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Abstract

A multi-year, multi-technique study was conducted to measure evapotranspiration and its components within an uneven-aged
mixed deciduous forest in the Southeastern United States. Four different measurement techniques were used, including soil
water budget (1 year), sap flow (2 years), eddy covariance (5 years), and catchment water budget (31 years). Annual estimates
of evapotranspiration were similar for the eddy covariance and catchment water balance techniques, averagl6grnl
(eddy covariance) and 5828 mm (catchment water balance) per year over a 5-year period. There were qualitative similarities
between sap flow and eddy covariance estimates on a daily basis, and sap flow estimates of transpiration were about 50%
of annual evapotranspiration estimated from eddy covariance and catchment studies. Soil evaporation was estimated using
a second eddy covariance system below the canopy, and these measurements suggest that soil evaporation explains only a
small portion of the difference between sap flow estimates of transpiration and eddy covariance and catchment water budget
estimates of evapotranspiration. Convergence of the catchment water balance and eddy covariance methods and moderately
good energy balance closure suggests that the sap flow estimates could be low, unless evaporation of canopy-intercepted water
was especially large. The large species diversity and presence of ring-porous trees at our site may explain the difficulty in
extrapolating sap flow measurements to the spatial scales representative of the eddy covariance and catchment water balance
methods. Soil water budget estimates were positively correlated with eddy covariance and sap flow measurements, but the
data were highly variable and in error under conditions of severe surface dryness and after rainfall events. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Evapotranspiration is an important process across
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fax: +1-865-576-1237. drology and meteorology. Because of this multidisci-
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developed to measure evapotranspiration, or compo- major advantages and limitations of each of the four
nents of evapotranspiration (transpiration, soil evapo- methods are shown in Table 1and discussed below.
ration and interception), across a spectrum of spatial A soil water budget is a relatively simple method
scales ranging from individual plants, soil samples and for estimating total water loss from the soil (transpira-
soil profiles, the atmospheric surface layer, and entire tion and soil evaporation). Another advantage of this
watersheds. Examples of measurement techniquestechnique is that it can provide insight on the rela-
include soil (Daamen et al., 1993) and plant weigh- tive contribution of various rooting depths to the total
ing lysimeters (Edwards, 1986), soil water budgets transpiration source (Eastham et al., 1988; Teskey and
(Eastham et al., 1988; Jaeger and Kessler, 1997; Sheriff, 1996). However, closing the soil water balance
Cuenca et al.,, 1997), sap flow (Smith and Allen, requires some estimate of drainage rates (Rutter, 1968;
1996), plant chambers (Cienciala and Lindroth, 1995), Cuenca et al., 1997), and evapotranspiration estimates
chemical tracing (Calder et al., 1986; Kalma et al., from this method do not account for canopy intercep-
1998), Bowen ratio (Denmead et al., 1993), eddy co- tion. The measurements are typically representative of
variance (Baldocchi et al., 1988) and catchment water only a small area, and high spatial variability of soil
balance (Bosch and Hewlett, 1982; Swift et al., 1988). water content results in sampling difficulties and prob-

All of these methods have been used to estimate lematic extrapolations to larger scales (Dunin, 1991).
water vapor exchange rates between the surface and Sap flow measurements provide mechanistic details
atmosphere, but the techniques often vary consider- at fairly short temporal scales on physiological and
ably in at least three aspects. First, each technique isenvironmental controls of transpiration at the branch
only representative within a particular spatial and tem- and whole plant level (Wullschleger et al., 1998), and
poral scale, and either interpolation or extrapolation represent spatial scales several orders of magnitude
is necessary to infer evaporation rates outside theselarger than the soil water budget (Table 1). Sap flow
scales. The techniques also differ in whether they measurements are versatile because complex terrain
measure evapotranspiration or just one or several of its and spatial heterogeneity does not limit their applica-
components. Thirdly, each of the techniques necessar-bility. In fact, these measurements are especially well
ily introduces a unique set of particular assumptions, suited for determining species effects and other types
technical difficulties, measurement errors and biases. of variability that occur in highly heterogeneous en-
As a result, specific inherent advantages and limi- vironments (Barrett et al., 1996; Wullschleger et al.,
tations are introduced for each of the measurement 2000a,b). However, radial gradients of sap flow in the
techniques. Four of the less intrusive techniques that sapwood can result in errors (Clearwater et al., 1999),
are addressed in this study, soil water budget, sap flow, and stand level estimates require scaling procedures
eddy covariance (both above and below canopy) and to extrapolate up from individual trees. Scaling can be
catchment water balance, illustrate how these advan- particularly difficult in forests with age and species di-
tages and limitations differ with technique. A summary versity. This technique only measures one component
of the approximate measurement scale, the compo-of evapotranspiration (transpiration), a further limita-
nent of evapotranspiration measured, and some of thetion when the overall water budget is required.

Table 1

Summary of the methods used to estimate evapotranspiration and its components in tffis study

Method Component Spatial scale {m Time scale
Soil water budget Et+ Es 1° Daily

Sap flow E 107 Half-hour
Eddy covariance (below canopy) Es 107 Half-hour
Eddy covariance (above canopy) Ei+ Es+ E;j 10t Half-hour
Catchment water budget Ei+ Es+ Ej 10° Annual

aShown are the methods, the component of evapotranspiration meagyredr@nspiration;Es = soil evaporationE; = interception),
the approximate representative spatial scale of the measurement and the highest meaningful resolution time scale used to estimate evaporation.
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Eddy covariance measurements above the canopy Several studies have compared sap flow and eddy
provide estimates of evapotranspiration at the high covariance measurements (Kdstner et al.,, 1992;
temporal resolution necessary to examine processesBerbigier et al., 1996; Hogg et al., 1997; Granier
but also at much greater spatial scales than sap flowet al., 1990, 2000; Saugier et al., 1997). However,
(Table 1). Simultaneous measurements of sensiblethese studies have primarily focused on monospecific
heat flux and other trace gas fluxes, such as carbonand even-aged stands. The experiments were often for
dioxide, are also feasible. Therefore, this technique short time periods, and analysis was usually limited
can probe vital links between hydrological and other to only these two methodologies. Comparisons be-
biogeochemical processes. In addition, simultaneous tween the soil water budget and eddy covariance mea-
heat flux and energy balance estimates are used asurements have been performed in Jack Pine stands
independent checks on the validity of the measure- (Cuenca et al., 1997; Moore et al., 2000). Historically,
ments (Baldocchi et al., 1988). A monitoring system catchment water balance studies have focused on the
beneath tall vegetation can provide independent esti- effects of disturbance on streamflow, rather than mea-
mates of soil evaporation (Saugier et al., 1997; Wilson suring long-term evapotranspiration rates (Bosch and
et al., 2000a), but the estimates are usually represen-Hewlett, 1982). Comparisons of catchment water bal-
tative of a much smaller area than the above-canopy ance with these other techniques are also rare because
measurements (Table 1) (Baldocchi, 1997; Wilson the comparison requires measurements that span at
and Meyers, 2000). One weakness of the eddy co- least one annual cycle.
variance technique is that the size and shape of the In this study, we present a multi-year comparison
representative region contributing to the measured of these four independent techniques for estimating
flux, the flux ‘footprint’, is not fixed in time (Horst  evapotranspiration and its components in an east Ten-
and Weil, 1992; Baldocchi, 1997). Eddy covariance nessee watershed containing a mixed deciduous for-
measurements are sometimes difficult to interpret est. Measurements based on the soil water budget have
during weakly turbulent periods, usually at night (Lee been performed for 1 year, sap flow for 2 years, eddy
et al.,, 1996; Paw U et al.,, 2000; Baldocchi et al., covariance for 5 years and catchment water balance
2000). The technique also cannot directly account for 31 years. We examine the consistency of estimates
for advection in areas of significant heterogeneous between each of the techniques in providing estimates
or complex terrain, limiting its applicability in some  of evapotranspiration and its components on daily to
locations. annual time scales, and discuss the specific advantages

The catchment water balance provides a single inte- and limitations provided by each of the methods.
grated assessment of annual evapotranspiration for an
area of fixed dimensions (the catchment) that is often
considerably larger than that measured by the other 2. Methods
techniques. However, the method provides essentially
no information on processes at temporal scales shorter2.1. General site characteristics
than the annual cycle (Table 1). This technique is also
subject to errors based on assumptions concerning the Measurements were conducted at Walker Branch
timing and presence of full system recharge (soil wa- Watershed, a 97.5ha mixed deciduous forest in Oak
ter storage) or the appropriate extent of groundwater Ridge, TN (385730’N, 84°1715'W, 365 m asl). The
divides (Luxmoore and Huff, 1989). overstory is dominated by chestnut oak, white oak,

A comparison of these different techniques allows black gum and red maple. The ages of the overstory
independent estimates of water vapor exchange at atrees ranged from about 40-75 years, and the max-
particular site, and tests the general applicability of imum canopy height was approximately 26 m above
extrapolating smaller scale measurements. Processeshe surface. Maximum leaf area was typically about 6.
controlling evapotranspiration and its separation into ~ Mean annual precipitation and temperature for the
components can be examined with a spatial and tem-watershed over the past 30 years are 1333mm and
poral detail not available when only a single measure- 14.4C, respectively. Other climatological and energy
ment technique is used. balance characteristics above and below the canopy
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of this forest are described in Wilson and Baldocchi soil characteristics. No soil water was assumed to
(2000) and Wilson et al. (2000a). A drought occurred contribute to transpiration from below 750 mm in
during the late summer of 1998, one of the 2 years these calculations. Because rain inputs and move-
when at least three of the measurement techniquesment of soil water within the soil profile confound
were active. Details concerning soil water content and estimates of soil water extraction using the soil water
leaf-level gas exchange responses during this droughtbudget approach, we eliminated all days with rain
can be found in Wilson et al. (2000b,c). The soil is and up to two additional days following heavy rain
well drained and is classified as a typic Paleudult, events. Such corrections allowed only 43% of the
which encompasses clayey and kaolinitic soils. A growing season days to be used for application of
more detailed description of the canopy architecture, the soil water budget method. Because of the large
species composition and soil properties are provided amount of missing data, annual evapotranspiration
by Luxmoore et al. (1981), Hutchison et al. (1986) totals based on the soil water budget method were not
and Johnson and Van Hook (1989). attempted.

2.2. Soil water budget measurements 2.3. Sap flow measurements

Soil water budget measurements in 1998 showed In the same region as the soil water content and
that soil water monitoring at only two depths (100 and eddy covariance measurements, individual tree sap
300 mm) and two soil pedons during that year was in- flow probes were installed on 15 canopy trees (four red
adequate for complete characterization of soil water maple, four loblolly pine, two chestnut oak, two white
depletion under severe drought conditions. Therefore, oak, one red oak and two yellow-poplar). The stem
instrumentation for monitoring soil water to a depth diameter in these trees ranged from 240 to 630 mm
of 700 mm was added in 1999, consistent with a re- and tree height varied from 20 to 31 m. Water use by
port showing that the majority of tree roots (>90%) common understory saplings (one red maple, one dog-
are within the upper 600 mm of soil at our study site  wood and one beech) was also measured. The sap flow
(Joslin and Wolfe, 1998). Six additional soil pits were observations were operated automatically with mini-
added in 1999, and these new pits included soil water mal disruptions (i.e. only 9% of the hourly data were
content measurements down to four depths (100, 300, missing). If all observations were not available during
500 and 700 mm) and are the basis of the measure-daylight hours that day was eliminated for compara-
ments discussed in this study. tive analyses in this paper, but interpolated estimates

Soil water content was measured using water con- were used for calculating annual transpiration.
tent reflectometers at each soil depth (Model CS615, Measurements of sap flow were made using
Campbell Scientific, Inc., Logan, UT). Time domain commercially-available thermal dissipation probes
reflectometer waveguides (TDR; Soil Moisture Equip- (Model TDP-30, Dynamax, Inc., Houston, TX). These
ment Corp., Santa Barbara, CA) were also co-located probes operated on the constant power principle
with the soil water reflectometers as a check against (Granier, 1987). Two cylindrical probes, each 30 mm
the factory supplied calibrations. The sensors were inlength and 1.3 mm in diameter, were inserted 30 mm
monitored each minute and the hourly means were into the sapwood of the tree bole (Wullschleger et al.,
stored on a Campbell Scientific CR10X data logger 2000b). All probes were installed on the northern side
(Campbell Scientific, Inc., Logan, UT). of trees to avoid direct solar heating and shielded with

Several assumptions were made to estimate evap-aluminum foil to minimize temperature fluctuations in
otranspiration from the soil water content measure- the sapwood. Mean sap flow for the tree (M)swas
ments. The measured soil water contents at 100, 300,calculated using the empirical calibration of Granier
500 and 700 mm were assumed to apply to soil lev- (1987). Sap flow data were collected every minute
els at 0-150, 150-350, 350-550 and 550-750 mm, from day 90 to day 335 in 1998 and 1999, a period
respectively. These levels were chosen asymmetri- that covers bud break to complete senescence. Hourly
cally about the measurements to more accurately mean values were stored on a data logger (CR10X,
represent vertical variation in the rooting depths and Campbell Scientific, Inc., Logan, UT).
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Sap flow measurements were scaled to stand tran-Meyers, 1992). Vertical flux densities were evaluated
spiration from knowledge of species composition by computing the mean covariance of water and sen-
and sapwood area. Transpiration (kgfs~1) for sible heat fluctuations with the fluctuating vertical
each speciesT(, where subscripk refers to a par-  velocity (Baldocchi et al., 1988). Mean scalar and
ticular species) was computed each hour from the velocity quantities were determined using a digital
mean sap flow for each species (SVhs1) and the recursive filter with a 400 s time constant. Additional
species-specific sapwood area index (SAhtio of details on instrumentation and flux measurements are
sapwood area to ground area) of the region surround- provided in Wilson and Baldocchi (2000) and Wilson
ing the tower used for eddy covariance measurementset al. (2000a).

To obtain daily and annual sums it was necessary
to estimate missing or rejected data. Half-hourly val-

wherepy is the density of liquid water. Cross-sectional U€S ©f latent heat fluxes (LE) that were missing or
sapwood area was computed from the measured stenf?’ Insufficient quality (i.e. due to anomalous turbu-
diameter using species-specific allometric equations Ience_ statistics du_rlng rain events or instrument mal-
(Wullschleger et al., 2000a). Species composition and function) were estimated using the two-week average
sapwood area index for each species was determined”Tiestly—Taylor coefficiento( = E//Eeq, Priestly and
from 30 inventory plots, each with a 10m radius, Taylor,219172) wheret is the measured evaporation
within a 700m radius of the tower used for eddy (KIM “s77) andEeq is the equilibrium evaporation
covariance measurements. The plots were within the (Wilson and Baldocchi, 2000). Much of the missing

predominate wind directions (W to SW and NE) of data occurred at night or when precipitation or dew
the tower. All estimates of sapwood area were ad- obscured the sensors. These are periods when fluxes

were expected to be small. The portion of missing or
rejected data was 14% on the tower and 16% on the
forest floor system.
Canopy evapotranspiratio) was estimated from
the tower system, and soil evaporatidfy)(was esti-
Ei = ZTX 2) mated from the system near the forest floor. The dif-
X ference between the twd(— Es) was estimated to be
the sum of canopy transpiratiof;} and evaporation
2.4. Eddy covariance measurements of intercepted rainfall ) because

T, = pw SV, SAl, 1)

justed according to known radial variation in sap flow
for the individual species (Wullschleger et al., 2000a).

Canopy transpirationg;) was computed by sum-
ming the contributions from each species

Two eddy covariance systems were used in the E=E+Es+E 3)

study. One system was mounted on a walk-up tower
10 m above the canopy and has operated continuously
since autumn of 1994. A second system was placed
within the canopy in autumn 1997, 2m above the Weirs (120 V-notch) were installed in 1967 on the
ground. Virtually no vegetation was present between tWo first-order streams (East and West Forks) drain-
this second system and ground level, providing di- ing the combined Walker Branch Watershed near their
rect estimates of water vapor exchange from the soil confluence (Luxmoore and Huff, 1989). Stage height
and leaf litter. Numerous tests have been conductedat €ach weir was recorded at 15 min intervals and in-
to validate the application of this method below the Stantaneous discharg®,(nls™)was calculated from
canopy (Bgldocchi and Meyers, 1991; Wilson et gl., 0 = 2301 SH449 (4)
2000a; Wilson and Meyers, 2000). Wind velocity

and virtual temperature fluctuations were measured where SH is the stage height (m). Annual discharge
with a three-dimensional sonic anemometer (model rates for each fork were calculated by summing the
SWS-211/3K, Applied Technology, Boulder, CO). 15min readings over the year. The total watershed
Fluctuations in humidity were measured with an open discharge was calculated by summing the rates for the
path, infrared absorption gas analyzer (Auble and two streams. Annual runoff is calculated by dividing

2.5. Catchment water balance measurements
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total annual discharge by the surface area of the entire Canopy wetness was determined from the voltage
watershed (97.5 ha). output of a bridge resistor placed 10 degrees from hor-
From 1967 to 1980, precipitation was determined izontal above the canopy. When the surface of the in-
using the hourly means from Belfort weighing bucket strument became wet, the resistance was substantially
rain gauges located at five ridge clearings within or reduced and was indicated by changes in voltage.
bordering the watershed. After 1980, the rain gauge
network was reduced to two ridge sites. In Novem-
ber 1998, electronic tipping buckets (Telog Model
R-2107) were installed at the active sites, replacing
the weighing bucket gauges. Annual evapotranspira-
tion integrated over the entire water catchment was
then estimated as the residual between total annual
precipitation and total annual runoff.

3. Results
3.1. Comparisons of techniques

Annual estimates of evapotranspiration based on the
eddy covariance (squares) and catchment water bal-
ance (circles) methods are shown in Fig. 1. There is
good agreement between the catchment water balance
and eddy covariance methods on the magnitude of an-
nual evapotranspiration over the 5 years when both

Leaf area was computed continuously near the measurements were performed. The average annual
tower by applying Beers Law to spatially integrated evapotranspiration during this 5-year period was-82
solar radiation measurements above and below the28 mm (catchment water balance) and 5716 mm
canopy (Greco and Baldocchi, 1996; Wilson and (eddy covariance), which was less than the 30-year an-
Baldocchi, 2000). The canopy extinction coefficient nual mean indicated by the catchment water balance
was assumed to be 0.58 (Hutchison et al., 1986). (645+ 20 mm). Based on the 5-year data set, the two

2.6. Other measurements
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Fig. 1. Annual estimates of evapotranspiration estimated from the catchment water h@arared(eddy covariancé{) methods. Annual
estimates of transpiration from sap floW) and annual equilibrium evaporation) are also shown. The estimate of sap flow in 1996 is
from a different portion of the watershed (Wullschleger et al., 2000a) from the sap flow measurements in 1998 and 1999.
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methods do not completely agree on the interannual Fig. 1 also shows estimates of annual transpiration
trends. The catchment estimates suggested maximumsestimated from the sap flow measurements in 1998
in 1996 and 1999, but eddy covariance indicated the (230 mm) and 1999 (269 mm). The corresponding to-
highest rate in 1997. The mean annual difference be- tal annual evapotranspiration rates from the eddy co-
tween the two estimates was 60 mm, or about 10% variance method were 547 mm in 1998 and 605 mm
of the average evapotranspiration, which is of similar in 1999, and the water catchment balance estimates
magnitude to the interannual variation. Equilibrium were 502 and 642 mm.

evaporation (Priestly and Taylor, 1972; open triangle  The daily transpiration estimates from sap flow and
in Fig. 1) for the 5 years ranged from 793 to 876 mm evapotranspiration estimates from tower eddy covari-
with a mean of 827 mm, considerably greater than the ance are shown for both 1998 and 1999 in Fig. 2.
empirically measured rates. There was not an obvious Despite quantitative differences, the daily tracking
relationship between measured and equilibrium evap- of the two estimates were often qualitatively similar.

otranspiration at the annual scale. There was a good correlation?(= 0.80) between
6
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Fig. 2. Daily estimates of evapotranspiration from eddy covaria@®pdnd of transpiration from sap flowj during (a) 1998 and (b)
1999. Also shown in (b) is the soil water budget estimates (cross hatched
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eddy covariance minus below-canopy eddy covariance) during (a) Fig. 4. (a) Sap flow estimates of transpiration as a function of at-
1998 and (b) 1999. Days with rainfall are indicated ky) (and mospheric vapor pressure deficit above the canopy. Measurements
dashed regression line. ‘Dry’ days are indicated @) @nd solid were either during a non-drought7{ days 130-219) or drought
regression line. Intercepts in (a) are 0.18 (wet) and 0.18 (dry). (@, days 220-275) periods during 1998. (b) Same as (a) except
Slopes in (a) are 0.33 (wet) and 0.40 (dry). Intercepts in (b) are for eddy covariance estimates &f — Es against vapor pressure
—0.30 (wet) and 0.15 (dry). Slopes in (b) are 0.61 (wet) and 0.54 (deficit.

(dry).

daily estimates ofg; from sap flow and eddy co- was found when data were sorted according to the
variance estimates of evapotranspiration minus soil canopy wetness sensor (not shown).

evaporation (Fig. 3). The correlation was altered  Qualitative similarity between sap flow and eddy
slightly depending on whether measurable precipi- covariance measurements on the daily time scale is
tation occurred during the day (triangles in Fig. 3), also seen in the general responses to vapor pres-
which was when evaporation of intercepted rainfall sure deficit and soil drying (Fig. 4). When saoll
(Ei) was presumably greater. A similar conclusion water is plentiful, evaporation generally increases
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with vapor pressure deficit (vpd) over a wide range and annual evapotranspiration from the other methods
of vpd. As the soil dried, both methods indi- requires an analysis of the components contributing to
cate that water fluxes were suppressed for all val- evapotranspiration. Fig. 5 shows the two independent
ues of vpd and saturated at fairly low values of estimates of annual evapotranspiration (eddy covari-

vpd. ance and catchment water balance, two left bars) and
independent estimates of the components that should
3.2. Components of evapotranspiration sum to evapotranspiration (right bar). Forest floor

eddy covariance measurements suggest soil evapo-
Any attempt to reconcile the quantitative differences ration rates of 86 mm in 1998 and 91 mm in 1999
between sap flow estimates of annual transpiration (Fig. 5).

700

1998 EE BEt OEs BE
600
o 500 1
@
g
£ 400 104mm [— —
E empirical E;
g model —»
% 300 {
‘g_ eddy
g covariance
Ll 200 4
sap
flow —»
100
[
eddy catchment components
(a) covariance water budget

BE OEt BEs OEi

empirical

model >

eddy
covariance

Evaporation (mm year ™)

sap
flow

eddy catchment components
(b) covariance water budget

Fig. 5. The left two bars in each panel show the two estimates (eddy covariance and catchment water balance) of annual evapotranspiration
in (a) 1998 and (b) 1999. The far right bar in each of the two panels shows the components of evapotrandpirasiimated from sap
flow, and Es estimated from eddy covariance at the forest fl&ris obtained from an empirical model and is not a measured value.
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Evaporation of rainfall intercepted by the forest 18 1998 | ® eddy covariance

canopy Ej) is an additional component of evapo- 16 VSR e
transpiration not considered by the sap flow method,
but is implicit in the estimates by the other methods.
Rainfall interception was not measured as a separate
component in this study, but relationships have been
developed for the Walker Branch forest as a function
of leaf area index (Huff et al., 1977; Luxmoore, 1983).
These relationships predict interception contributions
of 104 mm (1998) and 105 mm (1999) (Fig. 5). Al-
though annuakE; was not measured to validate the
empirical model, independent estimates Bf dur- 0.2 1
ing the dormant season were available from eddy 00
covariance measurements. During this time the dif- 0 50 100 150 200 250 300 350
ference in eddy covariance estimates of evaporation (a) Day of year
above and below the canopy should be interception, o
because transpiration is essentially zero. Measured " | @ eddy covariance | 1999
dormant season estimates are between 21 mm (1998)  te- v sefow e
and 25mm (1999), compared to empirical model
estimates of 48 mm (1998) and 38 mm (1999), in-
dicating the empirical estimates are about 50-100%
greater than that estimated by eddy covariance. The
empirical estimates may be too high because they
include some evaporation from leaf litter, which is
considered ‘soil evaporation’ in our analysis. An-
nual fog interception by a nearby pine forest during
1986-1989 was estimated to be small, only about
10mm (Johnson and Lindberg, 1992). This would 02+
likely be even smaller for a deciduous forest, and 00 ey YV Wy g
we did not include this component in our analysis. 0 50 100 150 200 250 300 350
Although maximum annual interception rates on the (® Day of year
Orde_r of 100mm are predicted for this forest, inter- Fig. 6. The transpiration ratio (transpiration/evapotranspiration) and
ception rates of 231 mm (1998) and 245mm (1999) rejative leaf area index (leaf area index in relation to maximum)
are necessary to account for the discrepancy betweenin (a) 1998 and (b) 1999. Evapotranspiration is estimated from
eddy covariance/catchment water balance methodsthe above-canopy eddy covariance measurements. Transpiration is
and the sap flow method (Fig. 5). estimated either from eddy covarignce, and assuming dry canopy
The transpiration ratio is defined as the ratio of (Ei =0) (@), or from sap flow estimatesy).
transpiration to evapotranspiratioBi(E). The differ-
ence between the abovE)(and below Es) canopy
water flux iSE — Es = Ei1+ Ej (see Eq. (3)). Canopy otranspiration estimated by the above-canopy eddy
interception E;) is nonzero over an annual cycle, but covariance system. Fig. 6 shows the transpiration ratio
should be negligible on many days without rainfall. using these two methods, either eddy covariance to
Therefore, on days when a dry canopy is assumed obtainE; or sap flow to obtairk;. When eddy covari-
(Ei = 0 so thatE — Es = Ey), the transpiration  ance data is used to obtdi (assumingE; = 0) the
ratio can be estimated directly from above and be- transpiration ratio rapidly approaches a mean around
low canopy eddy covariance data. The transpiration 0.9 as leaf area reaches a maximum. The ratio re-
ratio can also be estimated as the ratio between tran-mained close to 0.9 over the growing seasons, which
spiration estimated directly from sap flow and evap- included a wide range of climatic conditions and a
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late season drought in 1998. There is some indication >0

of a decreased ratio during and after the most intense 4.5 - %
drought period in 1998 (days 245-265), just before 401 o wolwater>85% . ® o
decreasing more rapidly during senescence (Fig. 6a). ~_ o soil water <8.5% | i
In contrast, the transpiration ratio using sap flow es- 3 354 ° 3.:: ®
timates of transpiration was considerably lower and E 3.0 - ]
showed a different seasonality. Before full leaf expan- 5,
sion, the ratio peaked around 0.8 in 1998, but quickly E
declined to typically less than 0.5 for the remainder B 297 °
of the summer, until increasing again just before au- % 1.5
tumn senescence (Fig. 6a). The early and late season  § 104
peaks in the sap flow estimates of the transpiration '
ratio were much more subdued in 1999 compared to °~5;
1998 (Fig. 6b). The ratio was also slightly greater 0.0 S
in 1999 compared to 1998 during most of the grow- 00 05 10 15 20 25 30 35 40 45 50
ing season, but was still less than eddy covariance (y) Eddy covariance (mm day™ )
estimates. .o
3.3. Sensitivity of sap flow estimates to footprint 45 °, - ; :2:: x::::ggof{
assumptions a0 . .

3.5 ® &

In addition to canopy interception, another possible
source of divergence between the sap flow, eddy co-
variance and catchment water budget methods is the
assumed species composition and basal areas used to
scale up the sap flow estimates (Egs. (1) and (2)).
Species composition and basal area are not constant
within the tower footprint, varying with wind direc-
tion and distance from the tower. In a 700 m radius

w
)
!
([ ]

Soil water budget (mm day'1)
N N
o [3,]
| L

1.0 H

circle extending from the meteorological tower, mean 05

basal area ranged from 21.7 to 34.9ma 1 within the 0.0 —

30 subplots, with a population mean of 29.2ma 1. 00 05 10 15 20 25 30 35 40 45 50
The effect of this variability on the sap flow estimates b) Sap flow transpiration (mm day™")

was examined using the species composition and basal

area along each of the six different transects that en- Fig. 7. Daily estimates of evapotranspiration from the soil budget
compass the primary wind directions at this site. Us- method‘in 1999 against‘ (a) eddy covariance estima’Fes and (b) sap
ing these six different estimates of species composi- flow es_tlmates of transpiration. Data are segregated into days when
. . .~ . the soil water content was above and below 8.5% by volume.
tion and basal area, sap flow estimates of transpiration

ranged from 208 to 230 mm per year in 1998 and from

243 to 289 mm per year in 1999,
(Fig. 7), but the data were highly variable. There were

3.4. Soil water budget also few estimates during wet periods, which encom-

passes much of the first half of the growing season.

Daily estimates of evapotranspiration from the soil Soil water budget data collected during low soil mois-

water budget equation are shown for 1999 in Fig. 2b. ture conditions in 1999 were not consistent with the

There was a positive correlation between estimates of overall correlation in Fig. 7 (triangles), suggesting that

stand evapotranspiration from the soil water budget under conditions of severe surface soil drying soil wa-
and those derived from sap flow and eddy covariance ter depletion may be taking place below 700 mm.
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4. Discussion discrepancy between sap flow and eddy covariance es-
timates, correspondence between sap flow and eddy
There was good agreement on the magnitude of covariance measurements should be vastly superior on
annual evapotranspiration over the 5 years betweendays when rainfall was not present or the wetness sen-
eddy covariance and catchment water balance meth-sor was dry (as in Granier et al., 2000), which was not
ods, averaging about 580 mm, increasing the confi- the case. Thus, sap flow measurements may have sys-
dence in these two approaches. Estimates of averaggematically underestimated transpiration rates at this
annual evapotranspiration from watershed catchmentsite.
studies at the Coweeta Hydrologic Laboratory (within  Quantitative agreements between sap flow and eddy
150 km of Walker Branch), where precipitation rates covariance measurements were better in short-term
are about 50% greater, range from 500 mm (high ele- studies with maritime pine (Berbigier et al., 1996) and
vation) to 900 mm (low elevation) (Swift et al., 1988). beech (Kdstner et al., 1992) and in longer-term studies
In a forested watershed in West Virginia, both the an- with aspen (Hogg et al., 1997), beech (Granier et al.,
nual average evapotranspiration (640 mm) and precip- 2000) and Jack pine (Saugier et al., 1997) than in the
itation (1458 mm) are more similar to Walker Branch current study. In a second maritime pine study (Granier
(Adams et al., 1994). et al., 1990) sap flow estimates were less than 70% of
The sap flow and eddy covariance estimates show eddy covariance, but these researchers suggested that
general similarity in their daily fluctuations and re- understory evapotranspiration, which was not mea-
sponse to the environment. However, there is an ap- sured, may account for these differences. Of these pre-
parent discrepancy between the higher estimates ofvious studies, four were for monospecific, even-aged
evapotranspiration from the eddy covariance and water stands (Berbigier, 1996; Hogg et al., 1997; Granier et
catchment methods and lower estimates of transpira- al., 1990; Saugier et al., 1997), quite dissimilar to our
tion from the sap flow method. The eddy covariance study area. The forests studied by Kdstner et al. (1992)
systems indicate that soil evaporation was an impor- and Granier et al. (2000) consisted of only one or two
tant, but relatively small, contribution to total annual species, but with some diversity in tree stature and
flux (16%, and less than 8% during most of the grow- age. Walker Branch is also an uneven-aged forest, but
ing season), similar to estimates from other decidu- in addition contains greater species diversity. Species
ous forests (Kelliher et al., 1992; Moore et al., 1996; and age diversity decrease the probability that the as-
Grimmond et al., 2000). Therefore, the relatively small sumed relative contributions from trees instrumented
contribution from this component does not explain with sap flow probes are representative of the mean
why eddy covariance and catchment water balance source distribution measured by the time-dependent
estimates greatly exceed those from sap flow; how- eddy covariance footprint. As a result of this variability
ever, a third component, evaporation from intercepted at Walker Branch, greater sampling and scaling errors
water, was not measured but is necessary for directcan be expected than in some previous studies when
comparison of the three methods. Estimates of inter- extrapolating sap flow measurements to represent an
ception from previous measurements and simulations eddy covariance footprint. However, simplistic scaling
at this site are around 15-20% of the annual evapo- procedures based on inventory analysis across a num-
transpiration (Luxmoore and Huff, 1989), similar to ber of plots in the flux footprint did not account for
many other forests (Calder, 1998). Interception rates most of the differences between these two methods.
needed to reconcile the difference between the eddy Tree species at Walker Branch include conifers with
covariance/catchment water balance and sap flow mea-non-porous and hardwoods with both ring-porous
surements in this study are at least twice these esti- (0aks) and diffuse-porous (red maple, blackgum, yel-
mates. Interception rates of these higher magnitudeslow poplar, sugar maple) water conducting elements.
have been observed on an annual basis, but only inErrors can be associated with radial gradients in sap
wet, high altitude climates, which experience higher flow and the perceived inability of sap flow probes to
annual rainfall, more frequent rainfall and fog events adequately integrate observed rates of sap flow along
and higher wind speeds than at our site (Calder, 1998). their length (Phillips et al., 1996; Clearwater et al.,
Furthermore, if interception was the major cause of 1999). The largest errors are expected to occur in



K.B. Wilson et al./Agricultural and Forest Meteorology 106 (2001) 153-168 165

ring-porous trees, with underestimates of sap flow up lations to converge. Daily and annual sums of evapo-
to 45% being theoretically possible (Clearwater et al., transpiration from eddy covariance are also subject to
1999). However, although radial variation in sap flow errors when missing or rejected data were estimated
with sapwood depth were observed (in chestnut oak, from regression, but these occurrences were primarily
data not shown), this variation was not of sufficient at night when water vapor fluxes are expected to be
magnitude to incorporate the corrections suggested small. Because the eddy covariance footprint is much
by Clearwater et al. (1999). Technical differences smaller below the canopy than above the canopy, soil
between the original probe design (Granier, 1987) evaporation is measured over a much smaller area than
and the commercially-available thermal dissipation evapotranspiration, and the two eddy covariance esti-
probes used in our study should also be evaluated asmates may not be directly comparable. These errors in
a possible source of uncertainty. The TDP-30 probes soil evaporation due to representativeness are expected
are 30mm in length and have the heating element to be on the order of 10% (Wilson and Meyers, 2000).
contained within a cylindrical stainless-steel housing. We also expect that estimates of soil evaporation may
This contrasts with the original design of Granier be biased low by 5-10% as a result of high frequency
(1987) where the probes were only 20 mm in length loss of flux (Wilson and Meyers, 2000). However,
and had the heating element wrapped around the neither of these considerations will substantially alter
probe’s external surface. The possibility that such the conclusions presented here.
differences in construction could lead to an underesti-  Potential errors with the catchment water balance
mation of stand transpiration, such as that apparently method should also be considered. Catchment esti-
observed in this study, is unresolved. mates of annual evapotranspiration are based on an
Our sap flow estimates of transpiration appear to indirect calculation of the residual in the water bal-
be too low, but this does not discount errors or biases ance equation. The magnitude of this residual is sus-
in the eddy covariance and catchment water balance ceptible to ‘leaks’ (deep drainage losses), assumptions
methods. One source of bias between the two esti- concerning the timing and presence of full system
mates is the representative scale. The catchment waterecharge, and other assumptions about the area of the
balance is integrating over an area of 97.5ha, while groundwater divide relative to the surface water divide
the eddy covariance footprint is about two orders on which areal precipitation is determined (Luxmoore
of magnitude less during daytime conditions. Also, and Huff, 1989; Adams et al., 1994; Wullschleger
when the wind direction has a westerly component et al., 1998). Walker Branch is underlain by dolomite
(a common occurrence), the eddy covariance flux and may have groundwater inflows or outflows via so-
footprint is technically outside the proper limits of lution cavities or fractured bedrock. It is suspected that
Walker Branch Watershed. Despite these differences the area of the groundwater divide at Walker Branch
in scale, the catchment water balance and eddy co-may exceed the surface water divide by about 5%
variance methods agreed on the general magnitude(Luxmoore and Huff, 1989), which will result in un-
of annual evapotranspiration. However, there was not derestimates of evapotranspiration.
complete agreement on annual fluctuations between The large scatter in the relationship between evapo-
these two methods, and important errors associatedtranspiration estimated using the soil water budget and
with the methodologies and instrumentation should either eddy covariance or sap flow estimates is likely a
be considered. result of spatial variability in soil moisture profiles and
There was a lack of complete energy balance clo- uncertainties concerning drainage and rooting depths.
sure (80%) from the eddy covariance measurements atNo attempt was made to locate the zero-flux plane
Walker Branch (Wilson and Baldocchi, 2000), indicat- (Rutter, 1968; Cuenca et al., 1997) in this study, which
ing a biased error in the flux or available energy (net is a likely source of error. However, we did not in-
radiation subtracted by ground heat flux and canopy clude periods immediately following rainfall events in
heat storage) measurements. However, lack of closureour analysis, which is when drainage was likely most
indicates that the summed fluxes of heat (latent and important.
sensible) may be biased low, which is opposite of the  More detailed soil water balance studies in north-
bias required for eddy covariance and sap flow calcu- ern (Moore et al., 2000) and southern (Cuenca et al.,
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