average stomatal resistance, ~s, was used for all days. 

All three models track the diurnal cycle relatively closely (sample days are 
shown in Figures la-c).  Though daily mean wind speeds were used in the grass- 
land model, since hourly data were unavailable, the grassland model does almost 
as well as the forest model and better than the wheat model on a daily average 
basis (cf., Figure 2). 

Review of the data indicates that the wheat model systematically over- 
estimates evapotranspiration at the beginning of the growing season and under- 
estimates it towards the end. This is probably because the average value of the 
stomatal resistance, ~ ,  is too high at the beginning of the season and too low at 
the end. The forest model and the grassland model do better and no systematic 
biases are apparent. The coefficients of correlation between measured and 
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Fig. la. Bowen ratio-energy balance measurements of latent heat flux in a wheat field at Mead, NE, 
and Penman-Monteith estimates (model) using field measurements of climate and plant conditions 
on May 28, 1985. 
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Fig. lb. Eddy correlation measurements of latent heat flux in a forest at Oak Ridge, TN, and 
Penman-Monteith estimates (model) using field measurements of climate and plant conditions on 
August 2, 1984. 
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Fig. lc. Eddy correlation measurements of latent heat flux in a grassland at Konza Prairie, KS, and 
Penman-Monteith estimates (model) using field measurements of climate and plant conditions on 
June 30, 1986. 

modeled daily values, r e , are 0.44, 0.76, and 0.67 for the wheat, the forest, and 
the grassland respectively. Hence, the fit of the model to the observations prior 
to tuning is variable. Over the observation period, the relative difference 
between model results and observations prior to tuning is -4% for the wheat 
field, +4% for the forest, and +7% for the grassland. 
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Fig. 2, Measured and Penman-Monteith-modeled latent heat flux in wheat, forest, and grassland. 



Sensitivity of Evapotranspiration 127 

5. Results of the Simulations 

First, we study the sensitivity of evapotranspiration to climatic and plant factors. 
Then, we simulated and analyzed climatic change scenarios. 

5.1. E T  Sensitivity to Climatic and Plant Factors: Results 

A control case was established for each day in each ecosystem by calculating the 
L E  flux with the P-M model using actual weather and values of the plant 
parameters (i.e., temperature, net radiation, air humidity, wind speed, leaf area 
index, characteristic leaf dimension, and stomatal resistance). Then, each factor 
was changed, one at a time, so that the sensitivity of E T  to each individual 
climatic and plant factor could be tested. Next, the sensitivity of E T  to changes 
in pairs and groups of climatic and plant factors was examined. 

5.1.1. Single Factor Changes 
In calculating E T  sensitivity to climate and plant factors, a wide range of 
possible changes was considered. In choosing the range of climatic changes, we 
were guided by Schneider et al. (1989). For the physiological changes, we used 
the values found in Rosenberg et al. (1989). The range of temperature change, A T, 
tested (-10K to +10K) is admittedly extreme. Other changes considered were: 
net radiation, ARn, from -30 to +30%; absolute humidity, Ae, from -20 to 
+20%; wind speed, Au, from -20 to +20%; leaf area index, ALAI,  from -30 to 
+30%; and stomatal resistance, Ars, from -60 to +60%. (Note that we assume 
that stomatal and canopy resistances are linearly related; a given percentage 
changes in rs produces an identical change in rc, but rc changes independently 
from rs when LAI  changes.) We make the assumption that the leaves grow 
larger. Thus, changes in the characteristic dimension, d, were taken as propor- 
tional to the square root of the ratio of the altered to unaltered leaf area index. 
An alternative assumption is that the size of the leaves is unchanged, but that 
there are more of them, so that d is constant, but LAI  still increases. In any 
event, the sensitivity studies show that, within the range of changes corre- 
sponding to the changes in LAI,  the effect of the characteristic dimension on the 
aerodynamic resistance is negligible. Hence, the effect of d on L E  is negligible, 
as well. 

To examine single factor changes, graphs were drawn representing the 
percentage change in L E  caused by a percentage change in a given parameter, P 
- where P represents Rn, rs, or any other variable (cf., Figures 3-7). The slope of 
each curve is ~(ln LE)/~(ln P). The steeper the slope, i.e., the larger ]~(In LE)/  
~(ln P)], the greater the sensitivity of L E  to P. Because it uses dimension- 
less ratios, this approach enables us to compare the relative impacts on L E  of 
physical parameters expressed in different units. Temperature is not plotted 
along with the other variables because it refers to a state of the physical system 
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Fig. 3. Sensitivity of latent heat flux estimates by the Penman-Monteith models for wheat, forest, and 
grassland to departures from present temperature. 
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Fig. 4. Sensitivity of latent heat flux in a wheat field to changes in leaf area, stomatal resistance, net 
radiation, and humidity on June 8, 1985. Unperturbed LE flux (0,0) point was 600 W m -2. 

rather than a physical quantity in that system. Its different meaning implies, in 
particular, that temperature differences make physical sense whereas quotients, 
and for that matter percentage changes, do not. 

The sensitivity of LE varied with the microclimatological conditions. The 
only generalization that we can make is that the impact of  changes in wind 
speed, u, was minor in most of  the simulations. For that reason, changes in wind 
speed are not considered in the tables that follow. Temperature has a large 
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Fig. 5. Sensitivity of  latent heat flux in a wheat field to changes in leaf area, stomatal resistance, net 
radiation, and humidity on June 13, 1985. Unperturbed LE flux (0,0) point was 330 W m -2 . 

LU 
_1 

C ,m  

C 

( J  

20 

Wheat-May 22 

10 

-10 

-2O 
-21 

i '~~ ~ 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6  

�9 .~176 ~.~ ~,~ 

G o ~ . , , ,  ", . . .oo 

I I' I I 

-10  0 10 20 

L A I  
. . . . . . . . . . . . . . . . .  Tr 

. . . . . . . . .  e 

U 

% Change  in Parameter 

Fig. 6. Sensitivity of latent heat flux in a wheat field to changes in leaf area, stomatal resistance, net 
radiation, and humidity on May 22, 1985. Unperturbed LE flux (0,0) point on this day with no 
sensible heat advection was 420 W m -e. 

impact on LE (cf., Figure 3). The relative sensitivity of LE to R, ,  rs, e, and LAI 
is variable, but net radiation and humidity dominate in most cases. 

The sensitivity of E T  to the individual climatic and plant behavior changes, 
over the range of changes tested in the model is illustrated in Figures 4 and 5, for 
the days of highest and lowest E T  in the wheat crop. 

Changes in R,  had the greatest influence on June 13, the low flux day (about 
330 W m -2) with intermittent passages of clouds (see Table II and Figure 5). 
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Fig. 7. Sensitivity of latent heat flux in a wheat field to changes in leaf area, stomatal resistance, net 
radiation, and humidity on May 23, 1985. Unperturbed LE flux (0,0) point on this day with signifi- 
cant sensible heat advection was 476 W m -2. 

Next in importance, in descending order of sensitivity, were rs, e, LAI, and u. 
LE was much less responsive to Rn on June 8, the high flux day (600 W m -z) 
which was sunny, although Rn was  still the predominant factor. On that day, e, rs, 
LAI, and u were the next most important factors. Note that the response of LE 
to rs was the only one that was markedly curvilinear. 

Another interesting comparison appears in Figures 6 and 7. On May 23 
sensible heat advection was significant, contributing 53 W m -2 to the latent heat 
flux of 476 W m -2 between 10 and 16 h. On that day changes in Rn were of 
diminished importance and changes in windspeed were more important than 
usual. Nonetheless, u still was the factor of least importance. The sensitivity of 
LE to rs was greatest on this day. By contrast, May 22 was a day with no advec- 
tion of sensible heat and an LE flux of about 420 W m-Z; r~ was the factor of 
greatest importance on this day too, but the role of R n w a s  greater than under 
advective circumstances. The role played by advection was not studied for the 
forest and the grassland for lack ofadvective days during the observation period. 

5.1.2. Two Factor Changes 
The combined effects of  temperature and stomatal resistance were examined 
first. Then, setting AT equal to +3K, the effects of ALAI versus Ars and Ars 
versus Ae were examined. Changes in windiness were ignored in the following 
studies due  to the low sensitivity of  the latent heat flux to changes in wind 
speed. 

Figure 8 is a three-dimensional representation of the E T  response (in terms of 
latent heat flux) in the three ecosystems when temperature and stomatal 
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Fig. 8. Changes in latent heat flux in (a) wheat, (b) forest, and (c) grassland in response to simul- 
taneous incremental changes in air temperature and stomatal resistance. 

resistance are varied simultaneously. These response surfaces are calculated for 
the case of the 'mean' day in each ecosystem; hence the responses to change are 
intermediate between those that occur on high flux and low flux days. The 
response to temperature change is linear at each level of rs change although the 
slopes steepen in all ecosystems with decreasing rs. The curvilinearity of the L E  
response to decreasing r~ is evident in all three ecosystems and is greatest in the 
forest case. The degree of curvilinearity of this response changes little with 
increasing temperature. 

5.1.3. Multiple Factor Changes 
Tables III-V illustrate the range of changes in LE flux that could occur in each 
of the ecosystems on days of high and days of low flux as climatic and plant 
factors are varied singly and jointly. In these tables only the effect of a 3 ~ 
temperature increase is shown on line 2. Changes in the other factors are those 
we consider reasonable on the basis of our literature review (Rosenberg et al., 
1989). Thus, in the wheat crop (Table III) on June 8 - a clear, hot day (see Table 
II for weather and plant conditions) - a 3 ~ temperature rise increases LE flux 
from 600 to 692 W m -z or 15% (line 2). If only LA I  is increased by 15% with no 
other change, LE flux is increased by 5%. A 40% increase in rs alone reduces L E  
flux by 11%. Both increased and decreased vapor pressure are considered, the 
former reducing and the latter increasing LE flux each by 5%. 

The lower half of Table III considers multiple factor changes (lines 9-22). 
For wheat, the strongest increase in LE (26%) occurs when R ,  is increased and e 
decreased (line 12). The effect of these climatic changes is reduced to 19% when 
plant factors are considered (line 20). 

The impact of a 3 ~ temperature increase on LE flux in wheat is less in both 
percentage and absolute terms on the cool, cloudy day, June 13 (see Table III). 
One sees in these sets of computations how, when all factors are considered, the 
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sensitivity of L E  to climate and plant changes can considerably alter the effects 
of temperature alone. 

Temperature increase alone has a strong impact on L E  flux in the forest on 
all days (Table IV). The impact of other factors tends to dampen the response 
(in percentage terms) more on the high flux than on the low flux day. A 3 ~ 
temperature rise in the grassland increases LE by 12 and 26% on the high flux 
and low flux days, respectively (Table V). These responses are modified when 
the multiple factor changes are considered. 

The physiological changes represented in Tables III-V are those believed 
most likely. However, it is possible that leaf area index, instead of increasing as a 
result of CO2 fertilization, could decrease if leaf abscision occurs because of 
increased water stress. It is also conceivable that canopy resistance could 
increase by only 20% if plants respond to increased heat load by transpiring 
more, or it could increase by as much as 60% because of decreases in stomatal 
density. These alternative physiological changes are examined in Table VI 
under two different climatic change scenarios. Scenario I represents conditions 
where changes in all climatic variables act to increase evaporative demand. 
Under Scenario II, the impact of increased temperature on E T  is partially offset 
by changes in other climatic factors. 

If leaf area decreases and canopy resistance increases, both factors will act to 
reduce evapotranspiration. As is shown in Table VI, a 15% reduction in the LAI  

of wheat under Scenario I (line 6) reduces the climate-induced increase in E T  
(line 1) from 33% tO 25%. This effect is accentuated by a simultaneous increase 
in  canopy resistance, to the extent that the impact of climatic change on E T  is 
nearly offset by these combined physiological effects when rc is increased by 
60% (line 12). 

Conversely, if CO2 fertilization causes LAI  to increase, increased evapo- 
transpiration will result (line 5). This response can be mitigated by increased 
canopy resistance. Lines 7, 9, and 11 show the combined effects of increased leaf 
area (+15%) and a range of changes in canopy resistance under Climate Scenario 
I. For wheat, the effect of increased L A I  on E T  will be halved if rc is 60% greater 
(line 11). Although the magnitude of the changes discussed above vary some- 
what among ecosystems, the general patterns are similar. 

The impact of these physiological changes is much the same under both 
climate change scenarios. However, because the impact of climate alone is very 
large in Scenario I, even fairly large physiological changes in the plant cannot 
counteract the effects of climate, E T  is increased. Under Scenario II, where 
evaporative demand is lower, plant changes can more than compensate the 
effects of climate, and actually reduce E T  below the control (or, 'no change') 
c a s e .  
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5.2. Climatic Change Scenarios 

To further investigate the effects of a climatic change due to a 'greenhouse' 
warming on E T  and get an order of magnitude sense of the changes involved, 
we use the predictions of three global climatic models (GCMs) to force the P-M 
models. We use results from the Geophysical Fluid Dynamics Laboratory 
(GFDL), the Goddard Institute for Space Studies (GISS), and the National Center 
for Atmospheric Research (NCAR) GCMs. The GCM predictions are for the 
grid point nearest the location of each ecosystem and for the months (GFDL and 
GISS) and season (NCAR) corresponding to the time of the year when the LE 
measurements were made. (Note that the grid points of the three models do not 
correspond exactly.) Results are shown in Table VII. We used values found in 
Rosenberg et al. (1989) for the expected physiological responses to changes in 
carbon dioxide concentrations. The results of the GFDL (Manabe and 
Wetherald, 1983), GISS (Hansen et al., 1983), and NCAR (Washington and 
Meehl, 1984) CO2 doubling experiments provide the information on climatic 
change. 

LE fluxes are computed in Table VII for the average day in each ecosystem. 
'Control' means latent heat flux with no climate change. The first line for each 
GCM considers only the effect of its predicted temperature change on LE rate; 
the second line considers all climatic changes predicted by the model for the 
same location and season, and the third line considers all climatic factors plus 
changes in plant behavior caused by elevated CO2 concentration. 

Overall, the predicted increases in LE due to temperature change alone vary 
greatly in response to the considerable difference in temperature changes 
projected by the GCMs. In all cases, predicted LE is decreased significantly 
when other climatic factors are considered (e.g., GFDL from 42% in wheat for 
temperature alone to 28%; GISS, 28% in grassland to 15%). In the one case 
where a temperature decrease is predicted (NCAR, wheat) LE is decreased still 
more when all climatic changes are considered. The inclusion of increasing 
stomatal resistance in the model further reduces E T  despite the counteracting 
effects of greater LAI. 

As in the latter part of Section 5.1.3., we computed the climatic change 
scenarios with a wide range of values of rc and LAI. From those additional 
calculations (not displayed), it appears that 'extreme' combinations of changes 
in rc and LAI, i.e., (+60;-15) and (+20; +15) can affect the sign of ALE. 

6. Discussion and Conclusions 

The results of the simulations reported in the foregoing sections cannot be taken 
as the final word on the question of how and to what extent E T  will be affected 
by a greenhouse-induced climatic change and the CO2 -induced changes in plant 
growth and stomatal response. The results of the previous sections are clearly 
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TABLE VII: Impacts of climatic changes predicted using GFDL, GISS, and NCAR GCM output, 
with and without expected changes in LA I  and r s on calculated latent heat flux, LE, for three 
ecosystems in summer  

GCM AT AR n be  Au ALAI  Ar s L E  Change 
[K] [%] [%1 [%] [%1 [%] [W m -2 ] [%] 

Wheat Field, Mead, Nebraska (May-June) 
Control . . . . . .  423 
GFDL 6.3 . . . . .  601 42 

6.3 14 24 -36  - - 544 28 
6.3 14 24 -36 15 40 520 23 

GISS 3.6 . . . . .  525 24 
3.6 0 30 26 - - 462 9 
3.6 0 30 26 15 40 430 2 

NCAR - 1.1 . . . . .  392 -7  
-1.1 0 22 100 - - 326 -23 
-1.1 0 22 100 15 40 295 -30  

Forest, Oak Ridge, Tennessee (August) 
Control . . . . . .  250 
GFDL 4.8 . . . . .  348 39 

4.8 -2  14 28 - - 322 29 
4.8 -2  14 28 15 40 292 17 

GISS 2.2 . . . . .  295 18 
2.2 2 23 -49 - - 268 7 
2.2 2 23 -49  15 40 250 0 

NCAR 1.5 . . . . .  281 12 
1.5 0 5 26 - - 269 7 
1.5 0 5 26 15 40 242 -3  

Grassland, Konza Prairie, Kansas (July-August) 
Control . . . . . .  233 
GFDL 4.3 . . . . .  292 25 

4.3 4 20 12 - - 279 20 
4.3 4 20 12 15 40 252 8 

GISS 4.7 . . . . .  297 28 
4.7 2 34 7 - - 269 15 
4.7 2 34 7 15 40 243 4 

NCAR 0.5 . . . . .  240 3 
0.5 0 14 39 - - 215 -8  
0.5 0 14 39 15 40 191 -18 

AT: change in temperature; ARn: change in net radiation; Ae: change in absolute humidity; Au: 
change in wind speed; ALAI: change in leaf area index; Ars: change in stomatal resistance. 
Note: For NCAR, no irradiance data being available, AR n = O. 

d e p e n d e n t  o n  t h e  m o d e l  e m p l o y e d  a n d  o n  t h e  p a r a m e t e r i z a t i o n s  u s e d  to  

a d a p t  t h e  m o d e l  f o r  u s e  w i t h  e a c h  o f  t h e  t h r e e  e c o s y s t e m s .  So,  le t  u s  f i r s t  r e v i e w  

s o m e  o f  t h e  a s s u m p t i o n s  u n d e r l y i n g  t h e  u s e  o f  t h e  P - M  m o d e l  f o r  t h e  a p p l i c a -  

t i o n s  d e s c r i b e d  a b o v e .  
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6.1. Modeling Rationale 

The objective of the present study was to increase our understanding of how 
evapotranspiration could be affected by global change. Given this objective, our 
approach was to perform a sensitivity analysis using a model whose data 
demands can be met with actual field observations, modeling only well under- 
stood phenomena, avoiding synergisms when unknowns remain, and changing 
one factor at the time. 

We recognize that such an approach can only provide partial answers to the 
question we are asking. Proceeding hierarchically, a possible next step is to 
perform offline studies, forcing land-surface schemes like those developed by 
Dickinson (1984) and Sellers et al. (1986) with GCM data. Then, it would be 
interesting to close the land-surface/atmosphere feedback loop, and simulate 
changes in climate using a land-surface fully coupled to the atmosphere. Finally, 
changes in landscape characteristics due to changes in vegetation composi- 
tion should be included. This is the direction in which our present research is 
leading. 

6.2. Modeling Assumptions 

The P-M approach used in this study does not explicitly incorporate soil 
moisture effects, though they can be significant. Three points should be made 
regarding this modeling decision. First, the inclusion of a soil moisture sub- 
model and a model of water storage in vegetation for the forest would require a 
large amount of data. Our aim in this work has been to rely as much as possible 
on local reliable observations and as little as possible on literature data. Second, 
for the control cases, we can assume that water was not limiting given that the 
wheat and grassland data represent wetter than normal years. The forest data 
apply to a climatologically normal year - which at Oak Ridge means adequate 
water supply. Third, by inverting P-M to obtain the stomatal resistance, in the 
wheat and the forest cases, we incorporate possible soil moisture effects on 
stomatal behavior to some extent. 

Our analysis does not consider explicitly the likelihood that changes in 
precipitation will alter availability of water and, hence, the magnitude of E T. In 
forests, especially, changes in precipitation will affect interception losses. These 
commonly range from 10 to 25% of annual precipitation in deciduous forests - 
like that at Oak Ridge, and 15 to 40% in coniferous forests (Rutter, 1975). 
Therefore, everything else being equal, the actual evapotranspiration could be 
significantly different from what the model predicts. 

Stomatal behavior is complex and many unknowns remain (Farquhar, 1986). 
At this point, we simply impose stomatal resistance values and do not consider 
how these might be affected by root-to-shoot communication, feedforwards, or 
feedbacks. We do not adjust for stomatal resistance response to saturation vapor 
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pressure deficit, because of remaining questions pertaining to the behavior of 
existing formulations, such as that of Choudhury and Monteith (1986) (Paw U 
and Gao, 1988). We give changes in rs that are both positive and negative. Soil 
moisture shortage and increased vapor pressure deficit would further increase rs. 
Climatic changes that would diminish it are also possible. 

In addition, we do not include the differential impacts of soil moisture stress 
and CO2 enrichment on growth. Kimball (1985) reviewed 18 studies of growth 
under doubled CO2 concentrations with and without water stress and noticed 
that, in the case without water stress, growth was stimulated by about 43% and 
that, in the case with water stress, growth was stimulated by about 76%. Hence, 
in relative terms, plants benefit more from CO2 enrichment when under stress. 
Further, and perhaps most important, we cannot be completely confident that 
the simulated responses of E T  to changes in stomatal resistance would actually 
occur in fields and forests exposed to a future CO2 enriched atmosphere since 
most of the data on stomatal behavior comes from greenhouse and growth 
chamber studies (e.g., Morison, 1987). CO2 enrichment in the open air has not 
yet been accomplished for long enough to establish to what extent the stomatal 
closure actually occurs and whether it is transitory or persistent. Finally, 
anatomical adaptations to climatic change and CO2 enrichment of the 
atmosphere over the long term cannot be ruled out. As shown by Woodward 
(1987a), the observed stomatal density of leaves of eight temperate arboreal 
species in an herbarium collection decreased by 40% over the last 200 yr, during 
which time the CO2 concentration increased by 60 ppm. This interesting study 
is only suggestive. Most likely, the leaves collected were not highly transpiring 
sunlit leaves at the top of the canopy. 

Carbon dioxide enrichment affects plant growth and thus the ability to cast 
shade. We include leaf area index effects, but we do not consider light intercep- 
tion effects, which in the case of the forest could have measurable impacts on 
the growth of the understory (Woodward, 1987b). 

The combined effects of climate warming and CO2 enrichment are likely to 
alter the length of the growing season of most plants. This effect will be most 
noticeable in crops. However, we did not include this change in our simulations. 

In our analysis, we have assumed an unchanging species composition of the 
vegetation. However, in unmanaged ecosystems especially, the short-term 
responses to evolving climatic disturbances and the longer term adaptations to a 
new climate will affect vegetation dynamics. As numerous forest hydrology 
studies suggest (e.g., Hibbert, 1967; Hall, 1971; Bosch and Hewlett, 1982), 
changes in vegetation cover are likely to alter evapotranspiration significantly. 

6.3. On the Control of  Regional Evapotranspiration 

Are our results applicable beyond the boundaries of our fields? Equivalently, to 
what extent does local stomatal behavior regulate regional evapotranspiration? 



142 Philippe Martin 

As pointed out by Jarvis and McNaughton (1986), this second question is the 
object of a long standing debate between plant physiologists and climatologists - 
the former concluding that transpiration is strongly regulated by stomata and the 
latter concluding that it is not, neither paying serious attention to the scale at 
which they are working. 

Jarvis and McNaughton (McNaughton and Jarvis, 1983; Jarvis and 
McNaughton, 1986) define a factor, ~2c, determining the degree to which 
transpiration is decoupled from the stomatal behavior. The formulation of the 
~2c factor may not be exact (Paw U and Gao, 1988), its derivation being based on 
the generally accepted, but theoretically incorrect, concept of equilibrium 
evapotranspiration and the assumption that the canopy is in radiative equi- 
librium with its environment. However, the general conclusion reached by 
Jarvis and McNaughton, that tall vegetation has a greater control over its 
transpiration than shorter vegetation, still holds. Our 'base case' results are 
consistent with this postulation. 

6.4. On the Use of GCM Predictions of Regional Climatic Change 

As can be seen by examining our GCM-based scenarios and as is frequently 
noted in the literature (e.g., Mitchell, 1988), predictions of regional climate 
change vary greatly from one GCM to another. In the present exercise, we use 
GCM results only to define possible climatic forcings. 

A second caveat is that the experimental plots upon which we base our calcu- 
lations are infinitesimal in comparison to GCM grid cells which encompass 
thousands of square kilometers. The phenomena taking place at those highly 
contrasted scales are likely to be different. 

Finally, we assume that changes in surface characteristics and surface fluxes 
are small enough not to affect general circulation, though on a global scale one 
can expect such feedbacks to be present (e.g., Shukla and Mintz, 1982). 

6.5. Conclusion 

This study indicates that a biophysical approach to estimating the effects of 
climatic change and CO2 enrichment on ET is appropriate and useful. The P-M 
models developed for each ecosystem fit the field data reasonably well. 

An impact is the product of a forcing and a sensitivity. The studies that we 
performed on the wheat, deciduous forest, and tall grass prairie ecosystems 
enabled us to assess the impact of a climatic change on evapotranspiration, by 
examining on the one hand the magnitudes of the external forcings that can be 
expected and, on the other, the model sensitivity to those changes. 

To some extent, the temperature effect can be compensated by stomatal 
responses and increases in absolute humidity. This is so because of the sensitivi- 
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ty of evapotranspiration to those factors and the ranges within which they are 
likely to vary in the event of a climatic change. It is thus appropriate to 
formulate evapotranspiration not only in terms of temperature, but also in terms 
which include other microclimate factors, as well as some plant physiological 
considerations. 

We are cognizant of the  high degree of uncertainty in regional GCM output. 
The regional results that we use present 'greenhouse' climatic change scenarios. 
They cover a wide range because of the contrasting regional scale predictions of 
the GFDL, GISS, and NCAR GCMs. Nonetheless, the results based on scenarios 
incorporating the most likely micrometeorological and physiological changes 
indicate that changes in evapotranspiration could be moderate and, in some 
instances, insignificant. But, if one allows for significant decreases in leaf area 
index, which seems unlikely but possible, the latent heat flux is generally greatly 
reduced. Evapotranspiration could have less of an impact on runoff, for 
instance, than was previously predicted by Revelle and Waggoner (1983) and 
Gleick (1986), for example. However, increases in runoff resulting from 
decreases in evapotranspiration due to stomatal closure (Aston, 1984; Idso and 
Brazel, 1984) still seem unlikely. 
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Appendix 1. Model Description 

The appendix describes the model and, in particular, the physical constants, the 
treatment of the soil and the canopy heat fluxes, the parameterization of the 
temperature-dependent properties of air and water, and the calculation of the 
aerodynamic and canopy resistances. 

1. Physical Constants 

For the purpose of the present simulation, we assumed that the density of dry 
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air, Pa, and the specific heat of dry air at constant pressure, Cp, are constant and 
use their values at 20 ~ hence, Pa = 1.204 kg m -3 and Cp = 1010 J kg -l K -1 
(e.g., Jones, 1983). 

2. The Soil and the Canopy Heat Fluxes 

S represents the soil heat flux in the wheat and the grassland cases. In the forest 
case, the soil heat flux was incorporated in the value of the net radiation, Rn 
(Verma et al., 1986), as, 

S = 0.036 Rn, 

and the parameter S in the P-M equation is replaced by G, the forest canopy 
heat storage term, in W m -2. 

3. The Temperature-Dependent Properties of Air and Water 

In this section, we present the parameterizations of the latent heat of vaporiza- 
tion, the psychrometric constant, and the saturation vapor pressure and its 
derivative with respect to temperature. 

3.1. The Latent Heat o f  Vaporization 

For the latent heat of vaporization, L, we used the approximation found in 
Verstraete (1985), derived from first principles by Dufour and Van Mieghem 
(1973): 

L(t) = (2.50084 - 0.00234t) 106, 

where t is the temperature in degrees Celsius. 

3.2. The Psychrometric Constant 

The psychrometric constant (Monteith, 1973), ~,, is defined as: 

cpP 
L a  ' 

where P is the atmospheric pressure in Pa; and, e is the dimensionless ratio 
of the molecular weight of water to the effective molecular weight of dry air 
(e = 0.622). In the grassland case, measured values of atmospheric pressure 
were used. In the wheat and forest models, we took P = 105 Pa. 

3.3. The Saturation Vapor Pressure and its Derivative 

Saturation vapor pressure, es, was obtained using the approximation provided 
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by Dufour and Van Mieghem (1975): 

log(es(T) 10 -2) = 23.95717 2,954.98 5.07026 log(T), 
T 

where T is the temperature in K. 
By definition (e.g., Monteith, 1973), the slope of the saturation vapor 

pressure curve, s, is the derivative of saturation vapor pressure with respect to 
temperature, so that, 

1 I6 '87"10 5.070261es(T ). s ( T ) =  ~ 

4. The Aerodynamic Resistance 

The aerodynamic resistance, ra, is the sum in series of the bulk leaf boundary 
resistance, re, and the external aerodynamic resistance between the canopy 
and the air at height z, rl-1 : 

ra = r B + ?'H. 

4.1. The Bulk Leaf  Boundary Resistance 

Taking the derivation by Thorn (1972) for the canopy resistance as an analogy 
and, in effect, using an approach similar to Sellers et al. (1987), we defined the 
bulk leaf boundary resistance, rs, as, 

r l 

r 8 -  L A I '  

where r,, the leaf boundary layer resistance, was computed with the formula- 
tion suggested by Jones (1983): 

r~ -  6.62c 103' 

where d is the characteristic dimension of the leaves in m; u, the horizontal 
wind speed in m s-l; and, c, a dimensionless constant which, in the turbulent 
case assumed here, can be taken as c = 1.5. 

4.2. The External Aerodynamic Resistance 

The external aerodynamic resistance was derived using the equation for the 
sensible heat flux, and the wind speed and temperature profiles. 

The sensible heat flux, H, in W m -2, through a boundary layer is described 
by the general heat transfer equation, 
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D (7~ 
H = -  ~a-~ (T2 - T1), (A1) 

FH 

where TI and T2 are the temperatures in K at heights z i and z2 (z2 > z 1 ). 
At the evaporating surface, where it was assumed that u = 0 and T =  T1, the 

wind speed and the temperature profiles can be written following Brutsaert 
(1982) as: 

and, 

u. I 1 u = ~ -  In - t lJM(~) , 
\ ZM J 

(A2) 

H Iln ( z -  d0) _ ~p~/(~)], (A3) 
T 2 - T I -  k u , P a C  p \ ZH J 

where u ,  is the friction velocity in m s-l; k, the von Kfirmfin constant, taken 
as equal to 0.4; z, the height at which temperature is measured, in m; do, the 
zero plane displacement for the surface, in m; ZM and zAr, the roughness lengths 
for momentum and heat, respectively, in m; ~, the dimensionless Monin- 
Obukov stability parameter; and, ~PM and ~ / ,  the dimensionless profile correc- 
tion functions for momentum and heat, respectively. 

Combining equations (A1), (A2), and (A3), we get: 

rH= ~-UU k ZM J \ ZH J 

Let us now examine the factors needed to compute the value of rH. For the 
wheat field and the tall grass prairie cases, we rely on Brutsaert's (1982) review 
of empirical formulations for the zero plane displacement, do, and the roughness 
length for momentum, ZM, to determine the most appropriate formulation: 

2 
d0=-~ h 

and 

h 
ZM= 7.6 ' 

where h is the height of  the vegetation, in m. 
For the forest, the zero plane displacement and the roughness length for 

momentum are obtained using coefficients calculated in 1986 by Baldocchi 
et al. ,  4 for the same site: 

4 Dr, Dennis  D. Baldocchi, Atmospheric Turbulence and Diffusion Division/NOAA/ARL, PO. 
Box E, Oak Ridge, TN 37831, U.S.A., personal communicat ion,  October 1987. 
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do = 0.98 h 

147 

zM= 0.18h. 

The roughness length for heat, zH, can be related to the roughness length for 
momentum, zM, in the following way (Campbell, 1977): 

z~q = 0.2 za~. 

The Monin-Obukov stability parameter, ~, is defined (Brutsaert, 1982) as: 

(z - do) k g H  
- (A5) 

where g is the acceleration due to gravity in m s -2. We take g equal to 9.81 
m s -2. 

The formulations of the profile correction functions for momentum and heat 
depend on the atmospheric stability. Let us refer to 01 and 0 2 as the potential 
temperatures (e.g., Brutsaert, 1982) at heights Zl and z2 (z2> zl). Following 
Brutsaert (1982), in unstable conditions (~, 0 2 - -01  < 0), the profile correction 
functions for momentum and heat can be expressed as, 

l E1+< 2,+1 2 l + 2  In - 

7r 
2 arctan[(1 - 16~) TM ] 4- ~ 

and 

~ H =  2 in I 1 + (1 216r ] ,  

and, in stable conditions (r 02 - 01 > 0), as 

~M = T , / =  -5~. 

Equations (A5), (A2), and (A3) can be combined so as to have r as the only 
unknown: 

t2 + 

( z - d o ) k g  1 - ~-1 =0 .  (A6) 

We solved equation (A6) for ~ using the Van Wijngaarden-Dekker-Brent 
method (Press et al., 1986), a numerical approach to root finding which corn- 
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bines root bracketing, bisection, and inverse quadratic interpolation. The profile 
correction functions for heat and momentum were set to zero in the forest and 
the grassland cases for lack of sufficient data to compute them. The error 
introduced is small (e.g., Campbell, 1985). 

5. The Canopy Resistance 

As explained above, we obtained the canopy resistance values by different 
means for each ecosystem. In the wheat case, we used an average stomatal 
resistance, Ys, when assessing the model performance, and a canopy resistance, 
re, obtained by inverting the P-M equation (Equation 1) in the sensitivity studies 
and the simulations: 

s (Rn + S )  + PaCp(es - e) - (s + 7)LEr~4 
re = 7 L E  

For the forest, we used the canopy resistance values computed independently 
by Verma et al. (1986). However to obtain those values, Verma et al. inverted 
the P-M equation, using their own parameterizations and taking measured L E  

as an input. Hence, though the model was not fitted to the observations, the 
forest model is not totally independent from them. For the grassland, we used 
literature values of stomatal resistances for grasses (Jones, 1983). The canopy 
resistance was computed by averaging the stomatal resistance, rs, over the leaf 
area index: 

rs 
r c -  L A I  

where rs=(rad.rab)/(rad+rab); and, tad and rag are the average stomatal 
resistances of the adaxial and abaxial sides of the leaf, respectively. In making 
this leaf area index-weighted estimation, we followed a standard practice, albeit 
one that has been shown by Finnigan and Raupach (1987) to be less than 
perfectly accurate. 

Appendix 2. Variable List, Definitions, and Units 

The variables as well as their definition and units are listed in Table VIII. 
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Variable Definition Units 
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T temperature 
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