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Abstract. Cranberry (Vaccinium macrocarpon Ait.) evapotranspiration (ET) has not been
documented. Micrometeorological techniques based on canopy temperature minus air
temperature were used to estimate ET on ‘Stevens’ and ‘Crowley’ cranberry at Long
Beach (lat. ≈46°20´N, long. 124°W) and Grayland (lat. ≈46°47´N, long. 124°W), Wash., in
1991 and 1992, respectively. Cranberry ET was 55% of Priestley–Taylor reference ET and
ranged from <0.5 to >4 mm•d–1. The Priestley–Taylor reference ET was a very good
predictor of cranberry ET (r2 = 0.795). Running 7-day cumulative ET ranged from 7 to 17
mm•week–1.
Estimates of cranberry evapotranspiration temperature-based technique because it is a
(ET) are fundamental for developing irriga- perennial crop that retains a leaf canopy yeartion scheduling that is based on actual crop round, but sheds older leaves after ≈18 months.
water use. Current “rule of thumb” on the Dormancy is manifest by a change of leaf
Washington coast for irrigation applications color from green (growing) to dull red (dor(Shawa et al., 1984) is 25 mm•week–1, but there mant). The short, spreading, carpet-like canopy
are no cranberry ET data to support this prac- is typically ≈0.15 m in height.
tice. Crops of somewhat similar stature, such
To make daily crop ET estimates from
as turfgrasses, had daily maximum ET rates easily obtained data, the experimentally deterranging from 5.5 to 7.7 mm•d–1 (Fernandez and mined ET values must be related to some
Love, 1993). The ET rates of several Cynodon reference value. A commonly used reference
genotypes ranged from 4.2 to 5.2 mm•d–1 un- value for ET estimation is the reference ET
der field conditions (Beard et al., 1992). Irriga- from a “standard” crop such as grass or alfalfa
tion recommendations based on evaporative (Medicago sativa L.). The meteorological data
demand would better reflect changing daily can be obtained from standard weather station
and seasonal weather conditions. It is desir- data.
able to refine existing irrigation practices to
The objectives of this study were to experiprevent movement of chemicals or nutrients mentally obtain estimates of cranberry ET and
out of the crop rooting zone in the sensitive relate cranberry ET to the reference ET.
wetland areas in which cranberry grows. The
first step in this process is to obtain ET estiMaterials and Methods
mates for cranberry experimentally.
Canopy-temperature-based energy balance
Instrumentation was sited on bogs owned
methods for estimating ET have proven reli- by growers near Long Beach and Grayland,
able in past studies (Choudhury et al., 1986; Wash. The Long Beach bog, established around
Hatfield et al., 1984; Kalma and Jupp, 1990). 1983, was ≈100 × 200 m (east–west and north–
Cranberry is well-suited to a canopy- south dimensions, respectively) and planted to
‘Stevens’ cranberry. The Grayland bog (250 ×
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70 m) was planted to a random mixture of
publication 7 Feb. 1996. Washington State Univ. ‘Stevens’ and ‘Crowley’ cranberry in 1986.
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three infrared temperature sensors (Everest
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Interscience, Fullerton, Calif.) and a net radiometer (Radiation Energy Balance Systems
Q*6, Bothell, Wash.), which were mounted at
≈1-m height and were placed 20 m into the
bogs to avoid border effects. Anemometers
were mounted at the 0.38-m height at Long
Beach and at Grayland to achieve 1:50 fetch
(instrument height to field-border distance) in
all directions. Air temperature and relative
humidity sensors with 12-plate Gill radiation
shields were placed at the 0.38-m height (model
HMP35C; Vaisala, Woburn, Mass.). All instrumentation was connected to a base weather
station, which included a Campbell Scientific
CR10 datalogger and SC12 modem (Campbell
Scientific, Logan, Utah), scanned at 10-s intervals, and averaged or totaled every 30 min.
Data were retrieved by phone modem nearly
daily during the growing season. Field instrument checks were made every 2 to 3 weeks in
the growing season. Instruments were calibrated at the end of each growing season.
Instrument drift was minimal.
Energy balance equations take the general
form of
RN – G = SH + LE,

[1]

where RN is net radiation, G is soil heat flux,
SH is sensible heat flux, and LE is latent
energy flux, or ET. In expanded form, the
equation is
Cp
RN (esTs – esTa)
RN – G = ρ (Ts – Ta) + ρCp •
Γ
ra
(rc + ra) [2]
where ra = aerodynamic resistance to sensible
heat transport (s•m–1) and

ln(z – d) 2
(Ts – Ta) [3].
z0
• 1 – n(z – d)g
ra =
2
Tu2
ku
In the equations, s = seconds, z = instrument
height (m), d = zero plane displacement (m),
z0 = roughness length (m), u = wind speed
(m•s–1), k is von Karman’s constant (0.41), n =
stability factor (n = 4 in unstable lapse conditions, n = 5 in stable and neutral lapse conditions) (Monteith and Unsworth, 1990), g =
acceleration of gravity (m•s–2), T = mean of Ts
and Ta (K), rc = crop resistance to vapor
transport (s•m–1), Ts = crop surface temperature (°C), Ta = air temperature (°C), ρ = air
density (kg•m–3), Cp = specific heat at constant
pressure (J•K–1•kg–1), Γ = psychrometric constant (kPa•C–1), esTa = saturated vapor pressure at Ts (kPa), eaTa = saturated vapor pressure at Ta (kPa). Cranberry ET was calculated
by rearranging the equation to solve for LE
(second term on the right of Eqs. [1] and [2]).
Conditions necessary to the success of this
method are 1) at least a 1:50 fetch to the
instruments; 2) complete canopy cover; and 3)
the assumption that the roughness lengths of
momentum, heat, and vapor transfer from the
crop canopy are equal. This assumption was
considered valid because the cranberry canopy
was very short, was held almost entirely at the
upper canopy surface, and there was little
penetration of light or wind below the surface
layer of the canopy. Stability conditions were
assessed by the difference between Ts and Ta
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at the canopy surface and the 0.38-m instrument height, respectively.
The energy balance calculation to estimate
cranberry ET assumed d = 0.80* crop height
and z0 = 0.05* crop height (Hatfield et al.,
1984). These values were used because of the
relative smoothness of the cranberry canopy.
Because cranberry is very short and spreading
with a dense mat of small leaves, the surface is
comparatively smooth. Crop height was 0.15
m and varied little during the growing season.
Dew accumulation and evaporation were estimated and subtracted from the cranberry ET
calculations (Pedro and Gillespie, 1982). Because of the coolness of the coastal climate,
dewfall occurred nearly every night (according to calculations using the energy balance
equation) and often persisted until 1000 or
1030 HR each morning. While dew was on the
leaves, transpiration was assumed to be zero.
Weather stations were placed in the southwest corner of the bog at Long Beach and on
the south side of a bog at Grayland. Instrumentation on these weather stations included a
pyranometer (model 200S; LI-COR, Lincoln,
Neb.), air temperature and relative humidity
sensor (model HMP35C; Vaisala, Woburn,
Mass.), an anemometer and wind vane (Wind
Sentry, RM Young Co., Traverse City, Mich.),
a tipping bucket rain gauge (TE525; Texas
Electronics, Dallas), and a soil temperature
thermistor (Campbell Scientific). The anemometer, wind vane, and pyranometer were
placed 3 m above the surface. The air temperature and relative humidity sensor was placed at
2 m above the surface and shielded with a 12plate Gill radiation shield. Soil temperature
was measured at the 0.05-m depth. At Long
Beach, the tipping bucket rain gauge was
placed 10 m into the bog, which allowed
measurement of rainfall and irrigation within
the bog. At Grayland, the tipping bucket rain
gauge was placed adjacent to the weather
station. Data from these stations were used in
the reference ET calculation.
The Priestley–Taylor reference ET equation was used to estimate evaporative demand
from the 2-m height instrumentation. Steiner
et al. (1991) showed that the Priestley–Taylor
equation could be used successfully to calculate reference ET. Several attempts were made
to use Penman-type reference ET with various
wind functions, such as the Kimberly wind
function coefficients, the original Penman
coefficients, and the CIMIS Penman equation
(R. Snyder, Univ. of California, Davis, personal communication). Estimated Penman reference ET often exceeded 15 mm•d–1 and the
Priestley–Taylor equation was used to avoid
reliance on empirical wind functions.
The Priestley–Taylor reference ET =

(α′ • s)
• (RN – G),
[4]
(s • Γ)
where s is the slope of the saturated vapor
pressure-temperature curve. The terms RN, G,
and Γ were previously defined. The Priestley–
Taylor equation has no wind speed component, but has an “alpha” (α´) factor that was
adjusted for vapor pressure deficit (VPD, kPa):
α´ = 1 + 0.26*VPD (Steiner et al., 1991). In
ET =
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this manuscript, net radiation over grass was
estimated using methods of Dong et al. (1992),
who used data from weather stations from
several climate zones in California for validation, making the reference ET value a grass
reference rather than an alfalfa reference. Solar altitude and zenith angle were calculated
using equations in Hodges and Evans (1990).
On 10 Sept. 1991, stomatal conductance
was measured at the Long Beach bog with a
LI-COR 1600 porometer fitted with a 250-ml
chamber. Stomatal conductance data were
collected at 1125, 1400, 1500, and 1600 HR on
three replications of 20 tagged stems. Stems
were tagged so that the same leaves were
enclosed in the chamber each time. At the end
of the day, the individual stems were severed
at the tag and transported in humid plastic bags
to a leaf area meter. One-sided leaf area was
then measured cumulatively for each stem.
These leaf area values were used to correct the
stomatal conductance values for true leaf area.
The porometer chamber was oriented so that
no shadows fell in the chamber during measurement.
Results and Discussion
Estimated total seasonal reference ET and
cranberry ET were less in 1991 than in 1992 at
Long Beach. Reference ET in 1991 and 1992
was 318 and 440 mm, respectively. Estimated
cranberry ET was 186 and 245 mm in 1991 and
1992, respectively. Greater total net radiation
in 1992 (1052 MJ•m–2) accounted for the yearto-year differences in reference ET. Total net
radiation in 1992 was 10% higher than in 1991
from days 133 to 176. Net radiation is the main
driving variable in the Priestley–Taylor reference ET equation and in the cranberry energy
balance calculations.
Cranberry ET was quite low compared to
reference ET. Regression analysis of estimated
ET on the Priestley–Taylor reference ET indicated that cranberry ET was ≈55% of the
reference ET (Fig. 1). Differences in ET by
cultivar or location were not discernible. Because the regression equation with combined
years was so similar, only the 1992 data are
shown for clarity. The ratio of calculated cranberry ET : reference ET was low in comparison to maximum crop coefficients of alfalfa
(>1.0) (Sammis et al., 1985) and highly managed golf course turf (0.80) (Devitt et al.
1992); however, low-management turf had a
maximum crop coefficient of 0.60.
Cranberry has small, waxy leaves with
stomata only on the abaxial side of the leaves.
The stomata are structured as slits and seem to
have weak responses to environmental stimuli
(Faraq and Palta, 1989; Sawyer, 1932), despite having many stomata per area (average
632 stomata/mm) (Sawyer, 1932).
Stomatal conductance of cranberry was
measured at Long Beach on 10 Sept. 1991 to
attempt to explain why cranberry ET was
comparatively low. Daytime conditions were
clear and warm (>20 °C), except during the
1500 HR measurements, when a thick fog bank
came in from offshore, and at one point, reduced photosynthetically active radiation

(PAR) to about one-tenth of its highest clear
sky value, which was 2060 µmol•m–2•s–1. The
mean Long Beach stomatal conductances were
0.001 m•s–1 with standard deviations of 0.0002
m•s–1 at all times of the day and all PAR values.
Mean PAR ranged from 811 µmol•m–2•s–1 at
1500 HR to 1720 µmol•m–2•s–1 at 1125 HR. The
stomatal conductance values were an order of
magnitude higher than those of Croft et al.
(1993), who reported mean stomatal conductance of 0.00044 m•s–1 under clear sky conditions. In a subsequent report (Croft and Vorsa,
1993), the authors suggested that the values in
Croft et al. (1993) represented stomatal conductances of cranberries experiencing water
stress under field conditions. Other typical
crop or native species stomatal conductances
ranged from 0.02 m•s–1 for alfalfa in Minnesota (Carter and Scheaffer, 1983) and ≈0.009
m•s–1 for Populus clones (Ceulemans et al.,
1988). Nobel and Jordan (1983) found stomatal conductances ranging from 0.014 m•s–1
for the C3 plant Encelia farinosa Gray, 0.009
m•s–1 for the C4 bunchgrass Hilaria rigida
Benth., and 0.002 m•s–1 for the CAM plant
Agave deserti Engelm. Cranberry stomatal
conductance from this study most closely resembled the stomatal conductance of the CAM
plant agave, and is at the low end of Nobel’s
list of representative values for crop stomatal
conductance (Nobel, 1983). Cranberry leaf
and stomatal characteristics resembled those
of xeromorphic plants whose leaves are structured to limit water loss. The low stomatal
conductance values found by us and by Croft
et al. (1993) help explain the comparatively
low ratio of cranberry ET to reference ET. The
stomatal conductance data from our study also
illustrated an apparent insensitivity of cranberry stomates to decreased solar radiation, as
at 1500 HR. No significant change in stomatal
conductance was detected with a 47% drop in
mean PAR (from 1720 to 811 µmol•m–2•s–1).
According to Hagidimitriou (1993), cranberry
light saturation for photosynthesis occurred in
the field between 900 to 1000 µmol•m–2•s–1.
Light saturation at these values may help explain why cranberry stomatal conductance
showed little response to large reductions in
PAR. Croft et al. (1993) also indicated that
cranberry stomatal conductance showed limited and relatively slow response to changing
environmental conditions. While 1 day of data
(from this study) does not necessarily characterize the entire stomatal response of cranberry, it is still indicative of stomatal response
to full sunlight, moderate temperatures, and
moist soil. Some consistency of response would
be expected from day to day under similar
conditions. The sources cited support our data
and conclusions about cranberry stomatal conductance.
Reference ET methods should, theoretically, be able to transcend climate differences
to be relevant in other locations. The Priestley–
Taylor equation with an alpha modification
for VPD was chosen because it had proven
effective in disparate climates and had simpler
requirements than Penman-type equations
(Steiner et al., 1991). While reliant on the
alpha value, which is an empirical value, the
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ences in cranberry ET between locations or
cultivars were evident. Stomatal conductance
values from this study were in substantial
agreement with cranberry stomatal conductance values from other studies.
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Fig. 1. Regression of cranberry evapotranspiration (ET) on Priestley–Taylor reference ET (ETR) in 1992
at (■) Grayland and (❍) Long Beach. ET = 0.10 + 0.55*(ETR), with r2 = 0.795, n = 51.

Fig. 2. Seven-day cumulative cranberry evapotranspiration (ET) (—❍—) and reference ET (
Beach, 1992. Sums were calculated by adding daily ET through days 1–7, 2–8, etc.
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