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AN ENERGY BUDGET ANALYSIS OF EVAPOTRANSPIRATION 
FROM SAL TC EDAR 

by 

L. W. Gay, T. W. Sammis, and J, Ben-Asher 

ABSTRACT 

Energy budget evaluations of evapotranspiration from saltcedar were carried out on th~ flood plain 
of the Rio Grande River, near Bernardo, New Mexico. The site was adjacent to the Bureau of Reclama
tion's lysimeter study of water use by saltcedar. The energy budget for the cloudless day of June 14, 
1975, revealed that energy gains from net radiation totaled 432 cal/cm2 , while energy losses (in 
cal/cm2 ), were 14 to stored energy, 31 to convection, and 387 to evapotranspiration (ET). The energy 
loss to ET is equivalent to the latent energy contained in about 6.5 mm of water. The energy budget 
values are reasonable for a phreatophyte community in a semi-arid environment. The latent energy loss 
compares favorably with 401 cal/cm2 measured by three lysimeters, although there were discrepancies in 
timing and amounts of loss among the individual lysimeters. The mean canopy diffusion resistance was 
1.90 sec/em over a 10-hour daytime period on June 14. The mean resistance was combined with vapor 
pressure deficit to predict lysimeter ET on three subsequent days. The agreement was within 12 percent, 
which suggests that diffusion resistance may be useful for simple ET predictions. 

INTRODUCTION 

The consumptive use of water by wildland vegetation is a well-recognized problem in the semi-arid 
southwest. Reduction of these losses would augment the existing but limited water supplies. This 
possibility has contributed to a continued interest in salvaging water for more beneficial uses. 

The riparian plant communities along southwestern stream courses are visible features of the land
scape. There is a gener~l awareness that the dry climate generates very large transpiration losses 
from phreatophyte species that have ready access to water. Consequently, the amount and timing of 
water use by phreatophytes has been extensively studied. 

The extent of the losses and the nature of the processes that control them have not been thoroughly 
defined. The possibilities for direct control of these losses through elimination of riparian communi
ties are now seen to be limited. Alternatives to direct control include management programs to convert 
and maintain desirable species in riparian communities, and the use of antitranspirants. Either of 
these approaches will require additional, detailed knowledge of the evapotranspiration process, and of 
the water use characteristics of the major phreatophYte species. 

This paper reports results of an energy budget analysis of evapotranspiration from a continuous 
expanse of saltcedar on the floodplain of the Rio Grande in central New Mexico. The objectives are: 
to determine the feasibility of an energy budget analysis for estimating ET from saltcedar, to estab
lish the magnitude of the diurnal energy exchanges, and to examine the factors controlling the exchange 
of water vapor between the saltcedar canopy and the atmosphere. 

REVIEW OF PREVIOUS WORK 

A substantial body of literature describes the past half-century of research on phreatophytes. 
Many older references are included in the 713 abstracted entries in the bibliographY compiled by 
Horton (1973); several hundred more recent works are abstracted by Paylore (1974). Horton and Campbell 
(1974) have collated knowledge that should prove useful for phreatophyte management, and Horton (1976) 
has proposed management guidelines for moist-site vegetation in the southwest. 

Two points that emerge from the literature review are applicable to our present study. The first 
concerns the extent of phreatophyte communities and the hydrologic consequences of their ready use of 
water. The second concerns the surprising lack of detailed information on the water use characteris
tics of the various phreatophyte species, and the difficulties encountered in extrapolating existing 
experimental results to conditions found in natural stands. 

Wide variability exists in the estimates of areal extent and amounts of water consumed by phreato
PhYtes. The introduced saltcedar, Tamarix pentandra (Pall.), is thought to be the heaviest water user of 
all the phreatophYtes. It is also an aggressive competitor and has spread throughout the river systems 
of the southwest. Robinson (1965) projected that saltcedar alone would occupy about 1.3 million acres 
throughout the west by 1970, with an annual consumptive use of about 5 million acre feet. The vast 
acreage projected for 1970 contrasts sharply with the relatively limited 40 or 50 thousand acres that 
were occupied by saltcedar back in 1920. For New Mexico and Arizona together, the total area of all 
species of phreatophytes has been estimated at nearly one million acres (U.S. Senate, 1960), with an 
annual consumptive use of between 2. 5 and 3 mill ion acre feet. However, there have been no recent, 
detailed estimates of phreatophyte area. 
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The reviews of water use by phreatophytes indicate that most of the data has come from experiments 
with lysimeters. Horton (1976) has summarized the results from a number of lysi~~~eter experiments. He 
concluded that water use by a mature, dense, unbroken stand of saltcedar would total about 180 to 210 
em annually in the Buckeye area near Phoenix, lllhile slightly higher elevation sites at Safford, Arizona 
and Carlsbad, New Mexico, would show a loss of 150 to 180 em per year. Saltcedar at the high elevation 
site of Bernardo, near Albuquerque, would use about 120 to 140 em. 

The U.S. Geological Survey's water budget on a 24.1 km reach of the Gila River revealed that ET 
from the riparian vegetation (mostly saltcedar) was 127 em (Culler, et al., 1970). After clearing of 
the vegetation, evaporation from the exposed soi 1 totaled 51 em. The net savings attributed to phreato
phyte removal was 76 em (Hanson, Klipple and Culler, 1972). 

The difficulties in extending the empirical lysimeter and water budget results to phreatophytes 
in other areas have been noted (Van Hylckama, 1974; Horton, 1976). An ideal experimental method would 
relate water availability, vegetative characteristics and environmental factors. Van Hylckama (1974), 
after considering the difficulties in interpreting the Buckeye lysimeter data,. suggested that future 
phreatophyte water budget studies might be advantageously based upon an energy budget analysis, as such 
results are more easily generalized to areas away from the experimental sites. Neither Horton (1976), 
Affleck (1975) nor Horton and Campbell (1974) could find results of energy budget studies of phreato
phytes to cite in their recent comprehensive reviews. 

FIELD EXPERIMENTS 

The Bernardo lysimeter site was selected for the energy budget measurements. Six constant-level 
lysimeters had been established in 1961 by the U.S. Bureau of Reclamation in an expanse of saltcedar on 
the floodplain of the Rio Grande, about 50 miles south of Albuquerque. The Bureau operated the lysim
eters continuously from 1962-1968 (U.S. Bureau Reclamation, 1973), and has maintained them for inter
mittant measurements since that date. The lysimeters are equipped with pumps that maintain the water 
level at a constant setting. The mean depth to water was 154 em during the period of our measurements, 
both within and without the lysimeters. 

Meteorological instrumentation was established above the saltcedar in the vicinity of the lysim
eters, and measurements were made for a four-day period, June 14-17, 1975. The saltcedar was about 
3.15 m. tall. Though the stand was extensive, the canopy was sparse. 

Our instrumentation was similar to that used elsewhere for energy budget measurements (see Gay, 
1973, among others). Net radiation was measured above the canopy with two net radimeters, and a soil 
heat flux plate within 3 em of the surface provided an estimate of the changes in stored energ¥ in the 
soil. A differential, diode psychrometer, similar to the design of Black and McNaughton (1971) was 
used to measure dry- and wet-bulb temperature differences between two levels above the canopy. The 
psychrometer employed a reversing mechanism to exchange the sensors between levels every ten minutes in 
order to eliminate small biases that might otherwise affect the results. Wind velocities were measured 
at three levels above the canopy. The instruments were recorded periodically on a digital data system. 

Only the first day of the experimental period proved suitable for analysis. The subsequent three 
days were marked by variable weather conditions and by a variety of instrumental and recording problems. 

RESULTS AND DISCUSSION 

The basic energy budget model is described in many different texts. It sums the energy available 
from net exchange of radiation (Q*), changes in stored energy (G), convection (H) and latent energy 
(LE): 

Q* + G + H + LE = 0. (1) 

The energy budget expressed in flux density units applies to periods of any length. The flux polari
ties may be either positive or negative, and we use the common convention that fluxes directed to the 
surface are positive, and those away from the surface are negative. 

The basic Bowen ratio model is: 

LE = (Q* + G) I (1 + a) (2) 

where 8 = H/LE. 8 was estimated from measurements of dry-bulb temperature differences (,'.Tal and 
wet-bulb temperature differences (t.Twl at two levels above the vegetation with the model of Sargeant 
and Tanner (1967) as 

where s is the slope of the saturation vapor pressure curve with respect to temperature at the mean 
wet-bulb temperature (Tw), andy is the psychrometric constant (under Bernardo conditions, 
y"' 0.58 mb/"C). 
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THE SURFACE ENERGY BUDGET 

The energy budget components were derived for each measurement cycle, using Equation 1, 2 and 3, 
and then integrated into half-hour and daily totals. The data for the daylight hours (0630-1900), the 
night (1900-0630) and the full day are tabulated in Table 1 in cal/cm2 for the appropriate period. The 
evaporation equivalent of LE is 6.5 mm of water over the 24-hour period. 

Table 1. Energy Budgets Components Over Saltcedar. Bernardo, New Mexico. 

Period Q* G H LE 

day (0630-1900) 485 -18 -102 -364 
night (1900-0630) -53 5 71 - 23 
24-hour total 432 :]4 :-jf -387 

The LE estimate from the energy budget analysis can be checked against the water loss data from 
the three saltcedar lysimeters. Of the six lysimeters, two had been converted from saltcedar to 
Russian olive in 1972, and the saltcedar canopy in the remaining one was uncharacteristically sparse. 
The three usable lysimeters were examined at approximately hourly intervals from 0830 to 1830 hours 
daily and the pumpage converted to depth equivalents over the 93 square meter area of each lysimeter. 
The mean loss from the three lysimeters was 6.7 mm of water for June 14; this is equivalent to about 
401 cal/cm2. 

The mean daily loss from the three operating lysimeters thus compares quite closely to the energy 
budget estimate. However, the June 14 totals from the individual lysimeters were 8.14, 7.37 and 5.05 
mm, respectively. The scatter among the lysimeters suggests that the good agreement on this one-day 
comparison may be due to chance. 

Further discrepancies become apparent when the hourly energy budget components are plotted 
throughout the day in Figure 1. 
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Figure 1. 

BERNARDO, NM 
June 14, 1975 

4 8 12 

TIME OF DAY (hr) 

16 24 

Saltcedar evapotranspiration from an energy budget analysis (LE) and from lysimetric 
measurements (LE' ). Note that G, LE and LE' are reversed in polarity in order to save 
space. 

The convection term, H, is not shown, but since Equation 1 governs the energy budget, it can be scaled 
from the Figure if desired. The mean value of the lysimeters (labeled LE') is plotted for the hourly 
periods that are available. The curve for Q*, G and LE are smoothed through points representing half
hourly integrals; LE' is drawn as a bar graph, indicating the amounts lost each hour. 

The smooth progression of the Q* curve confirms that clear skies prevailed throughout this day. 
The relatively unimportant soil heat flux remained small for any given hour within the day. The energy 
budget estimate of LE is in phase with net radiation. The oscillatory character of LE indicates possi
ble measurement errors; a smooth curve might more accurately represent the actual evapotranspiration 
rate. 

The mean water loss from the lysimeters (LE') differs substantially from LE throughout the day, and 
there was considerable scatter among the three lysimeters in any given hour. The LE' pattern shows 
lower water use than LE through the middle of the day; the peak losses from the lysimeter occur from 
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1530 to 1630 hours. LE' also shows substantially greater losses throughout the night hours. 

Further conments on the lys imeter accuracy can be deduced from the genera 1 progression of the 
energy budget. The relatively large values of LE' at night occur during the time that available energy 
(Q* + G) is negative. The energy to sustain LE' must be extracted from the air, so that H must be 
directed toward the surface, and at a relatively high rate. Likewise, the abrupt jump of LE' in the 
mid-afternoon hour, and its subsequent rapid decrease, is not easily explained. Because of these fac
tors, and because of the large variability among the three lysimeters, one cannot place undue confidence 
in hourly values of LE'. 

CANOPY DIFFUSION RESISTANCES 

The direct measurement of water loss from the lysimeters yields a useful estimate of the water use 
of saltcedar. It does not, however, relate the losses to environmental and plant factors, and this 
makes it difficult to extend the results to other areas. The energy budget analysis is more general, 
since it partitions the available energy (Q* +G) into latent and convective energy, and thus estimates 
LE with respect to the energy environment. 

The generality of the energy budget approach may be extended by considering the role of the diffu
sion resistance of stomata in limiting the flow of water vapor from the plant into the atmosphere. The 
diffusion resistance quantitatively expresses the restriction that the stomata place upon the free flow 
of vapor between the interior of the leaves and the atmosphere. The resistance of the stomata to vapor 
flow is related to soil and plant parameters, such as availability of water, the evaporation rate, and 
the conductivity and water potential of the plants and soil. The diffusion resistance directly affects 
the water loss. Recent work (Monteith, 1965) suggests that this concept will lead to a useful means of 
predicting ET. 

The basic model. We shall consider the plant diffusion model further. It was first proposed by 
Monteith (1965) as a modification of the potential evapotranspiration model of Penman (1948). Since 
evapotranspiration is controlled by both the evaporative demand of the air and the physiology of the 
plant, Penman's equation was modified by Monteith to include a plant canopy resistance, rc• in the 
potential evapotranspiration equation: 

where 

s(Q* + G) + pCp(e* - eal/ra 
LE = s + y(ra + rc)/ra 

C~: ~~!~o;:~~~!t~l~~ ~!~s~i;1 ~~~~1}min); 
e~ = ambient vapor pressure (mb); 
e =saturation vapor pressure at air temperature (mb); 

L = latent heat of vaporization (cal/g); 
Q* = net radiation (cal/cm2/min); 
G =change in soil heat storage (cal/cm2/min); 

ra = aerodynamic or boundary layer resistance (sec/em); 
rc = canopy resistance (sec/em); 
s = slope of saturation vapor pressure curve at air temperature (mb;oC); 
y = psychrometric constant (mb/°C) 
p =density of air (g/cm3). 

(4) 

This plant diffusion model quantifies the role of stomatal behavior in controlling water losses, with 
the canopy resistance term, rc. representing the role of the plant. This variable appears to be the 
key to a successful physical model of evapotranspiration (Running, Waring and Rydell, 1975). Equation 
4 was used with apparent success by Van Hylckama (1975) for predicting ET at the Buckeye lysimeter site 
over a three-day period. He did not give details of his analysis, however. 

Simplifications. The basic method for estimating rc is to solve Equation 4 when rc is the only 
unknown, with LE being measured by other means, such as a lysimeter or the energy budget technique. 
In plant communities with compact, rather smooth, canopies, the aerodynamic resistance ra may be large 
with respect to rc· This situation requires a special evaluation of ra through measurement of the wind 
profile. If the canopy is rough, however, ra becomes small and Equation 1 can be rewritten, neglecting 
the ra term. This is clearly demonstrated in Federer's review (1975) of the few sets of resistance 
measurements available from plant communities that have rough, porous canopies. When ra is negligible 
Equation 4 reduces to the simple form of Fick's Law of Diffusion, where the rate of water vapor trans
fer is proportional to the gradient in water vapor concentration: 

CnP (e* - ea) 
LE = -L-

y rc 

This simplified equation has been used to model the water flux from Douglas-fir (Running, et al., 
1975). This modification of the general evapotranspiration model (Equation 4) demonstrateshoila 
model may be simplified when some of the physical parameters become insignificant for a particular 
ecosystem. 
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The wind profile measurements were analyzed to see if r was negligible for the Bernardo experi
mental site. Van Savel (1966) outlines the procedure for cafculation of ra from wind profile theory, 
assuming adiabatic conditions exist in the lower levels of the atmosphere. This assumption is rather 
closely met under the condition at Bernardo, i.e., when the wind is strong and the evaporation rate is 
substantial. The calculations also require an estimate of roughness length (z0 ) and displacement 
height (D) for the stand in question. Van Savel's expression is not strongly dependent upon the actual 
z0 and D values chosen; an error in z0 of 100 percent will not cause a large error in the estimate of 
ra. 

Calculations of ra for the saltcedar stand, using assumed values of z0 = 50 em and 100 em, re
vealed that r0 was generally only a few percent of rc throughout the daytime hours. As a consequence, 
it makes little difference whether rc is estimated from Equation 4, or from Equation 5. 

Resistance values. The daylight values of rc, calculated from Equation 4, are plotted in Figure 2. 
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Figure 2. The trend of canopy diffusion resistance rc, with respect to vapor pressure deficit, 
VPD, and latent energy, LE. 

The LE curve is reproduced to show that rc interacts with the vapor pressure deficit to control water 
losses. For example, Equation 5 predicts that LE will increase directly with the vapor pressure defi
cit if the canopy resistance were to remain constant. The vapor pressure deficit normally peaks later 
than net radiation, in the late afternoon, when Ta has reached its maximum. If r~ remains constant, LE 
will shift into the late afternoon, out of phase with Q*. In this illustration, nowever, there was an 
increase in canopy resistance during the afternoon hours that compensated for the increased vapor pres
sure deficit of the air. 

The calculated values of r9 in Fi'gure 2 must of course show this relationship, since rc is esti
mated from vapor pressure defic1t and LE. Any errors of LE will distort the rc values, and there will 
be no evidence to indicate the error. The confirmation of the behavior of rc and the usefulness of the 
diffusion resistance model will have to wait for further experimentation. 

There are essentially no studies of the diffusion resistance of saltcedar. Hughes (1972) examined 
data from the Bernardo lysimeters, and estimated mean monthly canopy resistance values from Equation 4, 
using climatological data. He obtained values that varied from approximately 0.3 sec/em in July and 
August up to 4.5 or 5.0 sec/em in May and October. The time base of our single daily cycle and his 
monthly mean values is too great to warrant direct comparison. 

Predictions with the model. Even though the energy budget analysis is for only one day, we can 
use the lysimeter data and our vapor pressure data to examine the consistency of the mean daily 
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resistance value for the period 0830-1830 on each of four days, using the lysimeter estimate of LE', 
the mean vapor pressure deficit, and Equation 5. The first of the four days is June 14, which has 
estimates of both the energy budget LE and the lysimeter LE (6.5 mm and 6.7 mm of water, respectively). 
After trimming the day to the 10-hour period 0830-1830, the energy budget estimate becomes 5. 7 mm, and 
the lysimeter estimate is reduced to 4. 7 mm. 

The mean vapor pressure deficit for the 10-hour period on June 14 was 34.3 mb. From Equation 5, 
we estimate the mean canopy resistance for this period as 1.60 sec/em from the energy budget LE, and 
1.95 sec/em from the lysimeter data. The different values of rc indicate the failure of LE and LE' to 
agree during this period. · 

We can get an indication of the variability associated with the lysimeter estimates of LE' by now 
calculating rc for June 15, 16 and 17 for the same 10-hour period each day, using the mean vapor pres
sure deficits for those days. The results, summarized in Table 2, show that the four days vary as much 
as 12 percent about the mean value of 1.90 sec/em. 

Table 2. Mean canopy resistance, based upon vapor pressure deficit and mean lysimeter 
evapotranspiration. Means are taken over the 0830-1830 period each day. 

Date LE' (mm) VPD(mb) rc(sec/cm) 

6/14 4.70 34.3 1.95 
6/15 4. 72 29.5 1.68 
6/16 3.46 27.8 2.14 
6/17 4.15 28.1 1.84 

While the surface resistance may vary from day to day because of physiological or environmental fac
tors, the variability found here may be at least partly caused by errors. In any event, the differences 
between days are not particularly large, and indicate that a mean daily value of diffusion resistance 
may be useful in estimating latent energy exchange. 

CONCLUSIONS 

The energy budget analysis reported here is of more limited duration than is desired in order to 
fully understand the evaporation losses from saltcedar. The data from the lysimeter analysis is a 
valuable supplement, however. 

Water use by saltcedar at the Bernardo site almost equalled the available energy during the mid
June period of our measurements. Evaluation of the resistances that govern the transfer of vapor into 
the atmosphere indicated that the aerodynamic or boundary layer resistance was negligibly small with 
respect to the stomatal resistance of the canopy. Evaluation of the canopy resistance term was simpli
fied by neglecting the aerodynamic resistance. 

The canopy resistance dropped to values of about 1.0 sec/em during mid-day periods of high ET. 
The resistance values climbed in the late afternoon, and as a result the ET rate did not respond 
directly to the vapor pressure deficit or ET potential of the atmosphere. The reasons for this 
afternoon resistance increase are not immediately apparent, as the saltcedar was amply supplied with 
water from the relatively shallow water table. 

The canopy resistance values offer possibilities for the prediction of ET. A mean resistance of 
1.9 sec/em for ten daylight hours of June 14 predicted the ET from the lysimeters on three other days 
within 12 percent. If the resistances could be defined in terms of easily measured variables, their 
use would be enhanced. 

The experiment did not provide enough information to confirm the usefulness of diffusion resis
tances for estimating ET although the technique appears promising. However, the results obtained are 
in general accord with the limited amount of work reported elsewhere. These results will contribute 
to our understanding of water use by saltcedar, and will ultimately help us to develop the best possi
ble alternatives for management of riparian communities. 
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