
ABSTRACT: Evapotranspiration (ET) approximations, usually
based on computed potential ET (PET) and diverse PET-to-ET
conceptualizations, are routinely used in hydrologic analyses.
This study presents an approach to incorporate measured
(actual) ET data, increasingly available using micrometeorologi-
cal methods, to define the adequacy of ET approximations for
hydrologic simulation. The approach is demonstrated at a site
where eddy correlation-measured ET values were available. A
baseline hydrologic model incorporating measured ET values
was used to evaluate the sensitivity of simulated water levels,
subsurface recharge, and surface runoff to error in four ET
approximations. An annually invariant pattern of mean monthly
vegetation coefficients was shown to be most effective, despite
the substantial year-to-year variation in measured vegetation
coefficients. The temporal variability of available water (precipi-
tation minus ET) at the humid, subtropical site was largely con-
trolled by the relatively high temporal variability of precipitation,
benefiting the effectiveness of coarse ET approximations, a
result that is likely to prevail at other humid sites.
(KEY TERMS: evapotranspiration; recharge; runoff; precipita-
tion; simulation; hydrologic cycle.)
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INTRODUCTION

Precipitation (P) and evapotranspiration (ET) gen-
erally are the two largest components of the hydrolog-
ic budget. Given the magnitude of these water budget

components, identification of the temporal variation
of P and ET is critical to transient hydrologic analy-
sis. Precipitation is routinely and easily measured
with rain gages at a vast number of locations around
the world at subhour time resolution. However, ET
measurements [generally by micrometeorological or
mass balance methods (Brutsaert, 1982)] have histori-
cally been less common, more costly, and more diffi-
cult than P measurements.

The relative scarcity, cost, and labor of ET mea-
surements have led many investigators to use simple
approximations of ET that provide cost and labor sav-
ings. Commonly, values of potential ET (PET), consid-
ered indicative of ET from a large area of actively
growing vegetation with adequate moisture, along
with relations between PET and actual ET, are uti-
lized as ET approximations. Potential ET data are
more readily available than ET data and have been
computed from pan evaporation (Brutsaert, 1982, pp.
251-254), and a variety of micrometeorological
approaches (Penman,1948; Thornthwaite, 1948;
Blaney and Criddle, 1950; Priestley and Taylor, 1972;
Allen et al., 2005; Oudin et al., 2005b) tabulated 27
different micrometeorological PET approaches.
Micrometeorological computations of PET usually rely
on data from field-based measurements, but remote
sensing-based measurements are becoming more com-
mon (Diak et al., 1998). As noted by Brutsaert (1982),
PET is commonly computed based on meteorological
data collected under nonpotential conditions despite
the underlying assumption of potential conditions
inherent in many PET methods. Computed PET
under nonpotential conditions will not necessarily
represent the ET that would occur if potential 
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conditions prevailed. Nevertheless, PET can be a use-
ful explanatory variable for ET approximations and is
used in such a manner in common practice. Parlange
and Katul (1992a, p. 128) suggested that the PET for-
mulation suggested by Priestley and Taylor (1972) is
“the evaporation rate which would occur if the surface
was brought to saturation (wet) and the available
energy supply ... were held constant” and implied that
Priestley-Taylor PET is less sensitive to violations in
the assumption of potential conditions than is that of
Penman (1948).

Evapotranspiration submodels commonly are incor-
porated within hydrologic models to quantify the
extent that actual ET is reduced below user specified
values of PET. For example, the ET module within
MODFLOW-2000 (Harbaugh et al., 2000), a widely
used model for simulation of ground-water flow MIKE
SHE (Danish Hydraulic Institute, 1998), and HEC-
HMS (U. S. Army Corps of Engineers, 2000) water-
shed models each have unique approaches to
estimating ET from a user specified PET. Also, vege-
tation or crop coefficients (ratio of ET to PET) com-
monly have been used to relate ET to PET. Vegetation
coefficients have been developed for a range of agri-
cultural surface covers (Allen et al., 1998), but are not
commonly available for wildland covers. However, the
simplicity of vegetation coefficients makes a com-
pelling case for their use in hydrologic analyses. The
numerous variations of computing PET (Oudin et al.,
2005b) suggest that vegetation coefficients should be
qualified by the PET method for which they were
developed.

In practice, the parameters or coefficients within
the various approaches used to estimate ET from PET
within hydrologic models are not well defined. Heavy
reliance usually is placed on extrapolation of litera-
ture values for parameters or parameter identifica-
tion through calibration of the hydrologic model. Both
of these approaches for identification of ET parame-
ters have liabilities – the former because of the
uniqueness of each site and the latter because of the
nonuniqueness of parameter estimation, particularly
considering the usually large number of unknown
parameters in most hydrologic models. Errors in the
assumed functional form and parameterization of ET
can contribute to unquantified error in specification of
ET in hydrologic models. For these reasons, it can be
considered that current hydrologic analyses common-
ly incorporate coarse approximations of ET. Modest
relative errors in ET estimates can produce large rel-
ative errors in the residual of P and ET when the
residual is small relative to ET error (Scanlon et al.,
2002).

Previous researchers have examined the adequacy
of PET approximations in hydrologic simulations
incorporating PET-to-ET relations. Oudin et al. (2004)

noted that the insensitivity of watershed models to
PET is a “widely recognized behavior.” For example,
Fowler (2002) found that input of an annually invari-
ant pattern of mean monthly PET to a 13-year simu-
lation of soil water balance produced very similar
results to a baseline simulation using measured val-
ues of daily PET; this insensitivity of the simulations
to PET was observed even during extreme periods
(wet or dry). Oudin et al. (2005a) conducted a compre-
hensive analysis, using data from 308 catchments, of
the temporal refinement of PET data necessary for
efficient rainfall-runoff modeling and concluded that
the use of an annually invariant seasonal pattern of
PET is sufficient. Andreassian et al. (2004) observed
that dynamic sensitivity studies of watershed models,
in which a model is recalibrated after a change in
estimated PET, indicate that simulated streamflow is
little affected by the degree of refinement in PET.
Burnash (1995) suggested that “in many areas an
average annual evapotranspiration curve appears to
be as meaningful as any readily available discrete
information.”

The work cited above was limited to evaluation of
the adequacy of approximations of PET in hydrologic
simulations relative to baseline simulations using
measured PET. However, few researchers have evalu-
ated the adequacy of approximations in the PET-to-
ET relations; uncertainty in these relations are often
more difficult to quantify because measurements of
ET are required to define a baseline hydrologic simu-
lation. Measured values of ET make it possible to pro-
vide the necessary baseline for evaluation of existing
PET-to-ET approximations. Interestingly, little work
has utilized the emerging database of direct microme-
teorological measurements of ET throughout the
world [for example, the 120+ eddy correlation stations
within the Ameriflux network (Baldocchi et al., 2001)]
to determine methods of approximating PET-to-ET
relations that are adequate for the purpose of hydro-
logic simulation. Remote sensing efforts offer the
potential to extend beyond the point nature of micro-
meteorological measurements and estimate the spa-
tial distribution of ET (Engman, 1995; Bastiaanssen
et al., 1998a,b; Jiang and Islam, 2001; Diak et al.,
2004).

The goal of this study was to present a methodolo-
gy for incorporating measured ET data within an
analysis to determine adequate ET approximations
for hydrologic simulation. Adequate PET-to-ET
approximations are defined here as those that are
“good enough” to allow adequate simulation of those
aspects of the hydrologic system (e.g., ground water
levels, aquifer recharge, streamflow, etc.) that are of
water management interest. Approximations that are
deemed adequate can then be applied at other times
or at environmentally similar places for which direct
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ET measurements are not available. Although the
methodology is only exemplified at a single site, the
approach can be applied generally in cases of avail-
able ET data.

This study made use of available eddy correlation
measurements of ET for a 986-day period (June 1,
2000 to February 11, 2003) for a pasture site in the
humid, subtropical setting of central Florida. Four dif-
ferent approximations of daily ET were developed:
constant, mean ET; constant vegetation coefficient;
annually invariant, monthly pattern of vegetation
coefficients; and a formulation commonly used in
ground water flow simulations that relates ET reduc-
tion from PET to water table depth (the latter three
approximations required daily PET data). A simple
hydrologic model, incorporating P and ET and simu-
lating water table depth, aquifer recharge, runoff, and
subsurface flow, was constructed. The adequacy of the
ET approximations for hydrologic simulation was
then evaluated relative to a baseline simulation using
measured ET.

SITE DESCRIPTION

The study was conducted at a nearly flat, nonirri-
gated pasture site (latitude 28˚16´26´´, longitude 
N 80˚46´34´´W) within a commercial farm in Brevard
County, Florida, USA (Figure 1). The dominant plant
cover (80 to 90 percent of surface cover) at the study
site is Bahia grass (Paspalum notatum) pasture. The
pasture varies from a lush green during the summer
to a drab brown during the winter. The surficial
aquifer system (about 20 m of fine to medium quartz
sand with varying amounts of silt, clay, and loose
shell) begins at land surface and consists of an unsat-
urated zone and a saturated zone.

In response to variations in P and ET, the water
table varies temporally from land surface to about 1.5
m below land surface. Rainfall averaging about 1,370
mm/yr in the study area (Jordan, 1984) and upward
leakage of about 25 mm/yr (Tibbals, 1990) from the
underlying, artesian Floridan aquifer system add
water to the surficial aquifer system. Evapotranspira-
tion, runoff, and lateral drainage to ditches remove
water from the system. Artesian wells, discharging
water from the Floridan aquifer system, flow nearly
continuously for cattle watering, maintaining surface
water in a ditch about 400 m from the study site.

The climate of the area is humid subtropical and is
characterized by a warm, wet season (June through
September) and a mild, dry season (October through
May). About 55 percent of the annual P generally
occurs during the wet season, when localized convec-
tive thunderstorm activity is common (Tibbals, 1990).
During the dry season, P commonly is associated with
frontal systems and often is areally extensive. Mean
air temperature in the area is about 22˚C, ranging
from occasional winter temperatures below 0˚C to
summer temperatures approaching 35˚C.

METHODS

Field Measurements

Continuous measurements of ET and P (all in the
form of rainfall) were made at the pasture site from
June 1, 2000, through February 11, 2003. Evapotran-
spiration and related meteorological variables were
measured at 30-minute resolution using the eddy cor-
relation method (Monteith and Unsworth, 1990) in a
manner similar to that described by Sumner and
Jacobs (2005). Precipitation was measured with a tip-
ping bucket rain gage (Model 525, Texas Electronics,
Inc., Dallas, Texas). Water table depth was measured
(KPSI Series 500 pressure transducer, Pressure Sys-
tems, Inc., Hampton, Virginia) in a 2.5 m deep well.

Potential ET was computed by the Priestley-Taylor
equation (Priestley and Taylor, 1972) along with field
measurements of net radiation, soil heat flux, and air
temperature and a constant value of the empirical
Priestley-Taylor α equal to 1.26. This α value has
been shown empirically (Davies and Allen, 1973;
Stewart and Rouse, 1977; Mukammal and Neumann,
1977; Parlange and Katul, 1992b) and analytically
(Eichinger et al., 1996) to be appropriate for evapo-
transpiration from wet or well watered surfaces. The
Priestley-Taylor approach for PET is well suited for
remote sensing derived data inputs (Kanemasu et al.,
1977; Diak et al., 1998), allowing the results of this
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Figure 1. Location of Study Area, Florida, USA.



study to be areally extrapolated to other similar envi-
ronments.

ET Approximations

Unbiased approximations of ET were generated by
using four approaches, including: two variations 
of vegetation coefficients; the approach of the 
MODFLOW ET module (Harbaugh et al., 2000); and a
constant value of mean ET. As an example of the
effect of biased ET estimates, ET approximations
were also generated using constant values of vegeta-
tion coefficients that were ±10 percent of the mean
vegetation coefficient. The range of ET approxima-
tions considered in this study is admittedly not inclu-
sive of all of the large number of approximations in
current use.

Vegetation coefficients (Equation 1) were computed
using measured values of ET and computed PET.
Measured vegetation coefficients for a given month
were averaged over the period of record to generate a
mean, annual pattern of monthly vegetation coeffi-
cients. Also, a single, time invariant, mean vegetation
coefficient was computed based on the entire period of
record.

ET = k PET

where ET and PET are in mm and k is a vegetation
coefficient.

The MODFLOW ground water flow model ET mod-
ule assumes that ET from the saturated zone of the
aquifer varies linearly with water table depth from
PET (when the water table is at a specified “ET sur-
face”) to zero (when the water table is at a specified
“extinction depth”) (Figure 2). Within this study, the
ET surface was assumed to coincide with land surface
and the extinction depth was estimated through a
regression performed using the Solver capability of
Microsoft Excel to minimize the sum of squared 
differences between measured and estimated ET.
Also, within this study, ET approximated by the
MODFLOW ET module approach represents all ET
(not just that derived directly from the saturated
zone). This approach is consistent with an assumption
of hydrostatic equilibrium between the water table
and unsaturated zone, implying that ET extractions
in the unsaturated zone are manifested instanta-
neously at the water table. Also, enhanced evapora-
tion of intercepted rainfall in the canopy or the soil
surface is neglected in this approach.

Hydrologic Model

A simple, daily resolution hydrologic model (Equa-
tion 2) was constructed for the site incorporating
recharge or discharge from the surficial aquifer, sur-
face runoff, and subsurface flow to or from the site.
The purpose of this model was to evaluate the ade-
quacy of ET approximations in hydrologic simulations
relative to a baseline simulation using measured ET.
Error in ET measurement provides another source of
uncertainty that was not considered in this study.

The model assumed that the daily difference
between P and ET (available water) was added to or
extracted from the saturated zone of the surficial
aquifer as recharge/discharge (RD) within the daily
time step when the water table was below land sur-
face. This assumption is most appropriate for shallow
water table situations such as the experimental site.
The water table response was computed based on a
constant value of specific yield (Sy) (Equation 2a).
However, if the simulated water table was above land
surface, surface runoff (RO) was assumed to occur and
was set equal to the water in excess of that required
to saturate the subsurface (Equation 2b); simulated
recharge was reduced from P minus ET  (P-ET) by an
amount equal to simulated runoff. Regional upwelling
of water from the Florida aquifer system was simulat-
ed with a constant flux (qc). Flow to or from adjacent
areas was simplified with a lumped parameter con-
ceptualization. Specifically, local drains and sources of
water were simulated with a head-dependent flux
computed as the product of a constant of proportional-
ity (c) and the difference between the computed
water-table elevation (h) and a constant elevation
drain or source (hc). The flow model can be mathemat-
ically described as
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Figure 2. MODFLOW ET Module Relation Between ET From
Aquifer and Water Table Depth Below ET Surface.

h h
P ET q c h h

S
ti i

c i c

y
+

′ = +
− + + −( )

∆1 (2a)



where i is an index for daily time steps ∆t, hí+1 repre-
sents the initial estimate of hi+1, and the reference
elevation is zero at land surface. Units are: h (m), P
(m/d), ET (m/d), qc (m/d), RD (m/d), RO (m/d), c (d-1),
∆t (d), and Sy (m/m).

If hí+1 > 0, then hi+1 = 0; RD = P - ET - Syhí+1/∆t; 

and RO = Syhí+1/∆t.

If hí+1 < = 0, then hi+1 = hí+1; RD = P - ET;

and RO = 0.

All unknown parameters (Sy, qc, hc, and c) were
estimated through a regression performed using the
Solver capability within Microsoft Excel to minimize
the sum of squared differences between daily values
of measured and (baseline) simulated water table ele-
vation.

RESULTS

PET-to-ET Relations

Vegetation coefficient showed a distinct seasonal
pattern (Figure 3 and Table 1), although considerable
deviation of monthly vegetation coefficients from 
the mean seasonal pattern was evident. Vegetation

coefficients generally were lowest (averaging 0.48) at
the end of the dry season in May and increased dra-
matically after the beginning of the wet season in
June to values generally averaging above 0.70 from
July to the first winter freeze. The mean annual value
of vegetation coefficient was 0.68. By comparison,
Allen et al. (1998) reported vegetation coefficients
(relative to a standard “reference” ET) for a grazing
pasture during initial growth, midseason, and late
season as 0.4, 0.85 to 1.05, and 0.85, respectively.

The regression estimated extinction depth within
the MODFLOW ET module was 2.1 m. The utility of
this relation was untested for water table depths
below those encountered in this study (0 to 1.42 m)
and should be extrapolated to greater depths with
caution.

Comparison of Variability in P, ET, and P Minus ET

Evapotranspiration was a major component of the
water budget at the site. Most (2,593 mm or 66 per-
cent) of the water incoming to the surface as P (3,866
mm) during the 986-day measurement period was
returned to the atmosphere as ET. Most of the varia-
tion in daily ET (Figure 4) was related to variations in
solar radiation, either through varying cloud cover or
solar angle. 

Temporal variations in ET were observed weekly 
(5 to 34 mm), monthly (34 to 132 mm), and annually
(896 to 1,031 mm). However, ET was relatively 
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Figure 3. Monthly Vegetation Coefficients.



constant compared to P; the temporal variability of
ET was small compared to that of P at a variety of
time scales (Figures 5 and 6; Table 1). Precipitation
varied weekly from 0 to 274 mm, monthly from 7 to
430 mm, and annually from 925 to 1,772 mm. Precipi-
tation minus ET (available water) defines the net
atmospheric input or extraction from a hydrologic sys-
tem and, therefore, is generally more important to
define than P or ET individually. The variability in 
P - ET was determined primarily by the variability in

P (Figure 6). The r2 between monthly values of P and
P - ET was 0.93, whereas the r2 between monthly val-
ues of ET and P - ET was near zero. The relative vari-
abilities of P and ET and the low explanatory power
of ET for P - ET indicate that coarse approximations
of ET might provide reasonable approximations of 
P - ET (available water). In particular, the magnitude
and variation of P mask variations in ET during wet
periods. However, during dry periods (for example,
November 2000 to February 2001), the variability of
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TABLE 1. Monthly Precipitation (P); Evapotranspiration (ET); Measured Vegetation
Coefficients (k); and Annually Invariant, Mean Monthly Vegetation Coefficients (km).

P Annual P ET Annual ET
Year Month (mm) (mm) (mm) (mm) k km

2000 6 135 86 0.55 0.62

2000 7 82 132 0.78 0.75

2000 8 63 111 0.66 0.74

2000 9 309 103 0.77 0.77

2000 10 104 91 0.77 0.74

2000 11 12 56 0.69 0.73

2000 12 15 37 0.58 0.72

2001 1 22 34 0.53 0.63

2001 2 12 46 0.59 0.65

2001 3 109 55 0.54 0.61

2001 4 7 93 0.62 0.62

2001 5 56 925 87 932 0.53 0.48

2001 6 171 961 129 975 0.76 0.62

2001 7 189 1,069 125 968 0.75 0.75

2001 8 195 1,201 125 982 0.74 0.74

2001 9 373 1,265 92 970 0.76 0.77

2001 10 70 1,231 76 955 0.72 0.74

2001 11 87 1,305 58 958 0.74 0.73

2001 12 30 1,321 53 973 0.77 0.72

2002 1 40 1,339 47 986 0.71 0.63

2002 2 120 1,447 55 995 0.72 0.65

2002 3 20 1,357 91 1,031 0.67 0.61

2002 4 45 1,395 90 1,028 0.61 0.62

2002 5 27 1,366 62 1,003 0.43 0.48

2002 6 430 1,626 54 928 0.56 0.62

2002 7 169 1,605 93 896 0.73 0.75

2002 8 171 1,581 126 897 0.81 0.74

2002 9 161 1,369 110 916 0.78 0.77

2002 10 160 1,459 97 936 0.74 0.74

2002 11 71 1,443 62 940 0.76 0.73

2002 12 357 1,770 52 939 0.80 0.72

2003 1 43 1,772 50 942 0.66 0.63

Notes: k and km are dimensionless; annual values are based on 12-month moving sum.



ET is comparable to that of P (Figures 5 and 6),
implying that error in approximations of ET will
introduce the greatest relative error to P - ET during
dry periods.

A modest correlation (r2 = 0.71) between monthly
values of P measured at the site and monthly values 

measured at the nearest National Oceanographic and
Atmospheric Administration (NOAA) station at Mel-
bourne (Figure 1) (NOAA 2000, 2001, 2002, 2003),
indicates that caution should be used in extrapolating
measured values of P spatially within a watershed.
Day-to-day spatial variations in P within a watershed
can be expected to be extreme. Error in the areally
extrapolated P within a watershed (in addition to the
error in measuring P at the rain gage) has the poten-
tial to contribute more error to the estimation of 
P - ET than error in ET approximation.
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Figure 4. Daily Evapotranspiration.

Figure 5. Monthly Precipitation and Evapotranspiration.

Figure 6. Cumulative Values of Evapotranspiration (ET),
Precipitation (P), and Available Water (P - ET).



Simulation of Flow System

Measured water table fluctuations were well simu-
lated (r2 = 0.83; standard error = 0.14 m) with the
(baseline) hydrologic model of Equation 2 (Figure 7).
These results support the utility of the assumptions
inherent in this simple model. Estimated parameter
values were: Sy = 0.14, c = -0.00034/d, and hc = -0.68
m. The negative sign for the head dependent flux con-
stant of proportionality (c) is consistent with the con-
cept that water flows to the study site from the
constant elevation source/drain when the water table
elevation is lower than the source/drain elevation (hc)
and vice versa. For simplicity, the value of qc was set
to zero because the estimated value of qc generally
was negligibly small relative to the head dependent
flux and the model demonstrated little sensitivity to
this parameter. The objective of this study – an evalu-
ation of the adequacy of ET approximations – is not
expected to be overly sensitive to any error in the
hydrologic model because the ET approximations are
judged relative to a baseline model simulation and
not relative to measured values.

Adequacy of ET Approximations in Flow Simulation

The relative ranking of ET approximations in
reproducing the flow system simulated using mea-
sured values of ET ranged from (best) annually
invariant, mean monthly vegetation coefficients;
MODFLOW ET module approach; constant mean 

vegetation coefficient; biased vegetation coefficients;
and (worst) constant ET (Table 2). Figures 8a and 9a
show monthly values of recharge and runoff simulat-
ed using measured ET, the best ET approximation,
and the poor performing biased ET approximations.
Cumulative recharge and runoff (Figures 8b and 9b)
are shown because time accumulated flow terms are
indicative of  flow delivered to points further down
the flowpath (for example, recharge to deep aquifers
or runoff/base flow to large streams), not simulated in
the small scale hydrologic model used in this study.

Use of annually invariant, mean monthly vegeta-
tion coefficients [J(0.63), F(0.65), M(0.61), A(0.62),
M(0.48), J(0.62), J(0.75), A(0.74), S(0.77), O(0.74),
N(0.73), D(0.72)] (Figure 3 and Table 1) successfully
reproduced most features of the flow system (Figures
8, 9, and 10; Table 2) simulated using the measured
values of ET. Daily water levels were well simulated
with a standard error (SE) of 41 mm. Likewise, daily
available water (P - ET) was well simulated (SE =
0.39 mm/d) and was partitioned into daily recharge
and runoff with little error (SE = 0.59 and 0.45 mm/d,
respectively) and negligible bias. Recharge also was
well partitioned into subsurface flow (SE = 0.15
mm/d) and storage (SE = 0.59 mm/d) with negligible
bias. The utility of annually invariant, mean monthly
vegetation coefficients in simulating the flow system
at the site is surprising given the substantial year-to-
year variability in measured vegetation coefficients
(Figure 3).

Other methods of estimating ET proved noticeably
inferior to annually invariant, mean monthly vegeta-
tion coefficients in simulation of the flow system

JAWRA 706 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

SUMNER

Figure 7. Measured and Simulated Daily Water Table Depth.



(Table 2). Errors in daily water level, P - ET, runoff,
recharge, and subsurface flow increased by 66, 23,
116, 81, and 53 percent, respectively, with the use of
the MODFLOW ET module approach. Also, partition-
ing of P - ET was slightly biased (recharge overesti-
mated by 6 percent and runoff underestimated by 
2  percent), an effect that was not apparent with the
use of monthly vegetation coefficients. A constant
mean value of vegetation coefficient (0.68) produced
an SE for simulated daily water levels 66 percent
higher than that produced with annually-invariant,
mean monthly vegetation coefficients. Similarly,
errors in daily P - ET, runoff, recharge, and subsur-
face flow increased by 33, 104, 76, and 60 percent,
respectively. Use of a constant vegetation coefficient
also introduced bias to the partitioning of P - ET into
runoff (overpredicted by 5 percent) and recharge
(underpredicted by 13 percent). Use of a constant
value of ET equal to the mean annualized value (2.63
mm/d) produced the greatest error in simulated water
levels and flows of the approximations evaluated in
this study (Table 2). It is noteworthy that unbiased
estimates of ET can nevertheless produce rather
biased estimates of hydrologic fluxes (e.g., a constant
mean ET lead to a bias of -37 percent in recharge esti-
mation) as a result of inaccurate partitioning of avail-
able water.

Constant values of vegetation coefficients (0.75 and
0.61) biased ±10 percent from the average vegetation
coefficient introduced a corresponding ±10 percent
bias in ET, but produced much larger biases in avail-
able water (P - ET) (±20 percent), recharge (-63 per-
cent  to +35 percent), and subsurface flow (-84 percent
to +47 percent) (Figures 8 and 9; Table 2). The modest
ET approximation error was amplified within these
flow terms because of the large magnitude of the
absolute ET error relative to the magnitude of the
flow terms. Bias in runoff (-4 to 15 percent) was rela-
tively small because ET is a small component of the
water balance during periods of runoff.

It is interesting to note that even the poorly per-
forming ET approximations nevertheless produced
hydrologic simulations of flow terms and water levels
that might be acceptable for many hydrologic analy-
ses. For example, monthly variability of the system is
reasonably well simulated (Figures 8a, 9a, and 10)
with relatively poor ET approximations (biased vege-
tation coefficients), particularly during wet periods
when the magnitude of rainfall masks ET error. Also,
the cumulative error in runoff is relatively minor (Fig-
ure 9b) because runoff only occurs during very wet
periods. However, the relative cumulative error in
recharge probably is prohibitive for most hydrologic
analyses (Figure 8b) for which the long term recharge
at the site is of interest.
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TABLE 2. Error Resulting From Use of Approximated ET in Hydrologic Flow Model.

Subsurface
ET P - ET Recharge Runoff Flow Water Table

ET SE Bias SE Bias SE Bias SE Bias SE Bias SE Bias
Approximation (mm/d) (percent) (mm/d) (percent) (mm/d) (percent) (mm/d) (percent) (mm/d) (percent) (mm) (percent)

MODFLOW ET 0.48 -00 0.48 -00 1.07 -06 0.97 -2 0.23 10 68 -1
Module Approach

Annually Invariant, 0.39 -00 0.39 -01 0.59 -00 0.45 1 0.15 0 41 0
Mean Monthly
Vegetation
Coefficients

Mean Vegetation 0.52 -00 0.52 -00 1.04 -13 0.92 5 0.24 -17 68 -2
Coefficient

Mean ET 1.21 -00 1.21 -00 2.40 -37 2.15 14 0.58 -40 172 -5

Biased (-10 percent) 0.53 -10 0.53 -20 1.42 -35 1.35 15 0.22 47 61 6
Vegetation
Coefficient

Biased (+10 percent) 0.55 -10 0.55 -20 1.17 -63 1.02 -4 0.29 -84 84 -11
Vegetation
Coefficient

Notes:  Bias is computed based on cumulative flow terms and is relative to flow terms simulated using measured ET; SE is standard error.



DISCUSSION AND CONCLUSIONS

Evapotranspiration consumed a large part (66 per-
cent) of P during the 986-day study period (June 1,
2000, to February 11, 2003), indicating the major role
of ET in the water balance of the study site. However,
the temporal variability of available water (P - ET) at
the humid, subtropical site was largely determined by
the relatively high temporal variability of P, support-
ing the use of coarse approximations of ET in hydro-
logic analyses. This observation is expected to hold in
most other humid settings. On the other hand, avail-
able water is computed as the difference between P
and ET, implying that a modest error in ET (or P) can
become a large relative error in available water when

P and ET are of similar magnitude. The competing
influence of these two factors (relative temporal vari-
ability of P and ET; and amplification of ET error in
available water) determines the adequacy of approxi-
mations of ET in many hydrologic analyses.

Of the ET approximations examined, annually
invariant, mean monthly vegetation coefficients per-
formed best for hydrologic analyses at the study site
relative to baseline simulations using measured ET;
this conclusion holds despite substantial discrepan-
cies between the annually invariant mean and mea-
sured monthly vegetation coefficients. This ET
approximation was adequate throughout a 986-day
period of wide variation in hydrologic extremes 
(12-month moving precipitation totals varied nearly
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Figure 8. (a) Monthly and (b) Cumulative Recharge/Discharge Simulated Using Measured and Approximated ET.



100 percent over the period of record), suggesting long
term applicability, although longer study periods
would obviously provide stronger support. This ET
approximation is also expected to be applicable to
other environmentally similar areas (Bahia grass pas-
ture with shallow water table in humid subtropical
climates), but may not be applicable to deep water
table environments for which greater variations in
plant moisture stress, and consequently greater varia-
tions in vegetation coefficients, may exist. 

Adequacy of a given ET approximation is governed
by the user’s needs as to what aspect of the hydrologic
system is of interest and what level of accuracy is suf-
ficient for the particular hydrologic problem. For
example, runoff was reasonably well simulated in the
current study using the relatively poorly performing

biased, constant vegetation coefficients. However, long
term recharge was not well simulated using the same
ET approximation. These results indicate that a sur-
face water analyst may find a relatively poor ET
approximation acceptable, whereas a ground water
analyst may not find the same approximation satis-
factory.

Approximations of ET provide significant cost and
labor savings compared to direct ET measurements.
The adequacy of ET approximations can be evaluated
in diverse environmental settings with the general
approach of the present study. Methods to provide the
spatial distribution of ET (remote sensing or land use-
based estimates) will be required to evaluate the ade-
quacy of ET approximations in spatially distributed
hydrologic simulations such as watershed or regional
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Figure 9. (a) Monthly and (b) Cumulative Runoff Simulated Using Measured and Approximated ET.



ground water flow models. Sensitivity analyses within
hydrologic simulation can prove a valuable tool in
evaluating the effect of uncertainty in ET approxima-
tions on hydrologic response in cases for which mea-
sured ET values are not available.
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