
Contents lists available at ScienceDirect

Agricultural Water Management

journal homepage: www.elsevier.com/locate/agwat

In-situ partitioning of evaporation and transpiration components using a
portable evapotranspiration dome—A case study in Tall Fescue (Festuca
arundinacea)

Muhammad Shahinur Alama,⁎, David W. Lamba,b, Muhammad Moshiur Rahmana

a Precision Agriculture Research Group, University of New England, NSW, 2351, Australia
b Food Agility Cooperative Research Centre Ltd, University of New England, NSW, 2351, Australia

A R T I C L E I N F O

Keywords:
Pasture evapotranspiration
Leaf Area Index (LAI)
Normalized Difference Vegetation Index
(NDVI)
Crop coefficient (Kc)

A B S T R A C T

Understanding the components of water consumption of a crop or pasture through evapotranspiration is im-
portant for improving water management. In this study the FAO dual crop coefficient methodology has been
used in conjunction with a portable evapotranspiration chamber in-situ, to quantify the basal crop (Kcb) and soil
evaporation (Ke) coefficients of a pasture as a function of leaf area index and a widely used spectro-optical
reflectance index, NDVI. To facilitate the measurement of soil evaporation component, small segments of the
green biomass of a target pasture canopy, Tall Fescue (Festuca arundinacea var. Dovey) were allowed to rapidly
senesce by applying a commercial herbicide while preserving the soil moisture and canopy structure. The ratio
between the transpiration and evapotranspiration components (Kcb/Kc) increased from 0.03 to 0.46 for zero to
highest available vegetation cover (LAI from 0 to 4.22). A significant linear relationship was observed between
Kcb and NDVI (R2=0.88) suggesting the possibility of using the latter, for example through remote sensing
technologies, to determine the former.

1. Introduction

Transpiration (T) by the canopy and Evaporation (E) from the soil,
taken together as evapotranspiration (ET), accounts for up to 96% of
the water loss depending on the types of vegetation cover and climatic
condition of the region (Branson et al., 1976; Wilcox et al., 2003).
While transpiration from plant canopies is associated with the pro-
duction of biomass, evaporation is simply a loss mechanism that de-
creases water use efficiency (Kool et al., 2014); 30–80% of the water
flux can be associated with evaporation (Wilcox et al., 2003). Both E
and T are inextricably linked through environmental conditions such as
atmospheric demand. Quantifying both E and T, each independent of
the other, is useful because in irrigated systems, for example such in-
formation can inform strategies aimed at improving water use effi-
ciencies (Kite, 2000; Zhao et al., 2013). Moreover, it is not necessarily
just about maximizing water use efficiency because in some situations
crops are grown under intentional water-limiting conditions, for ex-
ample with a view to optimizing vigor and yield. Knowledge of E and T
in this scenario is equally important to achieve the right water balance
(Farahani et al., 2007; García García et al., 2012).

Considerable work involving various numerical and analytical

methods to assess the components of evapotranspiration in crops have
been reported. Measurement of the isotopic composition of the water
mass released by the canopy (Brunel et al., 1997; Ferretti et al., 2003;
Gibson and Edwards, 2002; Good et al., 2014; Lu et al., 2017; Rothfuss
et al., 2010; Sutanto et al., 2012; Wang et al., 2013; Wen et al., 2016;
Williams et al., 2004) or the recently developed correlation-based
partitioning models, assuming that the transpiration and CO2 intake
occur simultaneously in plants (Scanlon and Kustas, 2010, 2012;
Scanlon and Sahu, 2008), are the two most commonly used examples of
directly estimating the components of evapotranspiration. Other
methods such as the use of micro-lysimeters, soil heat pulse probes,
enclosed chambers (to measure evaporation), eddy covariance, and sap
flow measurements (to measure net transpiration) have also been used
to separately quantify E and T (Ashktorab et al., 1994; Cammalleri
et al., 2013; Er-Raki et al., 2010; Kang et al., 2003; Kool et al., 2016;
Moran et al., 2009; Scanlon and Kustas, 2012; Wang and Yamanaka,
2014; Zhang et al., 2013; Zhao et al., 2013, 2015).

Using methods that involve directly measuring the property of in-
dividual leaves and stems is particularly challenging in grazing pas-
tures, for example, owing to the small size of the plant parts. Traditional
measurements that rely upon bulk properties of the soil or the plant
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canopy as a whole could bypass those challenges but they are not
amenable for partitioning E and T, and certainly not in-situ.

The nature of the vegetation itself plays a key role in the parti-
tioning of E and T, since T is the result of vegetation activity and E is
also impacted through shading (Good et al., 2014; Schlesinger and
Jasechko, 2014). To what extent the inter-relationship between E and T
occurs in a given plant canopy remains highly dependent on the en-
vironmental conditions (e.g. evaporative demand), the canopy (cover)
and the underlying soil conditions (Wang et al., 2014). Both the Leaf
Area Index (LAI), which characterizes the canopy leaf area per unit
ground area, and spectro-optical reflectance indices such as the often-
used Normalized Difference Vegetation Index (NDVI), which is based
on the scattering (reflectance) of incident red (wavelength ∼650 nm)
and near infrared (wavelength ∼750 nm) radiation from plant ca-
nopies, have the potential to be linked with evapotranspiration coeffi-
cients (Alam et al., 2018; Er-Raki et al., 2007). This is an area of
growing interest because of the rapid advances in remote sensing sys-
tems capable of imaging plant canopies in the required wavelength
ranges (e.g. red and near infrared) offering unprecedented levels of
spatial resolution and revisit frequencies. For example there are the
obvious links with irrigation scheduling (D’Urso et al., 2013;
Hornbuckle et al., 2009; Neale et al., 2003). In the case of pastures,
these systems offer not only an insight into feed-base production and
management (irrigated and rain fed) but also grazing management
(Rahman et al., 2014a; Trotter et al., 2010).

Limited research has investigated the relationship between the in-
dividual components of ET using metrics such as NDVI or LAI in agri-
cultural systems (Brun et al., 1972; Kang et al., 2003; Kristensen, 1974;
Wang et al., 2014). Kang et al. (2003) investigated the relationship
between LAI and the ratio of T and ET for winter wheat and maize
based on lysimeter data. The whole-season result indicated a saturation
of T/ET for both these crops at approximately LAI= 3 and this sa-
turation continued into higher values of LAI (R2= 0.968 and 0.981 for
wheat and maize respectively). The experiment was conducted with a
lysimeter to measure actual evapotranspiration and a microlysimeter
was used to measure the soil evaporation component. The data were
accumulated over an entire growing season where it would be expected
that soil moisture variations would occur. The impact of soil moisture
variations and the wetting frequency on instantaneous evapo-
transpiration and on soil evaporation were separately investigated by
Zhang et al. (2013) and Alam et al. (2017), for a winter wheat-summer
maize crop sequence and for pasture respectively. In these studies the
influence of wetting frequency and soil moisture variation on soil
evaporation and evapotranspiration were apparent.

The FAO dual crop coefficient approach is well-suited for calcu-
lating the evapotranspiration coefficient (Kc) of a plant canopy; the
ratio to the actual evapotranspiration of a canopy to the reference value
based on the application of the FAO Penman-Monteith (FAO-PM)
method to the local environmental conditions for a ‘standard canopy’
(Allen et al., 1998). In this way, the impact of weather variability
(namely evaporative demand) on actual evapotranspiration can be
normalised by introducing the relevant coefficients (Ke for E and Kcb for
T) in the calculation. The value of Kc can subsequently be partitioned
into coefficients for soil evaporation (Ke i.e. soil evaporation coeffi-
cient) and canopy transpiration (Kcb i.e. basal crop coefficient) where Kc

= Kcb + Ke. In order to partition the evaporation and transpiration
using the relevant coefficients, any two of the three variables (ET, E and
T) must be known, together with the reference crop evapotranspiration
value (ETo) from which the crop coefficients can be derived (Allen
et al., 1998). Er-Raki et al. (2010) evaluated the dual crop coefficient
approach and compared the standard method with the data obtained
from a combination of eddy covariance based actual evapotranspiration
measurements and scaled-up sap flow measurements of transpiration in
an olive orchard. Ultimately they sought to measure the ET compo-
nents. They demonstrated that because of inadequate distribution of
irrigated water, most of the applied water was removed from the system

in the form of soil evaporation and they observed that the crops could
be still facing water stress even when doubling the actual crop water
application. They concluded that applying the FAO model to separately
estimate the ET components could provide valuable information to
improve operational irrigation scheduling. In an earlier study, Er-Raki
et al. (2007) investigated the relationship between the Kcb of wheat
crops, and the corresponding vegetation coverage and NDVI values
derived from a hemispherical canopy imaging system and a hand-held
MSR87 multispectral radiometer, respectively. Based on the strength of
the relationship they recommended the use of the NDVI for estimating
crop water requirements. Duchemin et al. (2006) studied the feasibility
of Landsat 7 ETM+derived NDVI to estimate the Kcb on a large scale
for an irrigated area dominated by wheat. They reported an exponential
relationship between LAI and Kcb (R2= 0.79) and a linear relationship
between NDVI and Kcb (R2= 0.79).

In the case of grazing pastures, Rothfuss et al. (2010) partitioned
water fluxes of Tall Fescue (Festuca arundinacea var. Dovey) in a con-
trolled chamber environment containing a soil monolith by using water
stable isotopes. They were able to generate time series data of evapo-
transpiration components and the corresponding LAI (acquired by de-
structive sampling and subsequent leaf scanning/image analysis). The
authors reported a T:ET ratio progressing from zero to 0.30 at ap-
proximately 36 days post sowing (LAI ≈ 2), beyond which the soil
evaporation dropped to only 5% of the total evapotranspiration. The
authors were unable to rule out a constant level of soil evaporation
occurring, or even a slight increase with increasing LAI, when factoring
in the measurement uncertainties with the challenges of maintaining a
constant soil moisture availability throughout the trial.

In addition, to avoid the challenges of attempting in-vivo mea-
surements on small pasture plants using techniques such as sap flow
measurements, another advantage of bulk measurements such as the
dual crop coefficient approach is the fact that local environmental
conditions are factored in to the observed values as a matter of course.
The consequences of changing weather parameters are incorporated
through the reference crop evapotranspiration value (ETo).

The specific objective of this study is to develop a method of se-
parately estimating pasture evapotranspiration components; namely
soil evaporation and canopy transpiration in-situ (under field condi-
tions) and at a scale commensurate with collecting (again in-situ) op-
tical vegetation indices of the pasture canopy to allow and exploration
of the index-ET relationships.

2. Materials and methods

2.1. Site location and preparation

A 50m×20m plot of established Tall Fescue (Festuca arundinacea
var. Dovey), located on the University of New England SMART Farm,
NSW, Australia (Latitude −30.481088 °S, Longitude 151.644757 °E)
was selected for collection of transpiration and evaporation data to-
gether with an appropriate vegetation index and LAI. Several automatic
weather stations (AWS) were installed in the vicinity of the plot to
provide a value for reference crop evapotranspiration (ETo) data during
the data collection period from November 2017 to March 2018 coin-
ciding with the peak summer growing season. In order to promote a
range of LAI, the entire site was first mown to a height of approximately
2 cm, and then divided into smaller plots of 4m×2m; each treated
with different rates of nitrogen fertilizer (0 to a maximum of 100 kg N/
ha). Each plot was regularly irrigated to achieve non-water-limited
growth.

2.2. Instrumentation

A portable, hemispherical evaporation chamber (0.18 m3; Alam
et al. (2018)) was utilized to measure the field evapotranspiration (ETc)
directly from the target canopy. The ‘dome’ chamber was fitted with
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sensors and a data logger and calibrated beforehand to precisely mea-
sure the vapor accumulation from transpiration and/or evaporation
following the protocol of Alam et al. (2018). Temperature and relative
humidity data related to the calculation of evaporation and transpira-
tion inside the chamber were recorded with the help of a data logger
(LSM1E904, ICT International, Armidale, Australia) and a laptop
computer.

Prior to collecting each ETc measurement, a handheld, active, op-
tical sensor (GreenSeeker®, Trimble, Sunnyvale, California, USA) was
used to measure the nadir-viewed NDVI at a height of 100 cm above the
canopy surface. This limited the sensor coverage of the target canopy to
a diameter of 68 cm. The canopy LAI was measured using an AccuPAR
ceptometer (LP – 80; Decagon Devices, Pullman, USA). The approxi-
mately 1m long, linear sensor probe comprises of 80 sensors spaced
1 cm apart and is divided into 8 segments. Only 4 of the 8 segments
were kept activated during the measurement to ensure a similar target
canopy area was interrogated as with the nadir-viewing NDVI mea-
surements. The volumetric soil moisture content at each sampling lo-
cation was recorded to a depth of 6 cm using a MP306 soil moisture
probe (ICT International, Armidale, Australia). All data were processed
in MS Excel.

2.3. Data collection sequence and calculation of crop coefficients

The first set of evapotranspiration (ETc) data was collected at 21
days post-mowing from 6 locations. The volumetric soil moisture con-
tent (6 cm) was also recorded at this time. Immediately following the
evapotranspiration measurements, a herbicide (Active Ingredient: 16 g/
L Glyphosate as ammonium salt and 20.5 g/L Nonanoic acid) was ap-
plied to stop leaf transpiration. Within two days of application (i.e. day
23) the canopies were completely senescenced and a second dome
evapotranspiration measurement was conducted over the same canopy
segments. As with the previous green canopy dome measurement, the
pasture was irrigated the evening prior (i.e. day 22) and the intervening
night period used to allow the canopy surface to dry and the absorption
of any surface water into the soil. The volumetric soil moisture content
at 6 cm depth was again recorded prior to this second measurement.

The same protocol was applied to a second set of 10 locations within
the trial site at 30/32 days post-mowing in order to provide locations
with higher values of LAI. Fig. 1 (a) and (b) shows the aerial view of the
experimental site and a closer view of a selected measurement location
2 days after the application of the herbicide.

The field sampling sequence for all measurements is summarized in
Fig. 2.

Reference crop evapotranspiration (ETo) data were collected from
the nearby SMART Farm AWS (Taylor et al., 2013) in order to calculate
the relevant crop coefficients, Kc and Ke, from the evapotranspiration
measurements. The nearby AWS was configured to measure ETo every
10min using an array of environmental sensors and the Penman-
Monteith equation (Allen et al., 1998; Penman, 1948). The maximum
time interval between any field measurements of ETc and the AWS-

derived ETo values used to calculate Kc (or Ke) was 5min.
For each evapotranspiration measurement the Kcb was calculated

from the difference of the derived Kc and Ke values.
A diagram summarizing the measurement/calculation sequence for

the green/senescence combination trials is given in Fig. 3.
All ETc measurements conducted throughout the trial were con-

ducted within a short window of time (12.00–13.00 hr) on any given
day and under clear sky conditions.

3. Results and discussions

During the green/senescence measurements of evapotranspiration
throughout the trial the volumetric soil water content at 6 cm depth
(root zone) was observed to remain within a range considered as field
capacity, and certainly above the wilting point given the predominantly
clay soil at the sites (Zotarelli et al., 2010) (Fig. 4). Moreover, the
difference in VWC between the green (Day x) and senescence (post
herbicide application; Day x+2) measurements did not exceed 10%.
Only one sample site (site No. 7) exhibited a VWC approaching the
wilting point range for the clay soil.

Fig. 5 (a) and (b) demonstrate the relationship between the crop
coefficients Kc, Ke and Kcb and LAI and NDVI, respectively, under as-
sumed non-limiting soil moisture conditions. The vertical error bar for
each data point represents the compound error in calculating the re-
spective coefficient from the parameters measured inside the evapo-
transpiration dome (Alam et al., 2018). Noteworthy is the fact that the
Site no. 7 data point described above (LAI= 0) does not appear to be an

Fig. 1. (a) An aerial view of the trial site showing the 16 specific measurement locations, and (b) an example of a measurement location 2 days after application of the
herbicide in preparation for its second ET measurement.

Fig. 2. Field measurement sequence spanning two successive sets of green/se-
nescence measurements and the final surface drying measurement.
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outlier in comparison to the graphed trend curves.
The relationship between Kc and LAI (Fig. 5 (a)) is non-linear

(R2= 0.93) and at the upper value of LAI (≈4) the trend curve suggests
a tendency towards saturation. The shape of the Kc - LAI response curve
is consistent with the previous findings (Alam et al., 2018; Rothfuss
et al., 2010) and the tendency towards a saturation value is based on
the notion that the upper leaves are primarily contributing to the plant
water loss (Pons and Bergkotte, 1996; Pons et al., 2001) with the di-
minishing transpiration capability of individual leaves at varying po-
sitions down the vertical plant canopy (Silcock and Wilson, 1982). The
same applies to the Kcb. As expected, in Fig. 5 (a) Ke ≈ Kc at LAI ≈ 0,
rendering the value of the Kcb zero at LAI ≈ 0.

The Ke derived from the subsequently senesced canopies at each site
exhibits a statistically significant (p < 0.0001) albeit small (slope ≈
0.003) linear increase with increasing LAI. This trend is ascribed to the
irrigation/drying cycle used in this trial. Following the transition of
each plot from green to senescence the plots were briefly irrigated and
allowed to dry overnight before the dome ET and VMC measurements.
It is likely that the higher-LAI canopies have reduced the amount of
overnight surface drying (e.g. via restricting air flow or reducing solar
illumination during the preceding – approximately 6 h- daylight hours)
resulting in more moisture available for surface evaporation (« 6 cm
depth) during the subsequent dome measurements. In other words,
under the conditions applied in this trial we have created a direct (in-
verse) relationship between canopy cover and resistance to surface
evaporation (Choudhury and Monteith, 1988; Oke, 1987). Thus the
increasing amount of the Ke observed with increasing LAI in this work,
while small and nonetheless significant, is an artefact of the residual
moisture left during the drying process following irrigation, rather than
a canopy-driven process. Increasing Ke with increasing LAI in Tall
Fescue was also observed by Rothfuss et al. (2010) up until LAI ≈ 1.6.
In this particular work, beyond this value there are no data points until

LAI 3.9 where the value has collapsed to almost zero, whereas in this
present work the evaporation coefficient increases monotonically up to
the upper limit of LAI 4. Rothfuss et al. (2010) concede that “Given the
lack of data between LAI 1.6 and 3.9, it is difficult to infer with rea-
sonable precision from these results a partition value for a LAI greater
than 1.6. The main limitation of the Monolith experiment was the vo-
lume of the RUBIC I chamber, which could not physically allow the
experiment to be run with more than 0.15m of soil depth for our soil
surface and under the magnitude of the volumetric water content values
encountered all along the study. Therefore, the time required for the
root system to partially extract water directly from the reservoir and
bypass water in the soil was rather small. In the latest stage, tran-
spiration isotopic composition converged to that of soil evaporation,
making accurate partition difficult”. Consequently the result of this
work in Fig. 5 (a), and especially for LAI > 2, suggests a persistence in
the soil evaporation component for larger (LAI) Tall fescue canopies, at
least up to the upper limit (LAI 4) investigated in this work. Irrespective
of the artificial cause of the observed significant relationship between E
and LAI in this present work, the results nevertheless highlight the
ability of the technique used here to divine a response, albeit small.

Corresponding to LAI= 0 in Fig. 5 (a) is the NDVI value of 0.26
(lowest x-axis value in Fig. 5 (b)) which is that associated with the bare
soil. Of note in Fig. 5 (b) is the significant linear increase in Kcb with
increasing NDVI. This is unsurprising given both Kcb and NDVI are both
derived from the interaction of incoming radiation and the canopy
leaves which declines at lower reaches of the canopy (for example
Deckmyn and Impens (1998); Jovanovic and Annandale (1998)). The
NDVI certainly increases asymptotically with increasing LAI (Fig. 6) as
the PAR, a driver of photosynthetic activity including transpiration
within the canopy decreases at lower reaches on the canopy (Silcock

Fig. 3. Flow diagram of the measurement and associated calculations.

Fig. 4. Volumetric soil moisture content values at each location during the
measurement.

Fig. 5. Relationship between crop coefficients Kc, Ke, Kcb and (a) LAI and (b)
NDVI under assumed non-limiting soil moisture conditions.
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and Wilson, 1982). The observed linearity is also consistent with the
observations of Rahman et al. (2014b) who observed a linear re-
lationship between fAPAR and NDVI resulting from increases in LAI in
Tall fescue.

The ratio of transpiration and evapotranspiration coefficients (Kcb/
Kc) changes from 0 at LAI= 0 up to ≈ 0.40 for an LAI of 4.2. Rothfuss
et al. (2010) also described a T/ET ratio ranging from 0 up to 0.30 at 36
days post sowing when LAI value reached approximately 2. In the fol-
lowing days their soil evaporation dropped significantly, to only 5% of
the total evapotranspiration and accounting for uncertainties they ob-
served that the ratio could be lower.

In corn and winter wheat, transpiration/evapotranspiration ratios of
0.63 (Zegada‐Lizarazu and Berliner, 2010) and 0.83 (Zhang et al.,
2011), respectively; the former under furrow and the latter under flood
irrigation were stated. It has been reported that rangeland and pasture
grasses can have the lowest T/ET ratio of vegetation cover (Kool et al.,
2014); for native shrubs and grasses the ratio could be as low as 0.42
(Cavanaugh et al., 2011) and 0.64 (Sutanto et al., 2012), respectively.

4. Conclusion

It was possible to separate soil evaporation and plant transpiration
components by using the portable evaporation chamber and a method
of applying a rapid-acting herbicide to terminate photosynthetic ac-
tivity while preserving soil moisture and plant canopy structure con-
ditions. Both parameters were measured in response to varying LAI. At
the same time the relative contributions of soil evaporation and plant
transpiration in relation to the vegetation coverage (LAI) and a spectro-
optical reflectance index- the NDVI were quantified. A significant re-
lationship between the Kcb and the reflectance index (NDVI) was
identified which suggests that the latter could be used in a non-water
limiting condition to predict the former. The system proved capable of
quantifying the soil evaporation over the range of LAI investigated
(0–4), which in this present work exhibited a small, but significant
increase with increasing LAI.
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