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1. Introduction

Latent heat flux equivalent to Evapotranspirati on (ET) is the total amount of water lost via
transpiration and evaporation from plant surfaces and the soil in an area where a crop is
growing. Since 80-90% of precipitation received in semiarid and subhumid climates is
commonly used in evapotranspiration, accurate estimations of ET are very important for
hydrologic studies and crop water requirem ents. ET determination and modelling is not
straightforward due to the natural heterogeneit y and complexity of agricultural and natural
land surfaces. In evapotranspiration modelling it is very common to represent vegetation
assuming a single source of energy flux at an effective height within the canopy. However,
when crops are sparse, the single source/sink of energy assumption in such models is not
entirely satisfied. Improvements using multip le source models have been developed to
estimate ET from crop transpiration and soil evaporation. Soil evaporation on partially
vegetated surfaces over natural vegetation and orchards includes not only the soil under the
canopy but also areas of bare soil between vegettion that contribute to ET. Soil evaporation
can account for 25-45% of annual ET in agricltural systems. In irrigated agriculture,
partially vegetated surfaces include fruit orchar ds (i.e. apples, orangesyineyards, avocados,
blueberries, and lemons among others), which cover a significant portion of the total area
under irrigation.

In semiarid regions, direct soil evaporation fr om sparse barley or millet crops can account
for 30% to 60% of rainfall (Wallace et al., 1999). On a seasonal basis, sparse canopy soil
evaporation can account for half of total rainfall (Lund & Soegaard, 2003). Allen (1990)
estimated the soil evaporation under a sparse baley crop in northern Syria and found that
about 70% of the total evaporation originated from the soil. Lagos (2008) estimated that
under irrigated maize conditions soil evaporation accounted for around 26-36% of annual
evapotranspiration. Under rain-fed maize condit ions annual evaporation accounted for 36-
39% of total ET. Under irrigated soybean the percentage was 41%, and under rainfed
soybean conditions annual evaporation accounted for 45-47% of annual ET. Massman (1992)
estimated that the soil contribution to total ET was about 30% for a short grass steppe
measurement site in northeast Colorado. In a sparse canopy at the middle of the growing
season, and after a rain event, more than 50%of the daily ET corresponds to directly soil
evaporation (Lund & Soegaard, 2003). Soil evapration can be maximized under frequent
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rainfall or irrigation events, common conditions in agricultural systems for orchard with
drip or micro sprinklers systems. If some of this unproductive loss of water could be
retained in the soil and used as transpiration, yields could be increased without increased
rainfall or the use of supplemental irrigation (Wallace et al., 1999). The measurement and
modelling of soil evaporation on partially vege tated surfaces is crucial to estimate how
much water is lost to the atmosphere via soil evaporation. Consequently, better water
management can be proposed for water savings.

Partially vegetated surface accounts for a significant portion of land surface. It occurs
seasonally in all agricultural areas and throughout the year in or chard and natural land
covers. Predictions of ET for these conditionshave not been thoroughly researched. In Chile,
agricultural orchards with partially vegetate d surfaces include apples, oranges, avocados,
cherries, vineyards, blueberries, and berries, among others. Acording to the agricultural
census (INE, 2007) the national orchard surface covers more than 324,000 ha, representing
30% of the total surface under irrigation.

Similar to the Shuttleworth and Wallace (1985), Choudhury and Monteith (1988) and Lagos
(2008) models, the modelling of evapotranspiration for partially vegetated surfaces can be
accomplished using explicit solutions of the equations that define the conservation of heat
and water vapor fluxes for partially vegetated surfaces and soil. Multiple-layer models offer
the possibility to represent these conditions to solve the surface energy balance and
consequently, estimate evapotranspiration. Modelling is essential to predict long-term
trends and to quantify expected outcomes. Since ET is sah a large component of the
hydrologic cycle in areas with partially vegeta ted surfaces, small changes in the calculation
of ET can result in significant changes in simulated water budgets. Thus, good data and
accurate modelling of ET is essential for predicting not only water requirements for
agricultural crops but also to predict the sign ificance of irrigation management decisions
and land use changes to theentire hydrologic cycle.

Currently, several methods and models exist to predict natural environments under
different conditions. More complex models have been developed to account for more
variables affecting model performance. However, the applicability of these models has been
limited by the difficulties and tedious algo rithms needed to complete estimations.
Mathematical algorithms used by multiple-layer models can be programmed in a software
package to facilitate and optimize ET estimation by any user. User-friendly software
facilitates the use of these improved methods; users (i.e. students) can use the computer
model to study the behaviour of the system from a set of parameters and initial conditions.
Accordingly, in this chapter, a review of mo dels that estimate ET for partially covered
surfaces that occur normally in agricultural syst ems (i.e. orchards or vineyards) is presented,
and the needs for further research are assessed.

2. ET modelling review

Evapotranspiration (ET) is the total amount of water lost via transpiration and evaporation
from plant surfaces and the soil in an area where a crop is growing. Traditionally, ET from
agricultural fields has been estimated using the two-step approach by multiplying the
weather-based reference ET (Jensen et al1971; Allen et al., 1998 ad ASCE, 2002) by crop
coefficients (Kc) to make an approximate allowance for crop differences. Crop coefficients
are determined according to the crop type and the crop growth stage (Allen et al., 1998).
However, there is typically some question regarding whether the crops grown compare
with the conditions represented by the idealized Kc values (Parkes et al., 2005; Rana et al.,
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2005; Katerji & Rana, 2006; Flores, 2007). In additiont is difficult to predict the correct crop
growth stage dates for large populations of crops and fields (All en et al., 2007).

A second method is to make a one-step estimae of ET based on the Penman-Monteith (P-M)
equation (Monteith, 1965), with crop-to-crop differences represented by the use of crop-
specific values of surface and aerodynamic resistances (Shuttleworth, 2006). ET estimations
using the one-step approach with the P-M model have been studied by several authors
(Stannard, 1993; Farahani & Bausch, 1995; Rana at., 1997; Alves & Peeira, 2000; Kjelgaard
& Stockle, 2001; Ortega-Farias et al., 2004; siktleworth, 2006; Katerji & Rana, 2006; Flores,
2007; Irmak et al., 2008). Although different degrees of success have been achieved, the
model has generally performed more satisfactorily when the leaf area index (LAl) is large
(LAI>2). Results shows that the “big leaf” assumption used by the P-M model is not
satisfied for sparse vegetation and crops with partial canopy cover.

A third approach consists of extending the P-M single-layer model to a multiple-layer model
(i.e. two layers in the Shuttleworth-Wallace (S-W) model (Shuttleworth-Wallace, 1985) and
four layers in the Choudhury-Monteith (C-M) model (Choudhury & Monteith, 1988).
Shuttleworth and Wallace (1985) combined a ore-dimensional model of crop transpiration and

a one-dimensional model of soil evaporation. Surface resistances regulde the heat and mass
transfer in plant and soil surfaces, and aerodynamic resistances regulate fluxes between the
surface and the atmospheric boundary layer. Several studies have evaluated the performance
of the S-W model to estimate evapotranspiration (Farahani & Baush,1995; Stannard, 1993;
Lafleur & Rouse, 1990; Farahani & Ahuja, 1996; litz et al. 2001; Tourula & Heikinheimo, 1998;
Anadranistakis et al., 2000; Ortega-Farias et al., 2007). Field tests of the model have shown
promising results for a wide range of both agricultural and non-agricultural vegetation.

Farahani and Baush (1995) evaluated the performance of the P-M model and the S-W model
for irrigated maize. Their main conclusion was that the Penman-Monteith model performed
poorly when the leaf area index was less than 2 because soil evaporation was neglected in
calculating surface resistance. Results of the S-W model were encouraging as it performed
satisfactorily for the entire range of canopy cover. Stannard (1993) compared the P-M, S-W
and Priestley-Taylor ET models for sparsely vegetated, semiarid rangeland. The P-M model
was not sufficiently accurate (hourly r 2 =0.56, daily r2=0.60); however, the S-W model
performs significantly better for hourly (r 2=0.78) and daily data (r>=0.85). Lafleur and Rouse
(1990) compared the S-W model with evapotranspiration calculated from the Bowen Ratio
Energy Balance technique over a range of LA from non-vegetated to fully vegetated
conditions. The results showed that the S-W model was in excellent agreement with the
measured evapotranspiration for hourly and day-time totals for all values of LAI. Using the
potential of the S-W model to partition transp iration and evaporation, Farahani and Ahuja
(1996) extended the model to include the effectsof crop residues on soil evaporation by the
inclusion of a partially covered soil area and partitioning evaporation between the bare and
residue-covered areas. Iritz et al. (2001) apfied a modified version of the S-W model to
estimate evapotranspiration for a forest. The main modification consisted of a two-layer soil
module, which enabled soil surface resistance to be calculated as a function of the wetness of
the top soil. They found that th e general seasonal dynamics of evaporation were fairly well
simulated with the model. Tourula and Heiki nheimo (1998) evaluated a modified version of
the S-W model in a barley field. A modificati on of soil surface resistance and aerodynamic
resistance, over two growing seasons, produced daily and hourly ET estimates in good
agreement with the measured evapotranspiration. The performance of the S-W model was
evaluated against two eddy covariance systems by Ortega-Farias et al. (2007) over a Cabernet
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Sauvignon vineyard. Model performance was good under arid atmospheric ¢ onditions with a
correlation coefficient (r2) of 0.77 and a root mean square error (RMSE) of 29 Wra.

Although good results have been found using the Shuttleworth-Wallace approach, the model
still needs an estimation or measurement of soil heat flux (G) to estimate ET. Commonly, G is
calculated as a fixed percentage of net radation (Rn). Shuttleworth and Wallace (1985)
estimated G as 20% of the net radiation reachingthe soil surface. In the FAO56 method, Allen
et al. (1998) estimated daily reference ET (ETrand ETo), assuming that the soil heat flux
beneath a fully vegetated grass or alfalfa referene surface is small in canparison with Rn (i.e.
G=0). For hourly estimations, soil heat flux wa s estimated as one tenth of the Rn during the
daytime and as half of the Rn for the night time when grass was used as the reference surface.
Similarly, G was assumed to be 0.04xRn for thedaytime and 0.2xRn during the night time for
an alfalfa reference surface. A more compldge surface energy balance was presented by
Choudhury and Monteith (1988). The proposed method developed a four-layer model for the
heat budget of homogeneous land surfaces. The model is an explicit solution of the equations
which define the conservation of heat and water vapor in a system consisting of uniform
vegetation and soil. An important feature was th e interaction of evaporation from the soil and
transpiration from the canopy ex pressed by changes in the vaporpressure deficit of the air in
the canopy. A second feature was the ability of the model to partition the available energy into
sensible heat, latent heat, and soil heat flux for the canopy/soil system.

Similar to Shuttleworth-Wallace (1985), the Choudhury-Monteith model included a soil
surface resistance to regulate the heat and mass transfer at the soil surface. However,
residue effects on the surface energy balance a not included in the model. Crop residue
generally increases infiltration and reduces soil evaporation. Surface residue affects many of
the variables that determine the evaporation rate. These variables include Rn, G,
aerodynamic resistance and surface resistancego transport of heat and water vapor fluxes
(Steiner, 1994; Horton et al., 1996; Steiner et al., 2000).

Caprio et al. (1985) compared evaporation from three mini-lysimeters installed in bare soil
and in a 14 and 28 cm tall standing wheat stubble. After nine days of measurements,
evaporation from the lysimeter with stubble was 60% of the evaporation measured from
bare soil. Enz et al. (1988) evalated daily evaporation for bare soil and stubble-covered soill
surfaces. Evaporation was always greater from the bare soil surface until it was dry, then
evaporation was greater from the stubble covered-surface because more water was
available. Evaporation from a bare soil surface has been described in three stages. An initial,
energy-limited stage occurs when enough soil water is available to satisfy the potential
evaporation rates. A second, falling rate stage is limited by water flow to the soil surface,
while the third stage has a very low, nearly constant evaporative rate from very dry soil
(Jalota & Prihar, 1998). Steiner (1989) evaluatedhe effect of residue (from cotton, sorghum
and wheat) on the initial, energy-limited rate of evaporation. The evaporation rate relative
to bare soil evaporation was described by a logarithmic relationship. Increasing the amount
of residue on the soil surface reduced the relative evaporation rate during the initial stage.
Bristow et al. (1986) developed a model to predict soil heat and water budgets in a soil-
residue-atmosphere system. Results from application of the model indicate that surface
residues decreased evaporation by roughly 36% compared with simulations from bare soil.
With the recognition of the potential of multiple-layer models to estimate ET, a mo dified surface
energy balance model (SEB) was developed by Lags (2008) and Lagos et al. (2009) to include
the effect of crop residue on evapotranspiration. The model relies mainly on the Schuttleworth-
Wallace (1985) and Choudhury and Monteith (1988) approaches and has tte potential to predict
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evapotranspiration for varying so il cover ranging from partially residue-covered soil to closed
canopy surfaces. Improvements to aerodynamic resistance, surface canopy resistance and soil
resistances for the transport of heat and water vapor were also suggested.

2.1 The SEB model

The modified surface energy balance (SEB) mael has four layers (Figure 1), the first
extended from the reference height above thevegetation and the sink for momentum within
the canopy, a second layer between the canopylevel and the soil surface, a third layer
corresponding to the top soil layer and a lower soil layer where the soil atmosphere is
saturated with water vapor. The soil temperature at the bottom of the lower level was held
constant for at least a 24h period.

The SEB model distributes net radiation (Rn), sensible heat (H), latent heat (&), and soil heat
fluxes (G) through the soil/residu e/canopy system. Horizontal gradients of the potentials are
assumed to be small enough for lateral fluxes to be ignored, and physical and biochemical
energy storage terms in the canopy/residue/so il system are assumed to be negligible. The
evaporation of water on plant leaves due to rain, irrigation or dew is also ignored.

The SEB model distributes net radiation (Rn) into sensible heat (H), latent heat (IE), and soil
heat fluxes (G) through the soil-canopy system (Figure 2). Total latent heat (IE) is the sum of
latent heat from the canopy ( IEc), latent heat from the soil (IEs) and latent heat from the
residue-covered soil (IEr). Similarly, sensible heat is calculated as the sum of sensible heat
from the canopy (Hc), sensible heat from the soil (Hs) and sensible heat from the residue
covered soil (Hr).
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Fig. 1. Fluxes of the surface energy balance model (SEB).

The total net radiation is divided into that ab sorbed by the canopy (Rnc) and the soil (Rns)
and is given by Rn = Rnc + Rns. The net radiation absorbed by the canopy is divided into
latent heat and sensible heat fluxes as Rnc =IEc +Hc. Similarly, for the soil Rns = Gos + Hs,
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where Gos is a conduction term downwards from the soil surfac e and is expressed as Gos =
IEs + Gs, where Gs is the soil heat flux for baresoil. Similarly, for the residue-covered soil Rns
= Gor + Hr where Gor is the conduction downwards from the soil covered by residue. The
conduction is given by Gor = 1Er + Gr where Gr is the soil heat flux for residue-covered soil.
Total latent heat flux from the canopy/residue/s oil system is the sum of the latent heat from
the canopy (transpiration), latent heat from th e soil and latent heat from the residue-covered
soil (evaporation), calculated as:

| L1 ,E:s F ®JE " @ | (1)

where fr is the fraction of the soil affected by residue. Similarly, the total sensible heat is given by:

L .E:s F®,E " " ® )

The differences in vapor pressure and temperature between levels can be expressed with an
Ohm’s law analogy using appropriate resistance and flux terms (Figure 2). The sensible and
latent heat fluxes from the canopy, from bare soil and soil covered by residue are expressed
by (Shuttleworth & Wallace, 1985):

O PR F -; O P®YE
L and | L (3
: " 7@ ®ER
. U0g +
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6 @ ®E
B 0y +
R e Ll (5)
6Epf @@Equt

where, Ois the density of moist air, C, is the specific heat of air, Ais the psychrometric

constant, Ty is the mean canopy temperature, T, is the temperature at the soil surface, T, is the

air temperature within the canopy, T 2 is the temperature of the soil covered by residue, n is

an aerodynamic resistance between the canopy and the air, « is the surface canopy resistance,
rp is the aerodynamic resistance between the soil and the canopy, s is the resistance to the
diffusion of water vapor at the top soil layer, r  is the residue resistanceto transfer of heat, r; is

the residue resistance to the tansfer of vapor acting in series with the soil resistance , &, is

the vapor pressure of the atmosphere at the canopy level, € is the saturation vapor pressure in

the canopy, @” is the saturation vapor pressure at the top of the wet layer, and e,” is the

saturation vapor pressure at the top of the wet layer for the soil covered by residue.

Conduction of heat for the bare-soil and residue-covered surfaces are given by:

O P® ¢ F p; O P®pF y;

qu ”S and q L ”P (6)
@) ®eyF pp @) ®p,F
mpl- @ ”6p Pp and . L @ ”Pp k (7)
] P

where; ry and r_ are resistance to the transport of het for the upper and lower soil layers,
respectively, T, and T, are the temperatures at the interface between the upper and lower
layers for the bare soil and the residue-covered soil, and Ty is the temperature at the bottom
of the lower layer which was assumed to be constant on a daily basis.
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Choudhury and Monteith (1988) expressed differences in saturation vapor pressure between
points in the system as linear functions of the corresponding temperature differences. They
found that a single value of the slope of the saturation vapor pressure, |, when evaluated at

the air temperature, T, gave acceptable results for the components of the heat balance. The
vapor pressure differences were given by:

PFYL ¢ @F HFYL ¢:@F P FYL ¢:@F

< (8)
and ,FEL ¢ ®F -;
The above equations were combined and solvedto estimate fluxes. Details are provided by
Lagos (2008). The solution gives the latent andsensible heat fluxes from the canopy as:
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Fig. 2. Schematic resistance network of the Surface Energy Balance (SEB) model a) Latent
heat flux and b) Sensible heat flux.
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Similarly, latent and sensible heat fluxes from bare soil surfaces are estimated by:

0 ® &6 ®E O F L@, EZEFE:  F | ® GE 7 (10)
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The latent and sensible heat fluxes from the residue-covered soil are simulated with:
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Values for Ty and &, are necessary to estimate latent heat and sensible heat fluxes. The
values of the parameters can be expressed as:
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where, ra is the aerodynamic resistance for heat transport, ray is the aerodynamic resistance
for water vapor transport, e 5 is the vapor pressure at the reference height, and g is the
saturated vapor pressure at the reference height. Six coefficients (A, A2, Az and By, B; and Bs)
are involved in these expressions. These coeffiients depend on environmental conditions and

other parameters. The expressions to compute the coefficients are given by (Lagos, 2008):
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These relationships define the surface enegy balance model which is applicable to
conditions ranging from closed canopies to surfaces with bare soil or those partially covered
with residue. Without residue, the model is similar to that by Choudhury and Monteith
(1988).

2.1.1 Determination of the SEB model parameters

In the following sections, the procedures to compute parameter values for the model are
detailed. The parameters are as important as the formulation of the energy balance
equations.

2.1.1.1 Aerodynamic resistances

Thom (1972) stated that heat and mass trangér encounter greater aerodynamic resistance
than the transfer of momentum. Accordingly, aerodynamic resistances to heat (ran) and
water vapor transfer (r ,w) can be estimated as:

”_f L _"k E \!; and !1_u L _nk E "LI (23)

where ram is the aerodynamic resistanceto momentum transfer, and rp, and rp, are excess
resistance terms for heat and water vapor transfer.

Shuttleworth and Gurney (1990) built on the work of Choudhury and Monteith (1988) to
estimate ran by integrating the eddy diffusion coeffi cient over the sink of momentum in the
canopy to a reference height z above the canopy, giving the following relationship for r am:

) s ®F 1 S ., GE . 24
L ® S.FprE:—®®eis m_—S®$qﬂ=su (24)

. @ —

where Kk is the von Karman constant, u* is the friction velocity, z , is the surface roughness, d
is the zero-plane displacement height, Ky, is the value of eddy diffu sion coefficient at the top

of the canopy, h is the height of vegetation, and 4is the attenuation coefficient. A value of 4
= 2.5, which is typical for agricultural cr ops, was recommended by Shuttleworth and

Wallace (1985) and Shuttleworth and Gurney (1990).

www.intechopen.com



282 Evapotranspiration — Remote Sensing and Modeling

Verma (1989) expressed the excess sistance for heat transfer as:

ST (25)
where B-1 represents a dimensionlessbulk parameter. Thom (1972) suggests that the product
kB-1equal approximately 2 for most arable crops.

Excess resistance was derived primarily from heat transfer observations (Weseley & Hicks
1977). Aerodynamic resistance to water vapor was modified by the ratio of thermal and
water vapor diffusivity:

ST AT )" (26)
& —

where, ki is the thermal diffusivity and D  is the molecular diffusivity of water vapor in air.

Similarly, Shuttleworth and Gurney (1990) expressed the aerodynamic resistance (§) by

integrating the eddy diffusion coefficient between the soil surface and the sink of

momentum in the canopy to yield:

$®1t5 FV, Es®: T,E, 27)
=®

where z,' is the roughness length of the soil surface. Values of surface roughness (g and
displacement height (d) are functions of leaf area index (LAI) and can be estimated using the
expressions given by Sraw and Pereira (1982).

The diffusion coefficients between the soil surface and the canopy, and therefore the
resistance for momentum, heat, and vapor transport are assumed eqal although it is
recognized that this is a weakness in the useof the K theory to describe through-canopy
transfer (Shuttleworth & Gurney, 1990). Stability is not considered.

”6 L

2.1.1.2 Canopy resistances

The mean boundary layer resistance of the canopy #k, for latent and sensible heat flux, is
influenced by the surface area of vegdation (Shuttleworth & Wallace, 1985):

L (28)

t ®

where r, is the resistance of the leaf boundary layer, which is proportional to the
temperature difference between the leaf and surrounding air divided by the associated flux
(Choudhury & Monteith, 1988). Shuttleworth and Wallace (1985) noted that resistance g
exhibits some dependence on in-canopy wind speed, with typical values of 25 s m-L
Shuttleworth and Gurney (1990) represented § as:

25
srr ™% = (29)
"L— ®dp ® Fs F—%—AG@
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where w is the representative leaf width and u y is the wind speed at the top of the canopy.

This resistance is only significant when acting in combination with a much larger canopy
surface resistance, andShuttleworth and Gurney (1990) suggest that ¢ could be neglected
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for foliage completely covering the ground. Using r , = 25 s m! with an LAl = 4, the
corresponding canopy boundary layer resistance is r; = 3 s m.

Canopy surface resistance, g, can be calculated by dividing the minimum surface resistance
for a single leaf () by the effective canopy leaf area irdex (LAI). Five environmental factors
have been found to affect stomata resistancesolar radiation, air temperature, humidity, CO »
concentration and soil water potential (Yu et al., 2004). Several models have been developed
to estimate stomata conductance and canopy resistance. Stannard (1993) estimated. as a
function of vapor pressure deficit, leaf area index, and solar radiation as:

: . ?5
"L d® e—° @fT®'kf—_tE7j% (30)
k_v 6E _ ka_v®- f?v
where LAI max is the maximum value of leaf area index, VPD, is vapor pressure deficit, Rad
is solar radiation, Radmax is the maximum value of solar radiation (estimated at 1000 W m-2)
and C,;, C; and C3 are regression coefficients. Canopy resistance does not account for soll
water stress effects.

2.1.1.3 Soil resistances

Farahani and Bausch (1995), Anadranistakis etal. (2000) and Lindburg (2002) found that soil

resistance (k) can be related to volumetric soil water content in the top soil layer. Farahani

and Ahuja (1996) found that the ratio of soil resistance when the surface layer is wet relative
to its upper limit depends on the degree of saturation ( E E) and can be described by an
exponential function as:

” ” X 1 E n P®in
gL qgm® 158 4E_(fp> ® and qu—HJl—®T (31)

where L. is the thickness of the surface soil layer, Qis a soil tortuosity factor, D is the water

vapor diffusion coefficient and 1 is soil porosity, Eis the average volumetric water content

in the surface layer, E is the saturation water content, and Ais a fitting parameter.

Measurements of Efrom the top 0.05 m soil layer were more effective in modeling r s than E
for thinner layers.

Choudhury and Monteith (1988) expressed the soil resistance for heat flux (r.) in the soil

layer extending from depth L ; to L, as:

,,PLO®®k:F|: (32)

where K is the thermal conductivity of the soil . Similarly, the corresponding resistance for
the upper layer (r,) of depth L; and conductivity K * as:

., 0 ®® (33)

S 2

2.1.1.4 Residue resistances

Surface residue is an integral part of many cropping systems. Bristow and Horton (1996)

showed that partial surface mulch cover can have dramatic effects on the soil physical

environment. The vapor conductance through residue has been described as a linear
function of wind speed. Farahani and Ahuj a (1996) used results from Tanner and Shen
(1990) to develop the resistance of surface residue ¢ as:
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R
s Eragy’® — (34)

where L, is residue thickness, Qis residue tortuosity, D is vapor diffusivity in still air, T 4s
residue porosity and u» is wind speed measured two meters above the surface. Due to the
porous nature of field crop residue layers, the ratio @ 15 is about one (Farahani & Ahuja,
1996).
Similar to the soil resistance, Bristow and Horton (1996) and Horton et al. (1996) expressed
the resistance of residue for heat transfer, f,, as:

» L O P& (35)

P

where K is the residue thermal conductivity.
The fraction of the soil covered by residue (f;) can be estimated using the amount and type
of residue (Steiner et al., 2000). The soil coveed by residue and the residue thickness are
estimated using the expressions developed by Gregory (1982).

2.1.2 SEB model inputs

Inputs required to solve multiple layer mo dels (i.e. Shuttleworth and Wallace (1985),
Choudhury and Monteith (1988) and Lagos (2008) models) are net radiation, solar radiation,
air temperature, relative humidity, wind speed, LAI, crop height, soil texture, soil
temperature, soil water content, residue type, and residue amount. In particular, net
radiation, leaf area index, soil temperatures and residue amount are variables rarely
measured in the field, other than at research sites. Net radiation and soil temperature
models can be incorporated into surface energy balance models to predict
evapotranspiration from environmental variab les typically measured by automatic weather
stations.

Similar to the Shuttleworth and Wallace (1985) and Choudhury and Monteith (1988) models,
measurements of net radiation and estimations of net radiation absorbed by the canopy are
necessary for the SEB model. Beer's law is used to estimate the penetration of radiation
through the canopy and estimates the net radiation reaching the surface (Rns) as:

gL *+® F§:®F (36)

where Cext is the extinction coefficient of the crop for net radiation. Consequently, net
radiation absorbed by the canopy (Rnc) can be estimated as Rnc = Rn — Rn

2.1.3 SEB model evaluation

An irrigated maize field site located at the University of Nebraska Agricultural Research
and Development Center near Mead, NE (41°09'53.5"N, 96°28'12.3"W, elevation 362 m) was
used for model evaluation. This site is a 49 ha production field that provides sufficient
upwind fetch of uniform cover required for adequately measuring mass and energy fluxes
using eddy covariance systems. The areahas a humid continental climate and the soil
corresponds to a deep silty clay loam (Suyker & Verma, 2009). The field has not been tilled
since 2001. Detailed information about planting densities and crop management is provided
by Verma et al. (2005) and Suyker and Verma (2009).
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Soil water content was measured continuously at four depths (0.10, 0.25, 0.5 and 1.0 m) with
Theta probes (Delta-T Device, Cambridge, UK). Destructive green leaf area index and
biomass measurements were taken bi-monthy during the growin g season. The eddy
covariance measurements of latent heat, sensible heat and momentum fluxes were made
using an omnidirectional three dimensional so nic anemometer (Model R3, Gill Instruments
Ltd., Lymington, UK ) and an open-path infrared CO ,/H ,O gas analyzer system (Model
LI7500, Li-Cor Inc, Lincoln, NE). Fluxes were corrected for sensor frequency response and
variations in air density. More details of me asurements and calculations are given in Verma
et al. (2005). Air temperature and humidity were measured at 3 and 6 meters (Humitter 50V,
Vaisala, Helsinki, Finland), net radiation at 5.5 m (CNR1, Kipp and Zonen, Delft, NLD) and
soil heat flux at 0.06 m (Radiation and Energy Balance Systems Inc, Seattle, WA). Soil
temperature was measured at 0.06, 0.1, @ and 0.5 m depths (Platinum RTD, Omega
Engineering, Stamford, CT). More details are given in Verma et al. (2005) and Suyker and
Verma ( 2009).

Evapotranspiration predictions from the SEB model were compared with eddy covariance
flux measurements during 2003 for an irrigated maize field. To evaluate the energy balance
closure of eddy covariance measurements, né radiation was compared against the sum of
latent heat, sensible heat, soilheat flux and storage terms. Storage terms include soil heat
storage, canopy heat storage, and energyused in photosynthesis. Storage terms were
calculated by Suyker and Verma (2009) following Meyers and Hollinger (2004). During
these days, the regression slope for energybalance closure was 0.89 with a correlation
coefficient of r2 = 0.98.

For model evaluation, 15 days under different LAl conditions were selected to initially test
the model, however further work is needed to test the model for entire growing seasons and
during longer periods. Hourly data for thre e 5-day periods with varying LAl conditions
(LAI = 0, 1.5 and 5.4) were used to comparemeasured ET to model predictions. Input data
of the model included hourly values for: net radiation, air temperature, relative humidity,
soil temperature at 50 cm, wind speed, solar radiation and soil water content. During the
first 5-day period, which was prior to germination, the maximum net radiation ranged from
240 to 720 W nm2, air temperature ranged from 10 to 30°C, soil temperature was fairly
constant at 16°C and wind speed ranged from 1 to 9 m st but was generally less than 6 m st
(Figure 3). Soil water content in the evaporation zone averaged 0.34 i m-3and the residue
density was 12.5 ton/ha on June 6, 2003. Precipitation occurred on the second and fifth days,
totaling 17 mm.

Evapotranspiration estimated with the SEB model and measured using the eddy covariance
system is given in Figure 4. ET fluxes were the highest at midday on June 6, reaching
approximately 350 W m-2. The lowest ET rates occurred on the second day. Estimated ET
tracked measured latent heat fluxes reasonablywell. Estimates were better for days without
precipitation than for days when rainfall occurre d. The effect of crop residue on evaporation
from the soil is shown in Figure 4 for this period. Residue reduced cumulative evaporation
by approximately 17% during this five-day period. Evaporation estimated with the SEB
model on June 6 and 9 was approximately 3.5mm/day, totaling approximately half of the
total evaporation for the five days.

During the second five-day period, when plants partially shaded the soil surface (LAl = 1.5),
the maximum net radiation ranged from 350 to 720 W m-2 and air temperature ranged from
10 to 33°C (Figure 5). The soil temperature wasnearly constant at 20°C. Wind speed ranged
from 0.3 to 8 m st but was generally less than 6 m st. The soil water content was about 0.31
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m3 m-3 and the residue density was 12.2 ton/ha on June 24, 2003. Precipitation totaling 3mm
occurred on the fifth day. The predicted rate of ET estimated with the SEB model was close
to the observed data (Figure 6). Estimates weresmaller than measured values for June 24,
which was the hottest and windiest day of the period. The ability of the model to partition
ET into evaporation and transpiration for partial canopy conditions is also illustrated in
Figure 6. Evaporation from the soil represented the majority of the water used during the
night, and early or late in the day. During the middle of the day transpiration represented
approximately half of the hourly ET flux.
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Fig. 3. Environmental conditions during a fi ve-day period without canopy cover for net
radiation (Rn), air temperature (T 5), soil temperature (Tm), precipitation (Prec.), vapor
pressure deficit (VPD), and wind speed (u).
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The last period represents a fully developed maize canopy that completely shaded the soill
surface. The crop height was 2.3 m and the LA was 5.4. Environmental conditions for the
period are given in Figure 7. The maximum net radiation ranged from 700 to 740 W m-2 and
air temperature ranged from 15 to 36 °C during the period. Soil temperature was fairly
constant during the five days at 21.5°C and wind speed ranged from 0.3 to 4 m s1. The soil
water content was about 0.25 n® m-3 and the residue density was 11.8 ton/ha on July 16,
2003. Precipitation totaling 29 mm occurred on the third day. Observed and predicted ET
fluxes agreed for most days with some differe nces early in the morning during the first day

and during the middle of several days (Figur e 8). Transpiration simulated with the SEB
model was nearly equal to the simulated ET for the period as evaporation rates from the soil
was very small.
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Fig. 4. Evapotranspiration estimated by the Surface Energy Balance (SEB) model and
measured by an eddy covariance system and simulated cumulative evaporation from bare
and residue-covered soil for a period without plant canopy cover.

www.intechopen.com



288 Evapotranspiration — Remote Sensing and Modeling

40 | 0
EmPrec. LAI=1.5
w 3B Ly " 1
E ~VPD
S 30 | 2
o £
o
n 25 3 E
= X
= 5
= 20 42
H
g 15 5 3
N 10 6
o
>
5 7
0 8
6/24 6/25 6/26 6/27 6/28 6/29
Date
800
700 40
600
500 30 O
M G
400 =
D) >
S g
= 300 20 &
g
200 =
100 10
0
-100 0
6/24 6/25 6/26 6/27 6/28 6/29

Date

Fig. 5. Environmental conditions for a five-d ay period with partial crop cover for net
radiation (Rn), air temperature (Ta), soil temperature (Tm), precipitation (Prec), vapor
pressure deficit (VPD), and wind speed (u).
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Fig. 6. Evapotranspiration and transpiration estimated by the Surface Energy Balance (SEB)
model and ET measured by an eddy covariance system for a 5-day period with partial
canopy cover.

Hourly measurements and SEB predictions for the three five-day periods were combined

to evaluate the overall performance of the model (Figure 9). Results show variation about
the 1:1 line; however, there is a strong correlation and the data are reasonably well
distributed about the line. Modeled ET is less than measured for latent heat fluxes above
450 W m2, The model underestimates ET during hours with high values of vapor pressure

deficit (Figure 6 and 8), this suggests that the linear effect of vapor pressure deficit in
canopy resistance estimated with equation (30) produce a reduction on ET estimations.
Further work is required to evaluate and explore if different canopy resistance models

improve the performance of ET predictions under these conditions. Various statis tical

techniques were used to evaluate the performance of the model. The coefficient of
determination, Nash-Sutcliffe coefficient, index of agre ement, root mean square error and
the mean absolute errar were used for model evaluation (Legates & McCabe 1999; Krause
et al., 2005; Moriasi et al., 2007; Coffey eal. 2004). The coefficient of determination was
0.92 with a slope of 0.90 over the range of hairly ET values. The root mean square error
was 41.4 W m2, the mean absolute error was 29.9 W n®, the Nash-Sutcliffe coefficient was
0.92 and the index of agreement was 0.97. Thestatistical parameters show that the model
represents field measurements reasonably well. Similar performance was obtained for

daily ET estimations (Table 1). Analysis is underway to evaluate the model for more

conditions and longer periods. Simulations reported here relied on literat ure-reported

parameter values. We are also exploring calibration methods to improve model

performance.
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