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a  b  s  t  r  a  c  t

Sparse  canopy  systems  such  as vineyards  are  comprised  of multiple  components  (e.g.,  vines,  interrow  soil
and/or groundcover)  that  each  contribute  to  system  water  and  energy  balance.  Understanding  component
water  and  energy  fluxes  is  critical  for informing  management  decisions  aimed  at  improving  productivity
and  water  use  efficiency.  Few  methods  are  available  to  accurately  and  continuously  measure  component
fluxes.  We  tested  a novel  micro-Bowen  ratio (MBR)  energy  balance  system  for  determining  interrow
evapotranspiration  (ET)  flux  within  a vineyard.  Our objectives  were  to develop  MBR  methodology  to
measure  ET flux  from  the  vineyard  interrow  and  to compare  MBR  ET  measurements  for  bare  soil  and
fescue  interrow  conditions  to independent  ET estimates.  MBR  methodology  utilized  measurement  of  air
temperature  and water  vapor  concentration  at 1 and  6  cm  heights  within  2.7  m wide  interrows.  Measured
ET  rates  were  well  correlated  between  MBR  systems  and  micro-lysimeters  for  both  fescue  (R2 =  0.99)  and
bare surface  (R2 = 0.89)  interrow  conditions,  though  MBR  ET  rates  were  larger  than  those  determined
from  micro-lysimeters  in both  cases  (20  and  60%,  respectively).  MBR  daily  ET estimates,  determined  by

compositing  measurements  from  fescue  interrows  and bare  soil  under  vines,  were  also  well  correlated
to (R2 = 0.70)  and of similar  magnitude  as vineyard  eddy  covariance  ET measurements  during  periods
when  the  vines  were  dormant.  Overall,  MBR  systems  appeared  to provide  a reasonable  approach  to
determine  ET  for the  interrow  component  within  the  vineyard.  Similar  methodology  may  be  useful to
better  understand  components’  contributions  to water  and  energy  fluxes  in  other  complex  or  sparse

canopy  systems.

. Introduction

Sparse canopy systems involve complex water and energy
udgets. Vineyards are globally important sparse canopy systems,
enerally consisting of two or three components: vines, interrow
ith or without groundcover, and soil/plants underneath the vine

ow. All three components influence micrometeorological condi-
ions of the vineyard. Grapevine canopies create an obstacle for
ater and energy transport between the ground surface and atmo-

phere (Heilman et al., 1994; Hicks, 1973; Weiss and Allen, 1976a,

976b). Vines are carefully managed in order to optimize water
se, sunlight interception, and canopy humidity, and effects of
rapevine canopy on vineyard energy balance are influenced by

∗ Corresponding author at: Campus Box 7619, USA. Tel.: +1 919 513 1593.
E-mail address: jlheitman@ncsu.edu (J.L. Heitman).

168-1923/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agrformet.2013.04.009
© 2013 Elsevier B.V. All rights reserved.

choice of trellis system (Smart, 1985; Heilman et al., 1996; Williams
et al., 2003). The interrow may  also be an energy source or sink.
Heilman et al. (1994) and Hicks (1973) found that sensible heat
flux from the interrow contributed to latent heat flux of the vine-
yard by providing energy for vine transpiration. Depending on the
water regime and groundcover management, the interrow may
also contribute directly to vineyard latent heat flux via interrow
evapotranspiration (ET) (Yunusa et al., 1997; Centinari et al., 2012;
Fandino et al., 2012). Underneath the vine row, soil and/or plants
also serve as an energy source or sink and affect the water budget.
Vineyard management decisions must be supported by under-
standing the contribution of each vineyard component to vineyard
water and energy budgets.
A variety of techniques are available to assess system-level ET
at field and plot scales. Examples include remote sensing (Jackson
et al., 1977; Seguin and Itier, 1983; Stone and Horton, 1974; Norman
et al., 1995; Bastiaanssen et al., 1998; Allen et al., 2007), lysimetry

dx.doi.org/10.1016/j.agrformet.2013.04.009
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.agrformet.2013.04.009&domain=pdf
mailto:jlheitman@ncsu.edu
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Ritchie and Burnett, 1968), eddy covariance (Wilson et al., 2001),
enman–Monteith or Priestley–Taylor models (Sumner and Jacobs,
005), and Bowen ratio methods (Bland et al., 1996; Zhang et al.,
007). Far fewer techniques are available to determine ET for indi-
idual components within a sparse canopy system. In vineyards,
ap flow (Heilman et al., 1994; Braun and Schmid, 1999), chamber,
nd micro-lysimetry (Centinari et al., 2009) approaches have been
tilized. Among these, only sap flow methods have been routinely
pplied for continuous measurement of component ET. Because
he interrow also has important implications for water and energy
alance in vineyards, it is valuable to devise a technique for mea-
urement of interrow ET (Yunusa et al., 1997; Lopes et al., 2004;
entinari et al., 2009).

Bowen ratio methods have been used for separating ET flux com-
onents within a variety of systems. These studies usually involve
pplication of additional methods such as sap flow gauges (Heilman
t al., 1994; Zeggaf et al., 2008), where canopy transpiration or soil
ater evaporation are found by calculating the difference between

ither system ET and soil water evaporation or between system ET
nd canopy transpiration. Challenges of such approaches include
econciling bias amongst different methods and scaling sap flow
r chamber data from individual plants to the field scale (Heilman
t al., 1994; Zeggaf et al., 2008).

Micro-Bowen ratio (MBR) systems are a relatively new idea that
ay  be used to determine individual ET components within a sys-

em (Ashktorab et al., 1989; Zeggaf et al., 2008). A MBR  system is a
caled down version of a Bowen ratio system, designed to measure

 small footprint. Ashktorab et al. (1989) described the concept of
he MBR, but tested its applicability over a bare soil surface only.
eggaf et al. (2008) showed the potential of the MBR  to provide
oil evaporation separately from canopy transpiration under a full
anopy cover of corn crop. The technique was not tested in sparse
anopy conditions, where heterogeneity in micrometeorological
onditions is significantly greater. The objective of this work was
o test a MBR  system for measurement of ET in a vineyard inter-
ow. We  considered both grassed and bare soil interrow conditions.

e first demonstrate MBR  energy balances measured for interrow
onditions, and then compare ET determined from MBR systems
o estimates obtained from micro-lysimeters, and from a system-
ntegrating eddy covariance system during a period without vine
ranspiration.

. Materials and methods

.1. Field sites

The main study was conducted at a commercial vineyard (Fig. 1),
ocated near Dobson, NC (36◦21′ N, 80◦46′ W).  The predominate
oil type is the Fairview series (fine, kaolinitic, mesic, Typic Kan-
apludult) with a sandy clay loam surface texture. Mean annual
recipitation and air temperature are 112 cm and 13 ◦C, respec-
ively (USDA-NRCS Web  Soil Survey). The site is located 366 m
bove sea level (ASL) on gently rolling hills with an east-facing slope
f 2–15%. Vines at the test site were Chardonnay (Vitis vinifera)
lanted in 2001 and were cordon-trained and spur-pruned, with
pright shoots vertically shoot-positioned on the trellis with the
id of trellis catch wires. Vine rows were oriented generally north-
outh with 2.7 m row spacing and approximately 1.8 m spacing
etween vines within a row. The width of grassed interrow was
.5–1.9 m (Fig. 2A), which contained weedy fescue (Festuca arundi-
acea Shreb.). The bare soil strip below the vine row was  0.8–1.2 m

ide. Grapevine canopy width varied between 0.3 and 0.8 m.
anopy heights from ground and above cordon varied between
.9–1.9 m and 0.4–1.4 m,  respectively. Canopy dimensions varied
easonally as the vines grew and as a result of pruning.
Fig. 1. Vineyard study site near Dobson, NC with standard management conditions
(i.e., fescue interrow).

Two treatments (bare soil and fescue) were maintained in the
interrow (Fig. 2B). On March 1, 2011 six plots (three plots per treat-
ment) were established, each measuring 7.6 m down the interrow.
Because plot length was not constrained by the architecture of the
vineyard, plot length was chosen to provide significant fetch (dis-
cussed further below), but while still keeping plots relatively small
so that they could be co-located with consistent topography, soils,
and vine characteristics. Plot width was constrained by the distance
between vine rows (2.7 m).  A non-selective, contact herbicide, glu-
fosinate, was applied to eliminate vegetation in bare soil plots. With
the exception of bare soil interrow plots, plots received standard
vineyard management per the host vineyard for the duration of
the study, thus the grass plots were bordered by a bare soil strip
directly under the vines (Figs. 1 and 2).

A supplementary short-duration bare surface study was con-
ducted at a second site located at NC State University Central Crops
Research Station in Clayton, NC. The purpose of this study was to
aid in interpretation of data from the bare surface interrow in the
vineyard. The site is in the upper coastal plain on relatively flat
terrain (2–6% slope), approximately 107 m ASL. The dominant soil
types are the Norfolk series (fine-loamy, kaolinitic, thermic Typic
Kandiudult) and Varina series (fine, kaolinitic, thermic Plinthic
Paleudult), both with a loamy sand surface texture (USDA-NRCS
Web  Soil Survey). A bare plot (6.1 m × 4.6 m)  was maintained, sur-
rounded by a bare tilled field (0.2 ha).

2.2. Micro-Bowen ratio measurement systems

The Bowen ratio (ˇ; Bowen, 1926) can be estimated by measur-
ing differences in water vapor concentration and air temperature
at two  heights (Arya, 2001):

 ̌ = H

LE
= [PaCp(�T)]

[�ε(�e)]
(1)

where H and LE are sensible and latent heat fluxes (W m−2),
respectively, Pa is atmospheric pressure (kPa), Cp is specific heat
capacity of air (1004.67 J kg−1 K−1), �T  is air temperature differ-
ence between two heights (K), � is latent heat of vaporization for
water (2.45 MJ  kg−1), ε is the ratio of molecular weights of air and
water (0.622), and �e  is vapor pressure difference between two
heights (kPa). LE is calculated from ˇ, Rn, and G:

LE = Rn − G
(2)
1 + ˇ

where Rn is net radiation (W m−2) and G is soil heat flux (W m−2).
For G, H, and LE,  fluxes away from the surface are positive; the
opposite sign convention is used for Rn.
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ig. 2. (A) Standard management in the vineyard at the study site and (B) the plot l
he  area surrounding the plots. The fescue strip width was 1.5–1.9 m and the bare s

For this study, MBR  systems (Fig. 3) employed a LI-840A
O2/H2O gas analyzer (LI-COR, Lincoln, NE) that measures water
apor concentration in air (parts per thousand), which was  in turn
onverted to vapor pressure (kPa) using ambient atmospheric pres-
ure measurements. Each MBR  system had two air intakes with a
lter (PP Systems, Amesbury, MA)  to remove debris. Air intakes
ere placed at 1 and 6 cm above the grass/soil surface. A micro
iaphragm gas sampling pump (KNF Neuberger, Inc., Trenton, NJ)
as used to draw air through the intakes. The data logger was pro-

rammed to switch a solenoid (Numatics, Novi, MI)  every 5 min  to
lternate between top and bottom air intakes. To avoid conden-
ation entering the LI-840A, the data logger was programmed to
top the pump when relative humidity, measured with a HMP60
robe (Vaisala, Woburn, MA)  located outside the main enclosure
t 30 cm height, was ≥92%. The pump was restarted when relative
umidity dropped to ≤88%. Two flow meters (Cole-Parmer Instru-

ent Co., Vernon Hills, IL) were used to control air intake rates at

.8–1.0 L min−1 based on manufacturer recommendations for the
I-840A.

ig. 3. Micro-Bowen ratio system in the fescue interrow of the vineyard study site.
ir intakes are at 1 and 6 cm height above the grass surface. The main enclosure
oused the datalogger, pumps, flow meters, and gas analyzer. The relative humidity
RH) and temperature sensor (temp.) was used to shut off the gas analyzer when
mbient RH exceeded 92%.
within the vineyard system. Note that standard management conditions existed in
idth under the vines was 0.8–1.2 m.

Air traveled from intakes through Synflex®1300 tubing (0.64 cm
O.D., 0.1 cm wall, 22 cm length; Eaton Hydraulics, Eden Prairie, MN)
to a thermistor enclosure (Carlon, Memphis, TN). The Synflex®1300
tubing and thermistor enclosure were wrapped in silver metalized
polyester (Mylar®) tape (CS Hyde Company Inc., Lake Villa, IL) to
reflect sunlight so air temperature could be accurately measured. In
the thermistor enclosure, air traveled from the Synflex®1300 tub-
ing to Tygon® tubing (Saint-Gobain Performance Plastics, Akron,
OH) via a tube fitting (Swagelok, Solon, OH). Air temperature was
measured inside a nylon barb tee (Thogus, Avon Lake, OH) contain-
ing a thermistor (BetaTHERM USA, LLC, Shrewsbury, MA)  covered
with epoxy (J-B Weld, Sulphur Springs, TX), placed in-line with the
tubing from each air intake; air travel time from the inlet to the
thermistor was  <0.25 s.

From the thermistor enclosure, air traveled to the main
enclosure (Vynckier Enclosure Systems Inc., Houston, TX) via
Synflex®1300 tubing. A water trap was installed in the tubing, built
using a borosilicate glass scintillation vial (Fisher Scientific, Pitts-
burg, PA) and a nylon barb elbow held together with epoxy, as
precaution to protect the gas analyzer in case liquid water enters
the system. From the water trap, air traveled to the solenoid and
then to the gas analyzer through the flow meter. From the gas ana-
lyzer, air traveled out of the main enclosure to the outflow via the
pump.

A CR10X data logger (Campbell Scientific, Logan, UT) inside
the main enclosure recorded all measurements every 10 s, output
averages every 5 min, and controlled the MBR  system. Additional
supporting measurements (Rn, G) are described specific to each of
two field campaigns in following sections; data from these mea-
surements were recorded, output, and processed with the same
frequency as described for the MBR  system. MBR  system data for
the first minute of each 5-min interval were discarded before aver-
aging to allow time for gas line purging, since the gas analyzer
alternated between measurement heights. Thus, a total of six 4-
min  averages of air temperature and vapor pressure were output
each 30-min interval; three 4-min averages were from each mea-
surement height. These data were used to compute average �T
and �e  for each 30-min interval. Data from MBR  systems were

rejected when −1.05 >  ̌ > −0.95, because the denominator in Eq.
(2) approaches zero, resulting in unreasonably large LE and H.  This
condition usually occurs around sunset or sunrise when direction
of �T  is opposite direction of �e  (Perez et al., 1999). Specifically, as
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urface temperature becomes cooler or warmer than above surface
emperature around sunset or sunrise, respectively, �T  typically
hanges direction before �e. Additionally, there is less certainty
n the direction of �T  and �e  because their magnitudes become
ess than the resolution of the sensors (0.02 ◦C for temperature and
.018 kPa for vapor pressure) when they change direction around
unset and sunrise. Data were also rejected during precipitation
hen ET was assumed to be near zero. Wind direction also poten-

ially influenced measurements due to the presence of the data
ogger and thermistor enclosures; however, we found no clear rela-
ionship between MBR  performance and above-canopy wind speed
r direction. We  expect that wind speed near the surface is much
ower than above the canopy and also less constant in speed and
irection, though no below-canopy wind data were available to
ake an assessment. No data were specifically screened according

o wind speed or direction. After data rejection, the Bowen ratio
nergy balance was recomputed from 30-min data using a moving
verage (n = 3) to provide hourly values.

Adequate fetch-to-height ratio is necessary to satisfy assump-
ions of the Bowen ratio method (Fritschen and Fristchen, 2005).
ow width dictates fetch across vineyard interrows (typical widths
3 m).  Fetch across the interrow may  be of less concern, however,
ecause cross row wind speed is lower than down row wind speed
ear the surface at similar above canopy wind speeds (Heilman
t al., 1994). Heilman and Brittin (1989) reported that fetch-to-
eight ratio ≥20:1 is adequate for the Bowen ratio method. In the
resent study, fetch-to-height ratio was ≈15:1 across the interrow
nd >60:1 down the interrow.

.3. Field campaigns

.3.1. Vineyard
On April 7, 2011 five MBR  systems were installed at the vineyard

ite. Data were continuously collected through April 2012. Four
BR  systems were placed in interrow plots (two MBR  systems for

ach treatment) with the fifth MBR  system installed directly under-
eath the vine row. MBR  data from underneath the vine row were
sed to compute the surface energy balance only during the period
hen the vines were dormant and without leaves (discussed fur-

her below); for this MBR  system, fetch-to-height ratio was reduced
o 15:1 parallel to the row, due to the presence of vine trunks,
nd ≈10:1 perpendicular to the row, due to the width of the bare
oil strip beneath the vines. Supplemental data used to compute
he surface energy balance include net radiation, soil water con-
ent, soil temperature, soil heat flux, and atmospheric pressure. Net
adiation was measured using NR Lite2 net radiometers (Kipp and
onen, Bohemia, NY) placed 23.5 cm above the surface in the mid-
le of two plots, one per treatment. A third net radiometer was
laced at the same height, directly below the vines in the middle
f the bare soil strip. Soil heat flux plates (REBS, Seattle, WA)  were
nstalled at 6 cm depth, one per treatment and one directly below
he vines. A CS616 soil water content reflectometer (Campbell Sci-
ntific) was installed horizontally at 3 cm depth in each treatment
nd at 6 cm depth under the vines. Soil temperature was measured
y two thermocouples (Type E) installed at 2 and 4 cm depths for
ach treatment and under the vines. Soil volumetric heat capacity,
stimated from soil water content measurements, and soil tem-
eratures were used to account for energy storage change above
eat flux plates (Sauer and Horton, 2005). The heat storage term
as added to the flux measured by the heat flux plate to derive G

t the soil surface for use in Eq. (2) via a combination approach.
 barometer (Vaisala, model PTB101b) was installed in one MBR

ystem to measure atmospheric pressure (kPa). However, due to
ogging errors with the sensor, the LI-7500 open path CO2/H2O gas
nalyzer (LI-COR) that was part of the above canopy eddy covari-
nce system (discussed below) provided atmospheric pressure for
 Meteorology 177 (2013) 93– 100

part of the study. A tipping bucket rain gauge (Texas Electronics,
Dallas, TX) provided precipitation measurements (mm).

The MBR  systems were compared to the micro-lysimeter (ML)
method for both interrow treatments over three different time
periods. MLs  were built using a design similar to Heitman et al.
(2010) and Singer et al. (2010). SDR 21 PVC pipe with 8 cm inside
diameter was cut into 10 cm lengths. Each ML was beveled on one
end to provide a cutting edge for installation. On March 1, 2011 five
MLs  were installed in three nests per plot (45 total per treatment).
MLs  were driven into the ground until their tops were flush with
the ground surface.

On June 14, 2011 at approximately 12:00, a ML  from two nests
in each plot was extracted. In order to disrupt hydraulic contact
between soil in the ML  and soil underneath, a thin plastic bag was
used to cover the ML  bottom and held in place by tape. Each ML  was
weighed with a balance (precision = 0.01 g) and then reinstalled in
the same position. After 6 h, the same MLs  were extracted, wiped
to remove any soil adhering to their exterior, weighed, and rein-
stalled. The same process was  repeated beginning at 6:00 on June
15, 2011. At each 6-h time step, extraction and reinstallation were
performed one plot at a time. The same procedure was repeated
on July 28–29 and August 15–16, 2011. Data from MBR  systems
were compared to ML  data by integrating fluxes from the MBR  sys-
tems for corresponding time intervals. Due to power outage and
inconsistent measurements from one gas analyzer, only one MBR
system was used for each treatment for comparing to MLs. Each ML
estimate represents the mean of at least six measurements.

MBR  systems ET was  also compared to above canopy ET mea-
sured with an eddy covariance (EC) system installed 3 m above
the ground surface. The EC system consisted of a CSAT3 three-
dimensional sonic anemometer (Campbell Scientific) and a LI-7500
open-path CO2/H2O gas analyzer (Li-Cor). The EC system was
intended to measure the energy fluxes at the system level for
the vineyard, which included grassed interrow as standard man-
agement. Fetch-to-height ratio was  ≥40:1 in all directions. An
additional net radiometer was  placed at 3 m height to measure
vineyard Rn. Data from the EC system were collected at 20 Hz
and output as 15-min averages per standard algorithms developed
by Campbell Scientific; processing included correction using the
Webb–Pearman–Luening correction procedure (Webb et al., 1980)
for sensible and latent heat fluxes. Comparisons between MBR and
EC measurements were only made when there was no grapevine
transpiration (November–February). Daily ET from MBR  systems
in the fescue interrow and below the vine were spatially weighted
and compared to the vineyard daily ET determined with the EC
system. Spatial weighting was  initially set at 0.67 and 0.33 for inter-
row and below vine, respectively, based on approximate measured
dimensions (Fig. 2A). We also attempted to optimize comparison
by adjusting spatial weighting to minimize the sum of square error.

2.3.2. Bare field site
On March 19, 2012 a MBR  system was installed in the bare field

plot with air intakes placed 1 and 6 cm above the soil surface. The
surface energy balance was estimated from March 19 through April
30, 2012. An additional logger was  used to record net radiation
(NR Lite2), relative humidity and air temperature (HMP60), and soil
heat flux. A soil heat flux plate (REBS) was installed at 4 cm depth. A
CS616 soil water content reflectometer at 0–4 cm depth and ther-
mocouples at 1.2 and 3.6 cm depths were used to account for energy
storage change above the soil heat flux plate. A nearby weather
station provided precipitation and wind speed measurements.

A second comparison between MBR  systems and MLs  was per-

formed using MLs  identical to those from the vineyard. At 10:00,
14:00, and 18:00 on March 23 and 26–30, 2012, MLs  were extracted,
weighed, and reinstalled. A fresh set of MLs  was used each day with
at least four measurements taken per time interval. On March 26
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ter, when less energy was partitioned to LE and G (Fig. 4E and
F). Soil heat flux differed considerably between treatments dur-
ing the study period. For bare soil, daily G ranged from −0.6 to
3.3 MJ  m−2 (ave. = 1.42 MJ  m−2). For fescue, daily G ranged from

Table 1
Fraction of net radiation (Rn) partitioned to latent (LE) and sensible (H) heat for the
vineyard interrow with fescue and bare soil conditions.

DOY LE/Rn H/Rn
ig. 4. Bowen ratio energy balance for fescue (left column) and bare soil (right colum
–D  are from 2011 and panels E and F are from 2012. Rn (net radiation), G (soil hea

nd 27, MLs  were also extracted at 6:00 to measure ET between
:00 and 10:00. ET during this interval was found to be near zero,
o the interval was excluded thereafter.

. Results and discussion

.1. Surface energy balance and ET in the vineyard interrow

In the vineyard interrow, surface energy balances were com-
uted for fescue and bare soil conditions on representative clear sky
ays (Fig. 4). Energy fluxes were near zero during the night. Begin-
ing around sunrise, when incoming radiation gradually became
reater than outgoing radiation, energy fluxes became positive.
hroughout the day, energy fluxes followed a similar trend to Rn

n that they increased and usually peaked around solar noon and
hen decreased to ≤0 W m−2 as the sun set.

Seasonal changes in the energy fluxes are also observed by

omparing panels in Fig. 4. Net radiation was  greatest during
pring and summer (Fig. 4A–D) and then decreased during fall
nd winter (Fig. 4E and F). Duration of positive Rn became shorter
s the grapevine canopy began to develop, providing morning
terrow conditions at the vineyard on selected representative clear sky days. Panels
, LE (latent heat flux), H (sensible heat flux), ET (evapotranspiration).

and afternoon shading (Fig. 4C and D). Magnitude of peak Rn also
decreased as intensity and duration of daytime incoming radia-
tion decreased in winter (Fig. 4E and F). Table 1 shows the fraction
of Rn partitioned to LE and H between 8:00 and 18:00 for both
treatments on representative days. The fraction of Rn partitioned
to LE decreased during winter due to grass entering winter dor-
mancy and because of less atmospheric evaporative demand (i.e.,
lower potential evapotranspiration). Only H increased during win-
Fescue Bare soil Fescue Bare soil

43 0.31 0.14 0.67 0.84
107  0.85 0.56 0.04 0.28
193  0.89 0.77 0.03 0.07
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Table  2
Evapotranspiration rates for fescue interrows of vineyards in North Carolina and
New  York. New York data after Centinari et al. (2009).

DOY Evapotranspiration rate (mm  d−1)

New Yorka North Carolina

198 2.5 3.3
221 2.4 3.6
234 2.0 2.7
243 1.6 2.8
251 1.8 3.0
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Fig. 5. Micro-lysimeter vs. micro-Bowen ratio (MBR) system evapotranspiration
253 1.3 2.7

a Approximate values; exact values were not reported.

0.3 to 1.8 MJ  m−2 (ave. = 0.59 MJ  m−2). This difference is not sur-
rising due to the direct effect of soil cover on reflected radiation,
here Rn was slightly higher for bare soil, and also because less

nergy was partitioned to LE for bare soil.
Both daily and seasonal trends in energy fluxes appear rea-

onable with a few small anomalies (Fig. 4). Because  ̌ is based
rimarily on �T  and �e  and these are measured at close vertical
pacing by the MBR  system, any subtle disturbance can be reflected
n the computed surface energy balance. This may  result in irregular
uctuations as observed for bare soil (Fig. 4D and F), particularly
uring the night when strong winds and overcast skies create near-
eutral conditions (Arya, 2001). For example, a strong gust of wind
ay  cause �T  and �e  to be less pronounced causing uncertainty

n the computed direction (i.e. positive or negative) and magnitude
f LE and H, even with adequate fetch.

Comparison of the present experiment to estimates of interrow
T from other studies helps contextualize our results. Centinari
t al. (2009) measured ET in the fescue interrow of a vineyard
ocated in Geneva, New York (NY) using MLs. The range in ET for
he NY vineyard was 1.3–2.5 mm d−1, compared to 2.7–3.6 mm d−1

t the NC vineyard (Table 2). Heilman et al. (1994) measured daily
vaporation above a bare-soil interrow in a west Texas (TX) vine-
ard over an eight day period beginning on May  31 (DOY 152). The
ange in evaporation was 1.3–2.7 mm d−1, which was  estimated
etween 6:00 and 20:00 each day. This range is similar, but lower
han that estimated for daily evaporation at the NC vineyard during
he same time of year over the bare soil interrow; 1.9–3.4 mm d−1.
t is reasonable for the NC vineyard to have greater ET than the
Y vineyard because NC conditions provide greater evaporative
emand and adequate soil moisture. The difference between ET
t the TX and NC vineyards is likely due to differences in soils (i.e.,
oil texture, moisture). In general, the results of these studies are
imilar to ET rates measured in our study by MBR  systems.

.2. Comparisons of MBR  measurements to other methods

.2.1. Lysimetry
Correlation between ET rates from MLs  and MBR  systems for

he interrow at the vineyard site was slightly stronger for fescue
R2 = 0.99, Fig. 5A) than for bare soil (R2 = 0.89, Fig. 5B) interrow.
imple linear regression intercepts were slightly less than zero
n both cases. MBR  measurements increasingly overestimated ML

easurements as ET increased, particularly for bare soil (fescue
lope = 1.17, bare soil slope = 1.60). If ML  estimates are assumed
ccurate, greater overestimation in the bare soil plots may  be due
o limited plot size. This possibly resulted in influence from fescue
T in the surrounding vineyard on MBR  measured ET rates in the
are soil plots (Fig. 2). Since ET was lower for the bare soil, and the

Ls  only capture the local conditions, if the fetch for the MBR  in the

are soil plot is too small and the fescue contributes to the mea-
ured fluxes, ET is overestimated. Also, there is possibly greater
urface roughness for bare soil compared to the evenly-mowed
(ET)  for fescue (A) and bare soil (B) interrow conditions. Each micro-lysimeter value
is the mean of at least six measurements; error bars indicate one standard deviation.

fescue. The MBR  systems are sensitive to surface roughness because
as surface roughness increases, turbulence may cause �T  and �e
to become less pronounced.

Correlation between MBR  and ML  measurements at the bare
field site (Fig. 6) was  not as strong (R2 = 0.66) as that at the vine-
yard site (Fig. 5). One reason for this could be greater wind speed.
Strong wind gusts can create error in measured �T and �e.  Average
wind speed during the observation period at the bare field site was
2.9 m s−1 at 2 m height. The average wind speed at the vineyard, cor-
rected for 2 m height (Allen et al., 1998), was  much less (1.0 m s−1).
The slope (0.98) and near zero intercept of the linear regression,
however, indicate that MBR  evaporation rates measured in a large
bare soil area were less biased toward overestimation, compared
to bare vineyard interrow measurements. Observations at the bare
soil site support the interpretation that measured vineyard bare
soil evaporation rates were elevated due to ET from grassed inter-
rows in the surrounding vineyard rather than because of specific
characteristics of the bare soil.

Previous studies have compared MBR  approaches with lysime-
ters for non-vineyard systems. Ashktorab et al. (1989) compared
evaporation from a similar MBR  system with a 6.1 m diam-

eter, 90 cm deep weighing lysimeter for a bare loam soil in
California. They found a strong correlation (R2 = 0.83) with regres-
sion slope = 0.82, implying that the MBR  system underestimated
evaporation. Zeggaf et al. (2008) used a similar MBR  system to
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Fig. 7. Eddy covariance vs. micro-Bowen ratio (MBR) systems evapotranspiration

References
ig. 6. Micro-lysimeter vs. micro-Bowen ratio (MBR) system evapotranspiration
ET) at the bare surface field site. Each micro-lysimeter value is the mean of at least
our measurements; error bars indicate one standard deviation.

easure evaporation underneath a maize canopy. A 1.5 m diame-
er, 1.5 m deep weighing lysimeter was used to measure ET from the

aize field. Below-canopy evaporation was assumed to be the dif-
erence between ET and transpiration from the maize itself, which
as measured with sap flow gauges. Their observed correlation

etween estimated evaporation and MBR  evaporation was  weak
R2 = 0.36). This may  be due, however, to the indirect measurements
f evaporation used for comparison to the MBR measurements.
lthough the system in the Ashktorab et al. (1989) studies was not

 vineyard, their observed correlation, together with correlation
bserved in the present study, provides a favorable comparison
etween MBR  measurements and lysimetry. The overestimation
f ET in the present study and the underestimation of ET in the
shktorab et al. (1989) study, when MBR  is compared to lysimetry,
uggest that further testing is warranted to reduce uncertainty in
he MBR  approach.

.2.2. Eddy covariance
Correlation for daily ET rates from the EC and MBR  systems

s shown for 15 clear days during the vines’ dormant season
November–February) in Fig. 7 (R2 = 0.70). The average ET rate from
he EC system was lower than that from the MBR  systems by 11%. To
ule out the possibility that the difference is attributed to inaccurate
patial weighting of the fescue vs. bare soil strips, an optimization
est was performed by changing the weights and comparing the
orrelation strength. No weight combination was found to improve
he correlation, indicating that the weight did not affect the corre-
ation significantly.

Differences in measured ET may  be due to the EC system rep-
esenting a much larger area than the MBR  systems, with EC
roviding integration of within footprint variability, which affects
ore localized MBR  estimates. Differences may  also be associated
ith differences in EC and Bowen ratio measurement approaches

hat are not scale dependent. While the BREB forces closure, the
verage energy balance residual (residual = Rn − G − H − LE)  for EC
ata presented in Fig. 7 was 20 W m−2 (30% bias). This bias can be
onsidered acceptable (Twine et al., 2000), but the residual repre-
ents a significant portion of the winter energy balance (see Fig. 4E

nd F). Others have observed similar (or worse) agreement when
omparing traditional Bowen ratio measurements with EC. Dugas
t al. (1991) compared EC with Bowen ratio systems over an irri-
ated spring wheat crop in Arizona. On average, LE from the EC
(ET). MBR  estimates are based on spatially weighted means of two MBR  systems,
one under the vines and one in the fescue interrow. Spatial weighting was based on
measured row dimensions.

system underestimated that from the Bowen ratio system by 28%.
Fritschen et al. (1992) compared hourly LE from EC with a Bowen
ratio system over a freshly burned field and over a grass field.
Average correlation was modest (R2 = 0.49) in the burned field, but
stronger (R2 = 0.76) in the grass. Given some lack of certainty in
spatial weighting and energy balance closure here, comparisons
between MBR  and EC measurements generally appear favorable.

4. Summary and conclusion

Understanding how vineyard interrows contribute to water and
energy budgets is useful for supporting vineyard management
decisions. Few methods are available to continuously and accu-
rately measure ET under and between sparse canopies. We  tested a
novel MBR  system to measure interrow ET in a vineyard. Energy
fluxes estimated by MBR  systems provided reasonable patterns
both within days and between seasons. Measured ET rates were
similar to those reported by other researchers for similar condi-
tions in the vineyard interrow. ET rates were well correlated both
between MBR  systems and MLs  and between MBR  and EC sys-
tems, though ET rates determined by MBR  were up to 60% larger
than those determined by MLs  for bare soil interrows. Overall,
MBR  systems provided a viable approach for estimating vineyard
interrow ET patterns and dynamics. Further testing and adapta-
tion may  be necessary to correct overestimation of ET magnitude
before the approach is broadly adopted. MBR  systems may  also be
useful to separate energy fluxes of individual components in other
sparse canopy or mixed systems, although additional investigation
is needed to test limitations particular to a given environment.
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