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1. Introduction

Potential evapotranspiration (PET) is generally considered to be the maximum rate of
evaporation from vegetation-covered land surfaces when water is freely available and is
primarily determined by meteorological controls (McVicar et al., 2007; Lhomme, 1997;
Granger, 1989). It is a key input to hydrological models. Evapotranspiration can be directly
measured by lysimeters or eddy correlation method but expensively and practically only in
research over a small plot for a short time. The pan evaporation has long records with dense
measurement sites. To apply it in hydrological models, however, first, a pan coefficient, K,,
then a crop coefficient, K., must be multiplied. Due to the difference on sitting and weather
conditions, K; is often expressed as a function of local environmental variables such as wind
speed, humidity, upwind fetch, etc. A global equation of K, is still lack. The values of K.
from the literature are empirical, most for agricultural crops, and subjectively selected.
When the environment is water-limited, PET is difficult to measure and therefore is usually
estimated as an area-average by the model. If the environment is energy-limited, then the
measurement of actual evapotranspiration provides a measure of PET (Donohue et al.,
2007). Among the many evaporation models available, the Penman equation (Penman, 1948)
and derivation of this equation are preferred, with two extensions being widely employed:
(a) the Penman-Monteith equation (P-M) (Monteith, 1965); and (b) the Shuttleworth-Wallace
model (S-W) (Shuttleworth and Wallace, 1985). The P-M equation was even standardized as
FAO-24 (Doorenbos and Pruitt, 1992) and FAO-56 (Allen et al., 1998) for the reference
evapotranspiration of a hypothetical crop. In contrast to many empirical PET formulations
of uni- or bi-meteorological variables (e.g. air temperature only of Thornthwaite, 1948; air
temperature and solar radiation of Priestley and Taylor, 1972), the P-M and S-W extensions
of Penman equation use air temperature, solar radiation, humidity, wind speed, vegetation
dynamics, and implicitly consider the influence of feedbacks among forcing meteorological
variables, vegetation and evaporation, therefore is physically-based. This chapter compares
use of the P-M equation (i.e. the FAO-56 standardized form) and the SSW model over the
Mekong and Yellow River basins, representing humid and semi-arid regions, respectively,
at a monthly time-step for the period from 1981 to 2000.
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320 Evapotranspiration

2. Methods

2.1 Penman-Monteith (P-M) estimate of reference crop evaporation

The P-M equation treats the vegetation canopy as a single uniform cover or “big-leaf”. In its
FAO-56 standardized form, the evaporation of a hypothetical crop is estimated (Allen et al.,
1998), and hereafter referred to as a reference evapotranspiration (RET) as in Equation (1).
The hypothetical crop is assumed: closely resembling an extensive surface of green grass of
uniform height (0.12 m), actively growing (canopy resistance of 70 s m-), completely
shading the ground (albedo of 0.23) and with adequate water.

0.408A(R, — G) + 90051 (e, —e,)/(273+T)

RET =
A+y(1+0.34u,)

(D

where RET is in mm day-l, R, is the net radiation above vegetation while G is the soil
heat flux both (MJ m2 day-!), e, and e, are the saturation and actual vapour pressures
respectively both (kPa), T' is the mean air temperature (°C), u, is the wind speed at 2 m
height (m s1), A is the curve slope of relationship between saturation vapour pressure and
air temperature (kPa °cC-1), and y is the psychrometric constant (kPa °C-1).

Over a large basin, the big leaf assumption is rarely valid. There are often many vegetation
types co-existent, and always some parts or periods where or when the vegetation is not
“closed”. Both the soil surface and the vegetation leaves evaporate or transpire moisture to
the atmosphere and their relative importance changes dynamically as the vegetation
develops. The ideal approach is that applicable at all times and places and able to reflect the
changes of surface conditions. The SS'W model meets this criterion.

2.2 Shuttleworth-Wallace (S-W) model

As an extension of the P-M equation, the SW model considers dual sources, namely
transpiration from vegetation and evaporation from underlying soil (Shuttleworth and
Wallace, 1985):

JET =C,ET, + C,ET, (2)

where ET is the total evapotranspiration (mm day-!), A is the latent heat of water
vapourization (MJ kg-1), ET, and ET, are equivalent to transpiration and evaporation by
applying the P-M model to “closed” canopy and bare substrate respectively (MJ m-2 day-1),
C. and C, are weighting coefficients as functions of resistances. The formulation of all
terms in Equation (2) is given as:

. A(R, —G)+[(24>< 3600) £, (¢, - e,) - Ar¢ (RS —G)}/(rj +1¢)

‘ A+y|:1+rs"’/(r;’+r§)]

A(R, —G)+[(24x3600) pe, (e, ~e,) - Ar3 (R, —R;)] /(r;+r;)

A+7[1+rss/ rg+r§)]

(3

ET =

S

4)
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Fig. 1. Schematic diagram of the SW model. From right to left, re and r.¢ bulk resistances of
canopy stomatal and boundary layer respectively, r.s and r,2 aerodynamic resistances from
soil to canopy and from canopy to reference height respectively, rs soil surface resistance,
zog ground roughness length, z + do effective height of canopy source, z, reference height (=
h. + 2m), h, vegetation height, R, and R, net radiations above canopy and to soil surface
respectively, G soil heat flux, ET, transpiration from canopy, ETs evaporation from soil, ET
total evapotranspiration, H sensible heat, Tmin and Tnax daily min and max air temperatures
respectively, e, actual vapour pressure, C cloud cover, uy, wind speed at z,, height, hy,
observation height for other meteorological variables (usually, zy = 10 m and hy, = 2 m), zyy
ground roughness length at weather station.

C. = _ _ 5
¢ 1+(R0Ra)/_RS(RC+Ra)_ 2

C = — — 6
s 1+(R5Ra)/ (R,(R,+R,)] ©
Ra:(A-i-]/)r; @)

R =(A+y)rs+ms (8)
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322 Evapotranspiration

R, =(A+y)ry + 9)

where R, is the net radiation over soil surface (MJm-=2 day-1), p is the mean air density (kg
m-3), ¢, is the specific heat of moist air (MJkg-1 °C-1), ry and r; are the bulk stomatal and

S
boundary layer resistances of canopy respectively, r; and r, are the aerodynamic

resistances between soil and canopy and between canopy and reference height respectively,

r’ is the surface resistance of soil, all five resistances are in s m-1, other notations are the

S
same as in Equation (1). Figure 1 shows the sensible and latent heat transfer structure of SW
model.
The evaporation from water surface is estimated by substituting the aerodynamic resistance

of Penman wind speed function and r, = 0 into the P-M (Shuttleworth, 1993):

A
A+y

m‘:

0.408(Rn - G) + A Z y 2.624(1+ 0.536u, )(es - ea) (10)
Stannard (1993) and Federer et al. (1996) compared a number of models, including the P-M
and the S-W, and found that they give very different prediction. The research of Stannard
(1993) and Vorosmarty et al. (1998) shows that hydrological modeling is sensitive to the PET
methods, higher in humid regions, and the SW model performs best. Furthermore, the
interception plays an important role in water cycle. Only the SW model is applicable to the
evaporation from interception (Federer et al., 1996). The SW model, however, is highly
complex with many parameters and demands a great deal of data on the meteorology and
the land surface characteristics. Most previous work has been focusing on the model
validation and comparison with some specific cover types over small experimental
catchments in a short time (e.g. Iritz et al., 1999 among others) or in the water balance model
at a continent (Vorosmarty et al., 1998). Its application to a large basin for a long term is still
lack. In this chapter, first, the S-W model is developed only using parameter values from the
literature. Neither experimental measurement nor calibration is introduced. Second, all
input data are publicly available, so that it can be applied to the data-poor or ungauged
basins, particularly to the large basins. Third, using this method, the spatial distribution of
potential evapotranspiration is estimated for a long term over the Mekong and Yellow River
basins

2.3 Model parameterization
2.3.1 Climate-related parameters

In Equations from (1) to (10), parameters 1, e;, A, p, ¢, and y are directly related to the
climatic variables (Shuttleworth, 1993; Allen et al., 1998):

2 = 2.501— 0.002361T. (11)
17.27T
°(T) = 0.6108exp| —-=1 12
«(T) XP(T+237.3J (12)
o(T o(T .

° 2
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4098] 0.6108exp| 1721
T+2373

A= 5 (14)
(T + 237 .3)
P
kv
5.26
P 1015 220005 09
c P

y= :7 (17)

where T, is the temperature of water surface (°C), substituted with the daily mean air
temperature (7') for simplicity, equal to the arithmetic average of 7} ,. and T}, , the daily
maximum and minimum air temperatures (°C), e° (T) is the saturation vapour pressure
(kPa) at T', Equation (15) is based on the ideal gas law, P is the atmospheric pressure (kPa),
assuming 20°C for a standard atmosphere, T}, is the air virtual temperature (K), 7}, = 1.01
(273 + T'), R is the specific gas constant, 0.287 kJkg-1 K-1, z is the elevation above sea level
(m), ¢ is the ratio of the molecular weight of water vapour to that of dry air.

By substituting ¢, = 1.013x10-3 MJkg-1 °C-! (a value under average atmospheric conditions),
A= 2.45 MdJkg-! (when the temperature is about 20°C) and ¢ = 0.622 into Equation (17), the

psychrometric constant is approximated as:

7=0.665x1072P (18)

2.3.2 Aerodynamic resistances

The aerodynamic resistances, r; and r,, are derived by integrating the eddy diffusion

coefficients within and above the canopy (K-theory). Shuttleworth and Wallace (1985)
applied the K-theory to the complete canopy cover and to the bare substrate soil separately
and obtained the final by linearly interpolating between the two limits in terms of LAI,
while Shuttleworth and Gurney (1990) applied the K-theory directly to the sparse vegetation
canopy through an assumed “preferred” height therefore the interpolation with LAI is
unnecessary. Furthermore, Shuttleworth and Wallace (1985) used the “preferred” equations
to estimate the roughness length and zero plane displacement of the canopy while
Shuttleworth and Gurney (1990) derived them from a second-order closure theory and
considered arguably that the latter are superior to the former. In this chapter, the
formulation of Shuttleworth and Gurney (1990) is used and the stability effects are ignored
to avoid the iterative running of the model, as expressed by Equations (19) and (20). Hess
(1998) showed an acceptable estimate for the long-term monthly PET by supposing the
sunshine and wind stationary using the P-M method.

rS :h"‘ix—;{)}fn)[exp(—nzog/hc)—exp{—n(Zo +dp)/hc}J (19
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324 Evapotranspiration

o - Ki* 11{2:32} n}Ith [exp{n[l—(ZO +dp)/hc]} - 1} (20)

where h, is the vegetation height (m), n is the eddy diffusivity decay constant of the
vegetation, K, is the eddy diffusion coefficient at the top of canopy (m? s1), zy, is the
roughness length of ground (m), varying with the vegetation type, Z, is the “preferred”
roughness length (= 0.13%,) (m), d, is the “preferred” zero plane displacement (= 0.63 4, )
(m), x is von Karman’s constant (x = 0.41), u. is the friction velocity (m s1), z, is the
reference height (m), 2 m above vegetation, d, is the zero plane displacement of canopy
(m). All items are parameterized as follows (Monteith, 1973; Choudhury and Monteith, 1988;
Shuttleworth and Gurney, 1990; Federer et al., 1996):

K;, = ku.(h, — dy) (21)
U :Kua/ln{(za—do)/zo} (22)
h, —2./0.3 TAI> 4 28
©=111h, In| 1+(cLal)"" | LAI<4
2= min{0.3(hc —dy), 20, + 0.3k, (chAI)O"”} (24)
0.13h, <1
2o, =1 0.139h, —0.009h,2 1<h, <10 (25)
0.05h, h, > 10
1.4x1073 ho=0
¢y = ¢ (26)
4 [ ~1+exp(0.909 - 3.03zq, /A, )]4 /4 h.>0
2.5 h <1
n=,2306+0.194h, 1<h,<10 (27)
4.25 h, =10

where u, is the wind speed at the reference height (m s1), 2z, is the roughness length of
canopy while z,, is that for a “closed” canopy (m), c; is the mean drag coefficient for
individual leaves. Equations (23) and (24) combine two cases: closed canopy (LAI > 4) and
sparse growing vegetation, using the “preferred” values or related to LAI in the second-
order closure theory. Equation (25) uses the “preferred” values but differentiates the canopy
from short and tall vegetation types and linear interpolated between. Equation (26) uses the
value of open water surface for bare surface (Brutsaert, 1982, pp. 118). Wilson and Shaw
(1977) assumed c,; as 0.2 for maize leaves, Jones (1992) gave a typical value in the range
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between 0.03 and 0.6, whereas Shuttleworth and Gurney (1990) set it to 0.07. Equation (26)
gives 0.05 around for short vegetation (4, < 1 m), but 0.412 for tall vegetation (A, > 10 m).
Equation (27) uses the typical values to represent for short vegetation and tall vegetation,
and linear interpolation between: 2.5 of agricultural crop (Monteith, 1973; Uchijima, 1976)
and 4.25 of pine forest (Brutsaert, 1982, pp. 106).

The wind speed observed at the weather stations is converted to the reference height using a
logarithmic profile in that the internal boundary layer heights over the weather ground and
canopy surface are matched and a step change in surface roughness from z, to z,, is

assumed (Brutsaert, 1982, pp. 59 and pp. 167; Federer et al., 1996):

L ln(zb/z()w)ln[(za—do)/zo]

@ "W In(z,/29) 1In(z,/z,)

where u, is the wind speed observed at the weather station (m s1). The height of
observation, according to the CRU data (New et al., 1999), z,, is set to 10 m. Over weather
station ground, zero plane displacement is assumed zero, the roughness length, z,,, is
assumed as 0.005m (Federer et al., 1996), and the height of internal boundary layer, z, (m),
is estimated (Brutsaret, 1982, pp. 165) as:

(28)

2, = 0.334F0875,0.125 (29)

where F), is the fetch at weather station and assumed F,, = 5000 m.

2.3.3 Bulk stomatal and boundary layer resistances
The bulk stomatal resistance of canopy is affected not only by LAI but also by the
environmental variables. It is often expressed as the form (darvis, 1976):

. T'STmin (30)
T LALT]E(X;)

where LAI, is the effective LAI, X, is any environmental variable upon which stomatal
response depends, F(X;) is the stress function of X;, 0 <F(X;)< 1, rgpp, represents the
minimal stomatal resistance of individual leaves under optimal conditions (s m-), for
instance, the soil moisture was near field capacity, the temperature was between 17°C and
250C, the vapor pressure deficit at 2 m level was below 5 hPa and the global radiation was
over 400 W m-2 (Tourula and Heikinheimo, 1998). In case one or more of stress functions
reach zero, r; is given maximum 50000 s m-1, corresponding to the molecular diffusivity of
water vapour through leaf cuticula (Tourula and Heikinheimo, 1998).

Shuttleworth and Wallace (1985) expressed the bulk stomatal resistance as r{ =rgp/2LAI,
where rgp is the mean stomatal resistance (of amphistomatous leaves) and LAI is the total
leaf area index, and took rg; 400 s m-! for a fully grown agricultural crop (LAI = 4), resulted
ry 50 s m-1. Gardiol et al. (2003) used ri =r,/2LAI, , where r,/2 was considered as the mean
stomatal resistance of amphistomatous leaves and LAI, is equal to LAI/2 when LAI> 4.

Gardiol et al. (2003) took r, 294 s m-! for the corn crop, assuming LAl = 4, resulted r 73.5s
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326 Evapotranspiration

m-1. Considering the general crop in Shuttleworth and Wallace (1985) but a specific crop in
Gardiol et al. (2003), their equations are actually equivalent. Brisson et al. (1998) used
ry =rgro,/LAI , where o, is the shielding factor. If the same value of rgy is used in both
Shuttleworth and Wallace (1985) and Brisson et al. (1998), o, is equivalent to 1/ 2. However,
Brisson et al. (1998) used rg; 250 s m! for the maize crop and expressed the shielding factor
o.=0.5LAI+1. Considering the actually adopted large value for rg; and another
expression for o,, the equation of Brisson et al. (1998) is also equivalent to that of
Shuttleworth and Wallace (1985). Unifying these equations, the bulk stomatal resistance can
be expressed ri =rgp/LAI, , where the use of LAI, means only the upper leaves of canopy
are active in heat and vapour transfer due to illumination-induced stomatal closure deep in
the canopy (Allen et al., 1993). It should be noted that ry, takes implicitly accounts for the
environmental effects. If explicitly, Equation (30) is used. LAI, is calculated equal to actual
LAI for LAI <2, LAI/2 for LAI > 4 and 2 for intermediate LAI (Gardiol et al., 2003).

For the environmental stress functions, CO; concentration is ignored and others are outlined
as follows:

F(S)=(dS)/(c+S) (31)
1-0.409D for short vegetation
F (D)= , (32)
1-0.238D for tall vegetation
1 T > 298
Fy(T)=11-16x107(298-T)" 273<T <298 (33)
0 T <273
1 020,
F,(0)= o6 0, <0<, (34)
0, -6,
0<0.
0

As shown in Equation (31), the hyperbolic solar radiation function is used (Jarvis, 1976;
Stewart, 1988; Stewart and Gay, 1989), where S is the incoming photo-synthetically active
radiation (PAR) (in the range of 0.4-0.72 microns) flux (W m-2), d=1+ ¢/ 1000, ¢ = 100 for
forests and 400 for crops. For simplicity, the net radiation rather than the solar irradiation is
used (Monteith, 1995) and averaged for the day time in daily simulation. The coefficient of
vapour pressure deficit function, Equation (32), is represented for short vegetation obtained
from the Konza Prairie in Kansas (FIFE data) (Stewart and Gay, 1989), and for tall vegetation
by the coniferous forest from the Hydrologic Atmospheric Pilot Experiment/ Modelisation
du Bilan Hydrique (HAPEX-MOBILHY) data (Noilhan and Planton, 1989; also see Lhomme
et al., 1998), where D=e,—e,. When the air temperature, T, is higher than 25°C, the
stomatal openness is not limited; less than 0°C, stomatal closes completely; and varies
linearly between, as shown in Equation (33) where T' in K. The stress function of soil
moisture content is shown in Equation (34), where @ is the soil moisture content in root
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zone, 0, is the field capacity below which the transpiration is stressed, 6, is the residual
soil moisture content. For PET estimation, the soil moisture is assumed at field capacity.

The bulk boundary layer resistance of canopy is calculated equivalent to all leaf boundary
layers in parallel (Shuttleworth and Wallace, 1985; Brisson et al., 1998):

where o, is the shielding factor, taking 0.5 (Shuttleworth and Wallace, 1985; Brisson et al.,
1998), ry is the boundary layer resistance of individual leaf and is obtained as (Shuttleworth
and Gurney, 1990):

1/2
100 w -1
n=—1/— 1-exp(—n/2 (36)
=22 L] 1o (2]
where r, isin s m'l, w is the canopy characteristic leaf width (m), u; is the wind speed at
the top of canopy (m s1), estimated using Equation (28) by substituting A, for z,, and n is
the eddy diffusivity decay constant (see Equation (27)).

2.3.4 Surface resistance of substrate soil

Monteith (1981) proposed a two-layer model to simulate the soil evaporation, namely a
drying soil layer overlaying a wet soil layer. The soil surface resistance is interpreted the
resistance for the water vapour to diffuse through the dry top layer from the “evaporative
front”, the level of wet soil layer. It has been observed that a dry top layer developed
quickly after a rainfall event in one day or even in a few hours, but very thin not extending a
few centimeters (Hiller, 1980, p. 122; van de Griend and Owe, 1994; Lund and Soegaard,
2003). This is also supported by the finding of Stannard (1993) that the surface resistance
was unrelated to the shallow soil moisture (at a depth of 0.15 m). Not only the soil physical
parameters (such as moisture, vapour pressure and temperature gradients, matric forces,
pore diameter, etc.) but also the air turbulence at the soil atmosphere interface affect this
rapid process. It is most difficult, if not impossible, to develop the very detailed models
which require a very high vertical resolution on the order of 1 mm close to the soil-
atmosphere interface in order to describe the continuity of water fluxes properly.
Consequently, to simplify the problems, Choudhury and Monteith (1988) calculated the soil
surface resistance using the depth of upper dry soil, Equation (37), while van de Griend and
Owe (1994) using the topsoil moisture, Equation (38):

r =d/(pD,) (37)

r$ =10exp| &y (Opin —0)| 0 <Oy (38)

where [ is the depth of upper dry layer (m), p is the porosity, 7 is the tortuosity factor, D,
is the molecular diffusion coefficient for water vapour (m2 s-1), € is the soil moisture content
(percent by volume) in the top 1 cm, and 6,;, is an empirical minimum value above which
the soil is able to deliver vapour at a potential rate, o, is a coefficient. The value of 10 in
Equation (38) represents the resistance to molecular diffusion across the water surface itself.
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Due to the lack of research on the parameters (7, p, D,, 6, and «,) for different soil types
and the difficulty to determine the variables (! and &), it is not practical at the moment to
apply Equations (37) and (38) to large basins. Therefore, ri is set to 500 s m-1 for PET
estimation, as Shuttleworth and Wallace (1985) and Federer et al. (1996) did. This value is
reasoned by that (a) Fuchs and Tanner (1968) suggested between 1000 and 2500 s m-! for a
sandy soil with a dry surface layer of 1.5 cm; (b) Camillo and Gurney (1986) found that a
resistance between 100 and 600 s m-! significantly improved the performance of a bare soil
evaporation model; (¢) Kondo et al. (1990) suggested that the surface resistance can exceed
4000 s m-! for a very dry soil layer of 2 cm depth; (d) Mahfouf and Noilhan (1991) reported r}
could vary between 0 and several thousands second per meter; (e) when the wilting moisture
6, = 4.1% (Rawls and Brakensiek, 1985) is used for 6, Equation (38) gives r; 486 s m-1 where
van de Griend and Owe (1994) used 0,,;, = g1 / 2 =15% and «, was calibrated as 0.3563 for
a fine sandy loam; (f) Lund and Soegaard (2003) found that on the first day after rain the soil
resistance increases from 0 in the morning to about 500 s m-! by the end of the day in a millet
field with a sandy loam; (g) when 6, = 4.1 % and 6,, = 45.3 % (Rawls and Brakensiek, 1985)

are used, the empirical equation of Sun (1982) gives r; 417 s m-1 for the sandy loam.

2.3.5 Net radiations over vegetation canopy, substrate soil surface and soil heat flux
Net radiation over vegetation canopy As a combination method, the reliability of S-W model is
largely dependent on the accuracy of net radiation. However, the measurement of net
radiation over large areas is impracticable but can be estimated from the solar radiation:

Rn = Rns _Rnl (39)
Rns = (1 - a)Rsolar (40)
Tli ET Trﬁin k R
R, = {‘”‘T (0.34 ~0.14,fe, ) 1.35—%a _ (.35 (41)
solar
where R,,,, R, and R, are the solar, clear-sky solar and net solar radiations

respectively, R,; is the net loss of energy in longwave radiation to the atmosphere, « is the

albedo of land surface, o is the Stefan-Boltzmann constant (= 4.903x109 MJ K-4 m-2 day-1),

Thaxr and T, are the max and min atmospheric temperatures in Kalvin, T, .. .= T} .. +
273.16 and T, = T,,;, + 273.16. All radiation terms are in MJm2 day-l. R, dependson

the Julian date, the latitude location and the cloud cover condition (see Appendix A). In
Equation (41), the first term is based on the Stefan-Boltzmann law, second term is the net
emissivity between the atmosphere and the land surface, and third term is the correctness
factor for the cloud cover (Shuttleworth, 1993; Allen et al., 1998). The land surface albedo is
related to vegetation LAI (Uchijima, 1976) as:

a = a,, —(a,, —a,)exp(-0.56LAI) (42)

where «,, and ¢, are the albedo corresponding to the “closed” canopy and the bare soil,
respectively. For PET estimation, ¢, = 0.1 is used for the wet bare soil (Shuttleworth, 1993)
and «,, is from the literature and changes with the vegetation types.
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Radiation flux over substrate soil surface The radiation reaching soil surface, R, , can be
calculated using a Beer’s law relationship of the form

R; =R, exp(-C,LAI) (43)

where C, is the extinction coefficient of the vegetation for net radiation. Monteith (1973)
arbitrarily chose 0.7. Denmead (1976) gave 0.5-0.7 for the wheat and was cited by Kelliher et
al. (1995). Lafleur and Rouse (1990) reported the value in a range from 0.3 to 0.8 and Ross
(1975) from 0.3 to 0.6. Brisson et al. (1998) obtained C, = 0.25 + (0.001) for a well watered
soybean crop by calibration, which is less than the value generally admitted (0.25 instead of
0.4, Shuttleworth and Wallace, 1985; Braud et al., 1995), due to the soil surface water status.
If the soil dries out, its temperature and albedo increase, leads to a decrease in soil net
radiation. Both Stannard (1993) and Mo et al. (2004) took 0.5. It is convenient to ignore
variation in C, which occurs in response to structural differences of vegetation, thus, C, =
0.5 is also used here.
Soil heat flux The heat conduction into the substrate is commonly taken about 30% of R;
(Stannard, 1993). However, it is found too much in our monthly simulation. Accordingly,
the equation of Allen et al. (1998) is used:

G=007(T,,-T_,) (44)

12

where T, ; and T, are the mean air temperatures in previous and next months
respectively (°C).

2.3.6 Vegetation parameters

Except the soil surface resistance, all other resistances and each component of radiation are
related to the vegetation parameters such as LAI height and leaf width. Vegetation
morphology changes dynamically with the environmental conditions (e.g. the prolonged
water stress) and seasons. Probably, only the satellite can efficiently provide a frequent
measurement to the time-varying vegetation in a long term and over a lager area.

Leaf area index (LAI) The LAl is used not only intensively in SW parameterization but also in
interception estimation. The LAI for each vegetation class can be derived from NOAA-
AVHRR NDVI through FPAR (Myneni and Williams, 1994; Sellers et al., 1994; Andersen et
al., 2002). Here the SiB2 method is used (Sellers et al., 1996):

oo L+ NDVI e
1-NDVI
FPAR—FPAR,,,, +(FPAR,,,, - FPAR, ;, )\ or—min) %
(SRmaX - SRmin )
MI:(l_F;Z)MImax ln(l_FPAR) +EZMImaxﬂ (47)
ln( 1-FPAR,,,) FPAR,_ .

where SR is the simple ratio of hemispheric reflectance for the NIR (near-infrared) light to
that for the visible light, FPAR is the fraction of photo-synthetically active radiation, F, is

www.intechopen.com



330 Evapotranspiration

the fraction of clumped vegetation, SR, ;, and SR, are SR with 5% and 98% of NDVI
population. The values of E;, NDVI at 5% and 98% population are adopted from SiB2 for all
vegetation types (NDVI at 5% setting to 0.039 globally, F, and NDVI at 98%, see Table 1).
FPAR ; =0.001 and FPAR, . = 0.950 consider the satellite-sensed NDVI saturation (Sellers
etal., 1996). LAI . is the maximum LAI when the vegetation develops fully, prescribed for
each vegetation class by referring to the literature.

Vegetation height The vegetation height is calculated by differentiating the annual and
perennial vegetation. For perennial vegetation, the height is assumed constant; but for the
annual, the height grows with the LAI in a linear relationship, although an exponential

relationship has also been used by some investigators (e.g. Brisson et al., 1998):

0
LAI . =0 (water surface, bare soil, etc.)

h ==
IAI , #0

: hcmin + (hcmax - hc LAL

R (48)
min IA Imax

where A, ;, and A, are the minimum and maximum vegetation heights prescribed by
referring to the literature. For the perennial vegetation such as the forests, shrubs, etc., the
same value is prescribed to A, ;, and A, .. .
Leaf width The leaf width is also treated by differentiating the annual and perennial
vegetation. For annual vegetation, it is calculated using an exponential relation with LAI
(Farahani and Bausch, 1995):

o {wmax for perennial vegetation (49)

Wi ax [1 —exp(—0.6LAI )] for annual vegetation

2.3.7 Prescribed parameters

In S'W model parameterization, we need to prescribe a number of threshold parameters for

vegetation canopy and roughness length of substrate soil surface. They are listed in Table 1

for IGBP (Global International Geosphere-Biosphere Programme) land cover classification

by referring to the literature and our general knowledge, mainly from

1.  a,,: Brutsaert (1982), Shuttleworth (1993), Fennessey and Kirshen (1994)

2. LAI . : Vorosmarty et al. (1998) (3.6 for shortgrass, 4.1 for tall grass, 5.2 for woodland,

5.0 for deciduous forest, 4.4 for evergreen forest and 1.6 for alpine), Andersen et al.

(2002) (7 for evergreen broad leaf forest and 5 for other vegetation), Vourlitis et al.

(2002) (6 for tropical rain forest and 1 for savanna), and so on

h., Wy » Ty and NDVlggs: Sellers et al. (1996) and Mo et al. (2004)

4. ropmin (s m1): McNaughton and Black (1973) (75 for Douglas fir forest), Korner et al.
(1979) (90-100 for barley crop), Calder et al. (1986) (120 for rain forest), Verma et al.
(1986) (75-160 for deciduous forests), Rowntree (1991) (40-60 for growing crop, 80-130
for forests and 60-200 for grassland), Allen (1994) (100 for grass), Huntingford (1995)
(82.6-125 for savanna), Kelliher et al. (1995) (80-90 for crop, 125 for grassland, 160-220
for forests), Vorosmarty et al. (1998) (90 for cultivated lands and 190 for forest and
savanna), and Shen et al. (2002) (128 for wheat crop) among many other investigators

&
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5. 2, : Federer et al. (1996)

6. A number of parameters consisting of above items: Noihan and Planton (1989), Liang et
al. (1994), Dunn and Mackay (1995), Raupach (1995), Mauser and Schadlich (1998)

Wmax T'ST.min Zog
Code Type Om |LAInax| he (m) (m) Fu (s m-1) NDVlIgse (m)
Evergreen needleleaf 17.0-17.0 |0.001 (1.0 |150 |0.689 0.020
1 0.16 | 5.5
forests
9 Evergreen broadleaf 020! 70 30.0-30.0 [0.05 [0.0 |150 |0.611 0.020
forests
Deciduous needleleaf 17.0-17.0 |0.001 (1.0 (150 0.689 0.020
3 0.15| 3.3
forests
4 Deciduous broadleaf 018! 70 25.0-25.0 [0.08 |0.0 (150 0.721 0.020
forests
5 |Mixed forests 0.17| 5.7 1|20.0-20.0 [0.04 |0.5 (150 0.721 0.020
6 |Closed shrublands 0.20| 4.6 1.5- 1.5 |0.01 (0.0 |150 0.674 0.020
7 |Open shrublands 0.15| 3.0 1.0- 1.0 |0.01 (1.0 |100 0.674 0.020
8 |Woods savannas 020| 15 | 0.8- 0.8 [0.01 |05 (180 0.611 0.020
9 |Savannas 025| 09 | 0.1- 0.8 [0.01 |0.8 (120 0.674 0.020
10 |Grasslands 023| 1.8 | 0.05-0.8 [0.01 |0.0 [115 0.674 0.010
11 |Permanent wetlands 0.10| 6.0 | 0.05-1.0 |0.01 |0.0 |65 0.674 0.010
12 |Croplands 020| 7.0 | 0.0- 0.8 [0.01 |0.0 (90 0.674 0.005
13 |Urban and built-up 018 | - | - |- 0.0 |0 0.674 0.020
14 Croplapd/ natur§1 020! 65 0.1- 0.8 |0.01 (0.5 {120 0.674 0.010
vegetation mosaic
15 iP::;rmanent snow and 070 —m | T 0.0 |0 0.674 0.001
16 Barren or sparsely 015! o3 0.05-0.8 |0.01 (1.0 (120 |0.674 0.001
vegetated
17 |Water bodies 0.08 | === | =mmeem|eme-- 0.0 |0 0.674 0.001

Code is IGBP number for vegetation type, o, is maximum albedo (full cover), LAL,,. is maximum leaf area index,
h. is vegetation height (a function of LAI), W, is maximum vegetation leaf width, Fy is fraction of clumped
vegetation, r'symin 1S minimum stomatal resistance of individudl leaf, zog is roughness length of substrate ground.
Perennial vegetations: codes from 1 to 8, and annual vegetations: others; tall vegetations: codes from 1 to 5, and
short vegetations: others.

Table 1. Land cover threshold parameters, NDVI at 98% population, and ground roughness
length of substrate surface based on the IGBP classification from the literature

3. Study region description

The Mekong River, see Figure 2, is the longest river in Southeast Asia and the 12th longest
river in the world, with a length of 4 800 km, a drainage area of 805 604 km2 (WRI et al.,
2003), and with an annual runoff of 475 x 109 m3. It originates on the Tibetan Plateau and
flows southwards through China, Myanmar, Laos, Thailand, Cambodia, and Vietnam before
it discharges into the South China Sea. The upper Mekong River (1 600 km, from the Tibetan
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Yellow River Basin

O Selected points (from left):
Point1, Point2 and Point3

Land Cover (Area%)
TallV egetation (Forests) [l Forest (3.7) Short Vegetation [ Shrubland/Savannas (22.5) No Veegetation JJJJ Barren/Water Bodies (1.)
About945% [ Grassland (46.5)

[ Crop/Natural Veg. Mosaic (25.5)

18

Mekong River Basin
O Selected points (framupper: SRS
Point1, Point2 and Point3)

Land Cover (Area%) ‘
Tall Vegetation ! Evergreen Broadleaf (19.5)
(Forests) . Deciduous Broadleaf (9)
About 2.5% . Mixed Forest (14)
D Shrubland/Savannas (8)

Short Vegetation
About 558% . Grasslands (8.8)
. Crop/Natural Veg. Mosaic (39)

No Vegetation [ Barren/Water Bodies (17)
About 1.7%

Fig. 2. Mekong and Yellow basins in Asian monsoon region: main streams, IGBP land cover,
and selected points.
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Plateau to the Thailand-Myanmar border), called the Lancang River in China, drops rapidly
by about 4 500 m in a series of large mountain ranges. After exiting China and entering the
Golden Triangle (an area of around 350 000 km2 overlapping mountains of four countries:
Myanmar, Laos, Vietnam, and Thailand), it is called the Lower Mekong River. The Lower
Mekong River is gentle and most of its reaches are navigable. The climate of upper Mekong
River basin has a high-mountainous cold weather with mean annual precipitation from
about 300 mm at its source on the Tibetan Plateau to 1600 mm before entering the Golden
Triangle. The lower Mekong River is situated in the tropics and is dominated by two distinct
monsoons: the southwest from Indian Ocean from mid-May to mid-October with frequent
rainfall, and the northeast from China from mid-October to April with a dry spell. The mean
annual rainfall in the lower Mekong River ranges from 1 000 mm in northeast Thailand to
more than 3 200 mm in the mountainous regions in Laos (Kite, 2001), and around 85-90% of
it falls during the rainy season.

The Yellow River, see Figure 1, is the second longest river in China, with a length of 5 464 km,
draining an area of 794 712 km2, and with an annual runoff of 58 x 109 m3. The Yellow River is
divided into upper (2 119 km, from the source to Lanzhou), middle (2 571 km, from Lanzhou
to Zhengzhou) and lower (774 km, from Zhengzhou to the Bo Hai Sea). The upper river winds
around a series of large mountain ranges on the eastern Tibetan Plateau falling more than 3
300 m and basin average elevation about 4 000 m. After Lanzhou, the river makes a large
northern loop through the alluvial plains and the Loess Plateau to Tongguan, picking up more
than 90% of its silt load (3 kg m-3 at Lanzhou increasing to 35 kg m-3 at Tongguan). The lower
river is narrow and flows within levees and dikes which have been constructed over the past
2000 years. Sediment deposition from the highly erosive Loess Plateau has continuously
increased the height of the river bed. In places, the river bottom is 20 m above the surrounding
land surface. The Yellow River basin has an arid and semi-arid continental monsoon climate.
In the upper basin, the temperature is a complicated function of the elevation and low
throughout the year. In the middle basin, the temperature decreases from south to north and
from east to west, and is affected by local mountains and deserts. In the lower basin, the
climate is dry and windy in spring, hot and wet in summer, dry in fall, and moderately cold
and dry in winter. The annual precipitation is between 200-650 mm over the basin, being large
in the lower basin and in the southern portion of the upper and middle basins.

4. Data sources

In order to apply the P-M equation and S-W model, topographic data, characteristics of land
cover and meteorological data are required.

4.1 Topographic data

The P-M equation and SW model use a DEM (Digital Elevation Model) to calculate the
parameters of atmospheric pressure, mean air density and psychrometric constant. The
HydrolK DEM was downloaded (http:/ / lpdaac.usgs.gov/ gtopo30/ hydro/ index.html) and
clipped to the basins defined by manual digitization from the DCW (Digital Chart of the
World) (http:/ / www.maproom.psu.edu/ dew; Danko, 1992). It is a hydrologically correct
DEM developed at the Data Center of USGS EROS (Earth Resources Observation System,
U.S. Geological Survey) (Verdin and Greenlee, 1996). Original topography at 1-km
resolution was averaged on to an 8-km grid, i.e. the same resolution as NDVI (Normalized
Difference Vegetation Index, see following).
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4.2 Land cover

The IGBP (International Geosphere-Biosphere Programme) land cover dataset is used to
characterize the basin land surface (http:/ / edewww .cr.usgs.gov/ landdaac/ glcc/ glcc.html)
(see Figure 2). It was derived from 1-km AVHRR data (Advanced Very High Resolution
Radiometer) spanning April 1992 through March 1993 by the Data Center of USGS EROS,
the University of Nebraska-Lincoln and the Jint Research Centre of the European
Commission (Loveland et al., 2000). The IGBP categories the global land covers into 17
classes. To show the prevailing types, some minor land covers are classified into the similar
types in Figure 2. In the Mekong River basin, the most common land cover is forests
(~42.5%), the second most common is croplands or a mosaic of cropland and natural
vegetation (~39%). Most of remainder is shrubland or grassland (each ~8%). In the Yellow
River basin, the most common land cover is grassland (~47%), the second most common is
croplands or a mosaic of cropland and natural vegetation (~26%), while the forested area is
very small (< 4%). Most of remainder is shrubland or savanna (~23%). The original 1-km
spatial resolution was converted to an 8-km grid by assigning the most common land cover
to each 8-km cell. While the aggregation from 1-km to 8-km changes the proportion of land
cover types to some extent, the general spatial distribution remains.

4.3 NDVI data

Monthly NOAA-AVHRR maximum NDVI composite data at 8-km grid resolution
(ftp:/ / daac.gsfc.nasa.gov/ data/ avhrr/ global_8km/ ; Tucker et al., 2005) was obtained from
duly 13, 1981 to September 21, 2001, except for a period with missing data from September to
December 1994. The NDVI data for the basins were transferred into Lambert Azimuthal
Equal Area projection. The monthly NDVI data are assumed to represent the value for the
middle day of the month. The average monthly NDVI data from 1981 to 2000 are used
during the period when data were missing.

4.4 Meteorological data

The required meteorological data include air temperature, relative humidity, radiation and
wind speed. The CRU (Climate Research Unit, University of East Anglia in UK) TS 2.0
dataset provides monthly time series of mean air temperature, diurnal air temperature
range, precipitation, cloud cover, and actual vapour pressure from 1901 to 2000, and mean
wind speed from 1961 to 1990 globally on a 0.5-degree grid (New et al., 1999 and 2000). The
wind speed was mainly measured at 10 m height (New et al., 1999). CRU TS 2.0 dataset was
interpolated as a function of latitude, longitude, and elevation (TBASE 5-min latitude—
longitude global DEM at http:/ / www.ngdc.noaa.gov/ seg/ topo/ topo.shtml) from station
data using thin-plate splines (Hutchinson, 1995) for the 1961-1990 climatic normals and
angular distance-weighted for the monthly anomalies relative to the 1961-1990 mean in
which the influence of elevation was ignored. The climatic variables were separated into two
categories: primary and secondary (New et al., 1999). The primary data variables include
mean air temperature, the diurnal air temperature range and precipitation, which were
constructed directly from station observations. The secondary variables used include cloud
cover and vapour pressure, which were constructed by merging station observations (where
available) with synthetic data derived from the gridded primary variables. In the synthetic
data, cloud cover was related to the diurnal air temperature range, and the actual vapour
pressure to the daily minimum air temperature (New et al., 2000). The CRU data sets were
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extracted for the basins and transferred into Lambert Azimuthal Equal Area projection at 8-
km resolution without interpolation.

All the climatic variables change significantly throughout the year and are very non-
uniformly distributed across the basins. Figure 3 shows the general characteristics of six
monthly climatic variables: maximum and minimum air temperatures (7, ,, and 7,;, in
oC), precipitation (P in mm/ month), actual vapour pressure (e, in kPa), cloud cover (C in
tenth), and wind speed (u« in m s1). They were spatially and temporally averaged over the
whole basins and from 1981 to 2000 (7},.., Trin > P, e, and C) or from 1961 to 1990 (u ).
The Mekong River basin spans from 33.5°N to 9.0°N, crossing from the cold mountainous
climate in the Tibetan Plateau to the hot tropical climate in the Indochina Peninsula.
Although the Yellow River basin also originates from the Tibetan Plateau, it generally flows
at constant latitude. In the Mekong River basin, a large proportion is located in the tropics,
whereas almost the whole Yellow River basin sits in North China. Their climate patterns are
very different. In the two basins, the coldest points are both located in the Tibetan Plateau,
as shown by the similar monthly change of the lower dash lines in Figures from 3(a) to 3(d).
The maximum point temperature occurs at the center of middle Yellow River and at the
center of Lower Mekong, respectively. The basin-spatially averaged temperature (solid lines
in Figures from 3(a) to 3(d)) and maximum cell temperature (upper dash lines in Figures
from 3(a) to 3(d)) change similarly. In another words, basin-spatial average T, .. and cell
T, .x peakin March and April in the Mekong River basin (Figure 3(a)), and in June and July
in the Yellow River basin (Figure 3(b)). In the Mekong River basin, the cell T° , (upper dash
line in Figure 3 (c)) peaks almost constantly from April to October (basin rainy season) but
the basin-spatial average T, .. peaks from June to August due to the weight of cold region

in Tibetan Plateau. In the Yellow River basin, both cell 7} ., and basin-spatial average T ;.

peaks in July, the same as in the case of its T, . Most precipitation occurs from May to
October in both basins (Figures 3(e) and 3(f)). Accordingly the vapour pressure and cloud
cover are high during this time (Figures from 3(g) to 3(j)). The general pattern of relative
humidity is governed by the southeast rainy monsoon from the Indian Ocean from mid-
May to mid-October in the Mekong River basin, and by the rainy monsoon from the Indian
and Pacific oceans during summer months in the Yellow River basin. Basin-wide mean
relative humidity is more constant throughout the year in the Mekong (Figures 3(g)), with
much larger variation being seen in the Yellow River basin (Figures 3(h)). The almost zero
minimum relative humidity in both basins is located in the Tibetan Plateau. The monthly
distribution of wind speed, u, is uni-modal for the minimum, weekly bi-modal for the
basin-spatial average and the maximum both in the Mekong and Yellow River basins due to
the two distinct monsoons, with a strong peak in April and a weaker peak in November, see
Figures 3(k) and 3(1).

To compute the solar radiation, the cloudiness, C (tenth), is converted into the relative
sunshine duration using the relationship of Doorenbos and Pruitt (1992), as shown in Table
2 and fitted in Equation (50).

% = 0.9234 — 0.048C — 0.0042C*> (50)

where n and N are actual and maximum possible sunshine duration (hour day-1).
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Fig. 3 Monthly climatological variables: Tmax, Tmin, P, €a and C are averaged during 1981-
2000, and u is averaged during 1961-1990; The spatial mean (solid line), the spatial

minimum and maximum (dash lines) are shown.
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Cloudiness (tenth) 0 1 2 3 4 5 6 7 8 9 10
n/ N 095 08 08 075 065 055 05 04 03 015 0

n/ N is the ratio of actual sunshine duration to maximum possible hours of sunshine.

Table 2. Relationship between cloud cover and sunshine duration (source: Doorenbos and
Pruitt, 1992)

The 1961-1990 monthly mean wind speed data are used for whole 1981-2000 simulation
period, we acknowledge that changes in RET and PET due to recently reported decreases in
terrestrial tropical and mid-latitude near-surface wind speeds (McVicar et al. 2008) need to
be accounted for when considering longer temporal extents. The wind speed at reference
height (2 m height above the ground in FAO-56 equation and 2 m height above the
vegetation canopy in S-W model) is converted using Equation (28).

5. Results and discussion

5.1 Comparison of spatial distributions of PET and RET and their interrelationships
The basin-average RET and PET, shown in Figure 4 for the period from 1981 to 2000, both
reflect a similar variability and trend in climate. The good linearity between RET and PET,
see Figure 5, means that about 70~80% of the inter-annual variability in basin-average PET
can be explained by variations in climate, the remaining 20~30% being determined by
vegetation diversity and dynamics which are incorporated in the SW model but not in the
FAO-56 P-M method. However, the spatial distributions of RET and PET are strikingly
different, see Figure 6. The RET reflects the three climatic patterns over the individual
basins: upper, middle and lower. On the other hand, these climatic patterns are not so
clearly displayed in the PET distribution, but the effect of vegetation is more obvious. To
clearly show the difference between RET and PET, the spatial distributions of average
annual (RET-PET) and (RET-PET)/ PET are displayed in Figure 7. Over the Tibetan Plateau
of Mekong River basin where the actual vegetation of grassland has a lower LAI than the
hypothetical reference crop, RET is estimated higher than PET because a lower LAI means
more soil surface uncovered and the resistance of soil surface used in PET is much higher
than the resistance of reference crop (500 m s! vs. 70 m s-1). Over the Lower Mekong River
basin where the large forest area has a higher LAI than the hypothetical reference crop, RET
is lower than PET because a high LAI means soil surface covered well and the combined
resistance of forest and soil surface is small (high LAI reducing the bulk stomatal resistance
of forest canopy significantly, see Equation (30)). The vegetation morphology (forest being
tall and grass being short) and LAI also affect the land surface albedo, then R,. The estimate
of RET is lower 120 mm/ year (or only 1.7%) than PET basin-spatially (Figures 7(a) and 7(c)).
Over the Yellow River basin, because there are few forests (see Figure 2) and the short
vegetation generally has a lower LAI (due to water shortage), RET is estimated to be much
higher than PET, basin-spatially 300 mm/ year (or about 50%) (Figures 7(b) and 7(d)).

Three specific locations representing typical vegetation types were investigated in greater
detail, namely, grass (Point 1), forest (Point 2) and crop (Point 3), see Figure 2. The aggregation
of resolution from 1-km to 8-km does not change the vegetation types of these points. The
year-to-year changes in both RET and PET are similar at the grass and forest points in the
Mekong, and at all three points in the Yellow, that is when RET increases, in most cases PET
also increases, and vice versa, see Figure 4. But at the crop point over the Mekong, the variation
of amplitude in annual PET is not so large as in annual RET during 1985 to 1996, probably
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because the grass and forests are natural but the crop is also affected by irrigation, cultivation
and human maintenance, with a heavy weight in the Mekong but a light weight in the Yellow
comparing with the climate controls. However, the inter-annual changes are larger in PET than
in RET at the three points in the Mekong and at the grass and forest points in the Yellow.
Reasons are anticipated that: (a) vegetation types amplified or diminished the climatic effects
on PET (e.g. the forest vs. the hypothetical crop, or the grass in the Tibetan Plateau vs. the
hypothetical crop); (b) vegetation dynamics as a feedback of forcing meteorological controls
changed the climatic effects on PET (see the following section).

(a) (b)
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Fig. 4. Year-to-year change of annual RET and PET over whole basins and at three selected
points in 1981-2000: (a) RET in Mekong; (b) PET in Mekong; (c) RET in Yellow; (d) PET in
Yellow.
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Fig. 5. Relationship between annual RET and PET over whole basins and at three selected
points in 1981-2000: (a) RET vs. PET in Mekong; (b) RET vs. PET in Yellow.

5.2 Potential evapotranspiration for vegetation interception

By the SW model, the potential evapotranspiration from interception, PET), is estimated
with re = rs = 0. In Mekong River basin, the ratio of PETy PET is 1.63 in average, with 2.90
for grassland, 1.74 for forests and 1.32 for cropland. PET, is much higher than the
interception storage capacity, Inax. For example, PET, is about 7.3 mm day-! in average in
Mekong River basin but Iax is only 1.4 mm from Inax = Cint LAI when 7.0 is used for LA Ty ax
with the forests (see Table 1) where Ciy; is the interception coefficient and Ciy = 0.2 mm is
used (Dickinson, 1984; De Ridder and Schayes, 1997; Vazquez and Feyen, 2003; Mo et al.,
2004), assuming one rainfall occurs one day. The interception storage controls its actual
evaporation. In Yellow River basin, the ratio of PETy PET is 2.65 in average (much larger
than in Mekong River basin because of the poor vegetation in favor of PET, but not PET
relatively), with 2.69 for grassland, 3.40 for forests and 1.98 for cropland.

5.3 Implication of cyclical S-W estimates over Yellow River basin

PET at the forest and crop points in the Yellow River basin changes cyclically (Figure 4(d)),
driven by the seasonal precipitation effect on the vegetation development. To show this, the
relationship between seasonal vegetation LAI and seasonal precipitation is analyzed over a
large area (i.e. the whole Loess Plateau in the middle reaches of Yellow River, gray shaded
area in Figure 8) in order to avoid that the point vegetation is easily affected by local and
surrounding factors (e.g. runoff from neighbouring grids). The forest point is located inside
the Loess Plateau and the crop point close to the Loess Plateau. The vegetation LAI over the
Loess Plateau in the middle Yellow River is estimated from NDVI data in Equations from
(45) to (47). The regional average precipitation is calculated from the weather station
observation (black points in the gray shaded area of Figure 8) using the Thiessen polygon
method. As shown in Figure 9(c), the point vegetation LAI in warm and wet seasons
(LAIyet) changes similarly to the Loess Plateau vegetation LA but not exactly and with
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large amplitude because the points are located in the south of the Plateau (more
precipitation). Comparing LAI. of the Loess Plateau in Figure 9(c) with the precipitation in
Figures from 9(d) to 9(f), the vegetation LAI is not much related to the precipitation in the
same period (Pyt) but well related to the antecedent precipitation in cold and dry season
(Pary). The cold and dry season refers to October in previous year to April the following year
while the warm and wet season is from May to September. The regression R2 is 0.5157 for
LAlyet vs. Pary (Figure 9(a)) but 0.0228 for LAILye vs. Pyet (Figure 9(b)). Comparing Figure
9(c) with Figure 9(d), LAlye and Pary have similar change trends, but LAy, and Pye; (or
Pyet+Pary) do not have this close relationship (Figure 9(c) vs. Figure 9(e), or Figure 9(c) vs.
Figure 9(f)). This kind relationship can only be explained that: due to small potential
evapotranspiration in the dry and cold season, in the form of light rainfall or snowfall, most
of precipitation infiltrates to increase soil water in favor of root growing, seed germination
and new bud development in spring; whereas in the warm and rainy season, because the
rainfall intensity is usually heavy and the loess soil is often crusted, most of the precipitation
loads flushes into the rivers and the little infiltration is consumed quickly by the strongly
potential evapotranspiration. Table 3 shows that: when the years were separated into two
periods, 1980’s and 1990’s, in average their LAl has no difference because their Pg,y is
almost the same although their Py is different. Now we see these specific years with dry
winter or wet winter. Figures 9(c) and 9(d) and Table 3 show that: in the years of 1982, 1985,
1999 and 2000, a dry antecedent winter experienced with Pg,y less than 80 mm, their LAI.;
is at a very low level; whereas in the years of 1984, 1990, 1994 and 1998, a wet antecedent
winter experienced with Py, larger than 110 mm, their LA T is at a high level. Precipitation
in winter (Pg,y) primarily controls vegetation condition in summer. Precipitation in summer
(Pwet) is a secondary controlling factor, e.g. in 1985 LA Iyt being a bit higher due to high Pyt
even though low Py, in this dry-winter year, and in 1994 LA being a bit lower due to low
Pyt even though high Py, in this wet-winter year. Under a given forcing meteorological
setting, high LAI means high PET. Over the middle Yellow River basin, only in summer
vegetation LA is at a bit high level. In winter, it is at a very low level.

Rain Gauges and Loess Plateau

over Yellow River Basin
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Fig. 8. Loess Plateau in the middle reaches of Yellow River (gray shaded) and rain gauges
(black points)
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Year LATyet Pry (mm) Pyet (mm)
1981-1990 1.09 102.1 402.8
1991-2000 1.08 102.9 334.3
1982 (dry winter) 0.928 76.2 341.6
1985 (dry winter) 0.956 70.9 468.3
1999 (dry winter) 0.932 74.6 297.2
2000 (dry winter) 0.858 75.4 306.6
1984 (wet winter) 1.221 114.6 472.0
1990 (wet winter) 1.365 160.4 401.0
1994 (wet winter) 1.141 138.7 333.3
1998 (wet winter) 1.316 110.7 392.5

Table 3. Seasonal vegetation LAI and precipitation over Loess Plateau

5.4 Comparison between PET, RET and pan evaporation over Mekong River basin

The pan evaporation, Ey.y, is available at 80 observation sites (8 in Laos, 58 in Thailand, 9 in
Cambodia and 5 in Vietnam) from the Lower Mekong Hydrologic Yearbook (Interim
Committee for Investigations of the Lower Mekong Basin, from 1964 to 1988). The pan type
is Class A.

Figure 10 shows the comparison between annual PET, RET and E,., where average monthly
NDVI in period from 1981 to 2001 are used for estimates of PET and RET before 1981. As
expectation, for both PET and RET, the points deviate from the 1:1 line when compared with
Epan (Figures 10(a) and 10(b)). Particularly for PET, the points are more scattered in total but
also more aggregated with the vegetation types. This is because that the SW method,
different from the FAO-56, not only uses the climatic data but also considers the vegetation
types. The less but some aggregation of the points with the vegetation type in Figure 10(b) is
the result of their close location. For example, most of the forest and savannas points are
located between 17.5°-20.5°N and therefore more aggregated in Figure 10(b) than the crop
points which are located in a much large area. The 1:1 line seems go through the center of
water surface points in Figures 10(a) and 10(b) but not representative with only one
observation site (Sakon Nakhon in Thailand). The scatter is primary, especially along Eyan
axis, and aggregation is secondary in Figures 10(a) and 10(b). It is difficult to fit a
relationship between PET and Eya, or between RET and E,an because PET or RET is an area
estimate while E,an is a point observation which is seriously affected by local micro-climate
(e.g. often over a patch of lawn), the pan installation, its operation and maintenance. Even
though these, at the crop points, PET and RET are estimated about 0.806 and 0.771 of Eyan
respectively in average, larger than 0.7 reported by Beven (2001).

In contrast with Eya,, PET and RET have a good relationship, as show in Figure 10(c). The
PET is larger at both forest and crop points but smaller at the savannas than RET, mainly
due to the difference of their albedo (Table 1), apart due to their canopy structure (e.g. the
vegetation heights and LAI). Over water surface, the points are parallel to the 1:1 line. The

www.intechopen.com



346 Evapotranspiration

very small difference is resulted from the use of different equations to convert the wind

speed to 2 m height.
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Fig. 10. Comparison among PET, RET and E;., over Mekong River basin: (a) PET vs. Eyan, (b)
RET vs. Eyan, and (c) PET vs. RET

5.5 Empirical relationship between FAO-56 P-M and S-W

The facts that use of the FAO-56 method is simple, and that there is a linearity between
annual RET and PET over the basins and at the selected points encourage exploration for a
similar relationship between monthly RET and PET using a more robust statistical analysis.
In addition to the vegetation type, the LAI is the only factor used in the SSW model but not
used in the FAO-56 method. Therefore, a multiple regression analysis of SPSS software was
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made by categorizing the vegetation types. Because the power function was found to have
good R? for all land covers and it satisfies PET = 0 when RET = 0, the dependent variable
was used as In(PET) and independent variables were used as IGBP land cover, In(RET), LAI
and CRU climatic variables. In order to reduce data amount and not lose their statistical
attributes, not all cell data of these variables were used but randomly sampled for regression
analysis over the individual basins. Of all climatic variables, only use of month precipitation
and daily mean temperature in the Mekong River basin, and only use of daily mean
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Fig. 11. Scatter plot between logarithmic PET and LAI (a) for vegetation Group V in
Mekong; (b) for vegetation Group Il in Yellow; and (c) prediction errors of multiple
regression on three selected points corresponding to LAL

www.intechopen.com



348 Evapotranspiration

temperature in the Yellow River basin improved the value of R2 for some vegetation
groups in the regression noticeably. Other variables gave only marginal improvement. A
linear relationship seems able to describe the trend between LAI and In(PET) in the
Mekong River basin, e.g. in the case of vegetation Group V as shown in Figure 11(a). In
the Yellow River basin, this relationship seems to be a combination of linear and power
functions of LAI e.g. in the case of vegetation Group IIl as shown in Figure 11(b). The
numbers in the legend brackets in Figure 11 are the data amount sampled in the
individual basins during 1981-2000 (also see “Samples” column for the same vegetation
groups in Table 4). Therefore, the regression was made by further incorporating LAI in
the Mekong and a combination of LAI and LAI° in the Yellow, where ¢ was determined
by applying the SPSS “Nonlinear Regression” procedure with a function of
ln(PET) =a+bxLAI° for each group. The multiple regression results were listed in Table
4. For the three points considered in the individual basins, the prediction errors, equal to
{(PET predicted from the regression relationship between PET vs. RET and/ or other
variables) — (PET estimated using the SSW model)}/ (PET estimated using the S'W model),
were shown in Figure 11(c) for January to December in randomly selected years between
1981 and 2000 when NDVI data are available, to avoid the figure become a mess with too
many data. Generally, by incorporating LAI the quality of the prediction is improved to
some extent, but quite large errors persist which are unrelated to LAIL. We are therefore
forced to the conclusion that no accurate statistical relationship exists between PET and
RET because we were unable to fit a good function to account for the strongly nonlinear
relationship between PET and LAL

In(PET)=b0 + bl = In(RET) + b2 x Var + b3 x LAI

Category Land cover (IGBP code) Samples -
Var b0 bl b2 b3 R” o
Group1  Evergreen Needleleaf Forest 4811 P 0.03504 1.115 -3.185 0.02318 0.855 0.089
(2) E-04
Deciduous Broafleaf Forest (4) 1359
Mixed Forest (5) 3077
Group II  Closed Shrublands (6) 536 T -0.363 0.759 0.02186 0.06151 0.852 0.127
Group III  Woody Savannas (8) 613  No -0.0416 0.879 0.125 0921 0.042
Group IV Open Shrublands (7) 123 T -0.328 0.658 0.03964 0.123  0.989 0.061
Grasslands (10) 2456
Barren or Sparsely Vegetated 2
(16)
Group V  Croplands (12) 8345 No 0.233 0.811 0.0351 0.782 0.063
Cropland/Natural Vegetation 1449
Mosaic (14)
Group VI Water Bodies (17) 229  No 0.002 1.007 0.999 0.002

P: monthly precipitation (mm month-1); T: daily mean temperature (°C); No: no climate variable
significantly involved, i.e. not to improve R2 obviously; ¢: standard error (mm day-1).

(a) Mekong River basin
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In(PET) =b0 + bl x In(RET) + b2 x T + b3 x LAl + b4 x

Category Land cover (IGBP code) Samples LAI®
bO bl b2 b3 b4 ¢ R o
Group !  Deciduous Needleleaf Forest 2 -0.955 0.802 0.0453 0.0230 -0.457 0.220 0.977 0.136
(2)
Deciduous Broafleaf Forest (4) 462
Group I Mixed Forest (5) 182 -0.634 0.907 0.0397 0.0328 -0.187 0.379 0.976 0.130
Group IIT Closed Shrublands (6) 501 -1.142 0.753 0.0368 0.0087 -0.668 0.195 0.979 0.120
Woody Savannas (8) 249
Savannas (9) 21
Croplands (12) 2629
Cropland/Natural Vegetation 2797
Mosaic (14)
Group IV Open Shrublands (7) 4229 -0.908 0.820 0.02320.192 -0.473 0.152 0.980 0.107
Grasslands (10) 11735
Barren or Sparsely Vegetated 110
(16)
Urban and Built-up (13) 7
Group V. Water Bodies (17) 76 0.048 0986 1.000 0.006
(b) Yellow River basin

Table 4. Multiple regression between PET (mm day-1), RET (mm day-1), climatic variables
and LAI

5.6 Limited validation of S-W estimates with available field data

In the O Thom I watershed (area 137 km?2, elevation from 46 to 273 m, located at 105°28'E,
12044'N) of Mekong River basin in Kompong Thom province of central Cambodia,
Nobuhiro et al. (2008) measured the evapotranspiration during two distinct sampling
periods in 2003 and 2004. The vegetation type is a relatively undisturbed evergreen
broadleaf forest (mean tree height in the upper crown layer 27.2 m, maximum tree height
45.1 m). For the field measurement, they established a 60 m high meteorological observation
tower. By using the heat balance method (incorporating the Bowen ratio) (Httori, 1985), the
daily evapotranspiration levels were estimated to be 4.3 (minimum 3.0 and maximum 5.5)
mm day-! during 20-28 October 2003 (late rainy season), and 4.6 (minimum 2.0 and
maximum 5.7) mm day-! during 1-9 March 2004 (middle dry season). Arguably, the average
of the two values is used as a level indicator of annual evapotranspiration, equal to 4.45 mm
day-l. During the observation, the water table measured shallow at a depth less than 1 m.
The soil moisture was very wet. These values of measured evapotranspiration can be
thought to represent the potential one. At the same site, IGBP land cover is also evergreen
broadleaf forest, both in original 1-km resolution version and in the aggregated 8-km
resolution version. Because field observation items by Nobuhiro et al. (2008) were not
enough to apply the FAO-56 method and the SW model, here RET and PET estimated using
the data described in the section of “DATA SOURCES’ are compared, averaged in the
period 1981-2000. During this period, average PET was estimated to be 7.2 (from 6.3 to 7.9)
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mm day-! in March, 4.3 (from 3.7 to 5.1) mm day-! in October, and 5.3 (from 5.1 to 5.6) mm
day-! for the whole year. Average RET was estimated to be 5.0 (from 4.5 to 5.4) in March, 3.4
(from 3.1 to 3.8) mm day-! in October, and 3.94 (from 3.78 to 4.12) mm day-! for the whole
year. Obviously, comparing to the estimates of RET, which are a lot lower than the field
measurement of the evapotranspiration due to the grass hypothetical crop in FAO-56
method, the estimates of PET are closer to the field measurement. The Yellow River basin is
located in a semi-arid region. It is difficult to find a watershed where the LAI of vegetation
cover is at a high level and soil moisture approaches field capacity for a period long enough
to carry out an experiment for potential evapotranspiration measurement. Even though
there is a heavy rainfall (high intensity in a short time), which happens in summer (see
Figures 9(d) and 9(e), Table 3), most of it flushes into the rivers as a surface flow and the
very little infiltration (due to the crusted soil surface) would be exhausted quickly by the
high potential evapotranspiration. However, at the crop point (Point 3), the largest annual
PET estimated from the S-W model corresponds to the most severe drought year in the last
century (OSFCDRH and NWRHI, 1997).

Another way to validate the estimate of PET is applying the water balance equation to a wet
basin, i.e. ET=P—-@Q , where P is the precipitation, @ is the stream flow, ET is the actual
evapotransipiration, all basin-averaged annual values (Donohue et al., 2007). When the
basin is wetted constantly and spatially, the environment is energy-limited and ET can be a
represent of PET. However, our database is not enough to support this analysis.

6. Conclusions

This chapter provides realistic estimates of potential evapotranspiration as inputs to drive

hydrological modeling of large river basins, in particular for the poorly monitored or

ungauged regions. For this, two extensions of P-M equation, FAO-56 method and S-W

model are comparatively investigated over the Mekong and Yellow River basins,

representing the humid and semi-arid Asian monsoon regions.

a. Although both are extensions of P-M equation, they use different assumptions,
parameterization, and data sources to simulate different evaporation mechanisms. The
estimates of RET and PET over the Mekong and Yellow River basins are spatially very
different. The estimate of FAO-56 P-M is a good integrated climatic index which is able
to reflect the temporal changes and spatial distribution of climate across the basins, and
S-W estimate reflects the climate variability and the vegetation distribution and
development.

b. Preliminary investigation into the relationship between FAO-56 P-M and S-W estimates
suggest that investigating an empirical relationship between them may be worthwhile.
Several attempts were made to do this, but ultimately doing so proved illusive. Large
predictive errors exist because of the strong nonlinearity and scatter between PET and
the LAI of the vegetation.

c. Available relevant field data are very scarce, and the only available data suggests the S-
W estimate may be more realistic.

Consequently, use of the SW model, albeit more complex, is recommended because of its

more robust physical basis and because it successfully accounts for the effect of changing

land surface conditions on PET. The estimated PET derived in this manner can be used to
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provide a direct input to hydrological models without the need to use empirical pan or crop
coefficients, which would be required if pan evaporation or RET were used.

Another finding is that: vegetation condition in summer is primarily controlled by the
regional antecedent precipitation in the preceeding cold and dry seasons over the Loess
Plateau in the middle reaches of the Yellow River.

Appendix A. Solar radiation

The extraterrestrial radiation is estimated from the solar constant and declination, which are
the functions of the location latitude and the date in the year, expressed as follows
(Shuttleworth, 1993; Allen et al., 1998).

Inverse relative distance Earth-Sun:

d =1+ 0.0SSCOS(%JJ (A1)

where J is dulian day in the year, corresponding to the middle day of the interval.
Solar declination:

5= 0.409sin| 27 J-1.39 | in rad (A2)
365

Sunset hour angle:

w, = arccos[—tan(go)tan(é)] in rad (A3)

where ¢ is the location latitude in radians.

Extraterrestrial radiation in a day:

R, = 245[60) G.d, [a)s sin(¢)sin(5)+ cos(¢p) cos(&)sin(a)s)} (A4)

where R, isin MJm-2day-! and G,, is the solar constant, G, = 0.082 MJm-2 min-L.
Solar radiation over vegetation canopy:

R, = (as +b, %jRa (A5)
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where n/N is calculated using Equation (50), the parameters a, and b, are set to 0.25 and
0.50 respectively when their measurements are lack.

The clear-sky solar radiation is calculated as:

Ryyy =(0.75+2x107°2)R

a

(A6)

where z is the elevation above sea level (m)
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