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KEYWORDS Summary The paper looks at the pivotal role that the Monin—Obukhov length (L) can play
SEBAL; within the sensible heat balance method for calculating evapotranspiration from remotely
Evaporative fraction; sensed multispectral data. It focuses on the possibility of using L as a cornerstone param-
Monin—Obukhov length; eter for calculations of sensible heat flux from the pixel data. The paper shows that L can
Evapotranspiration; be separated from the other unknowns and can be found either by means of any general
Satellite imaging; one-dimensional root finding method, or iteratively, starting with L ~ —occ. A simple algo-
Crop water demand; rithm is suggested to reduce the number of iterations. The paper goes on to show that all
Water management other output parameters can be calculated directly from the value of L that is established,

and an analytical expression for the evaporative fraction found.

A novel approach is proposed that allows a close approximation of the evaporative frac-
tion to be derived directly without the need for time-consuming iterations within the main
calculation step. Estimates of evapotranspiration from cotton in Southern Kazakhstan
showed that the approximation performed well when compared with estimates of ETcrop
made using an iterative approach.

An experimental approach for calculating E,4 is described for use in areas with minimal
cloud cover. Comparison of SEBAL estimated Et. with calculated Et, for the short season
cotton crop in Southern Kazakhstan indicated that for the actively transpiring cotton crop
the crop factors were the same as those determined experimentally for low short season
cotton in Kansas by Hunsaker [Hunsaker, D.J., 1999. Basal crop coefficients and water use
for early maturity cotton. Trans. ASAE 42(4), 927—936].
© 2006 Elsevier B.V. All rights reserved.
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E-mail addresses: gk-v@yandex.ru (G. Koloskov), twt@soton. demand on the world’s freshwater resources. The large irri-
ac.uk (T.W. Tanton). gation schemes which produce much of the world’s food

0022-1694/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2006.11.010


mailto:gk-v@yandex.ru
mailto:twt@soton. ac.uk
mailto:twt@soton. ac.uk

Monin—Obukhov length as a cornerstone of the SEBAL calculations of evapotranspiration 171

requirements are by far the biggest consumptive users of
water, but are often located in arid climates where water
shortage is most acute. It is generally perceived that water
use efficiency in most of these schemes is very poor, many
being perceived as being less than 40% efficient (Rosegrant,
1997; Heaven et al., 2002) and hence there is an urgent
need to establish more effective ways of managing water
usage within them. This can only be achieved if water man-
agers have real time knowledge of consumptive evaporative
demand throughout schemes rather than user stated de-
mand, or design demand norms. The Penman-Monteith algo-
rithm has been used in conjunction with fairly crude crop
and soil moisture correction factors to make estimates of
potential crop evapotranspiration (E;) for planning and de-
sign purposes, but the approach is of little practical value
for real time scheme management as it relates to ideal
agronomic conditions that are rarely achieved in practice.
Full reliable data for estimating potential E; is also often
lacking.

Fortunately in recent years algorithms have been devel-
oped that allow real time evapotranspiration to be calcu-
lated from remotely sensed multispectral data
(Bastiaanssen et al., 1998a,b, Bastiaanssen, 1998, 2000,
Tasumi et al., 2003, Chemin et al., 2004, Bastiaanssen
et al., 2005). The approach uses satellite data to solve the
fundamental surface energy balance equation AE=
R, — G — H, where the term AE is known as the latent heat
flux (Wm™2), 1 is the latent heat of vaporization (J kg™"),
E is the actual evaporation (mm s~"), R, is the net radiation
flux at the surface (W m~2), G is the soil heat flux (W m~2),
and H is the sensible heat flux (W m~2). Over a 24 h period
soil heat flux will be relatively small and can be ignored
while the instantaneous net radiation can fairly readily be
obtained from the satellite data. This only leaves the sensi-
ble heat flux to be established. The most difficult part of
resolving the energy balance equation unfortunately is the
separation of the sensible and latent heat fluxes. For unsta-
ble atmospheric conditions a number of authors have sug-
gested overcoming the problem by iteratively solving
three related unknowns. Jacob et al. (2002) suggested using
sensible heat flux (H), Monin—Obukhov length (L) and fric-
tion velocity (u.); (Bastiaanssen, 2000) suggested using H,
u. and aerodynamic resistance for heat transport (ran);
and Bastiaanssen et al. (2005) suggested H, u. and a temper-
ature scale (T.). All three iterative approaches are aimed at
establishing a convergence on H. They all require the near
surface air temperature T; to be established from the pixel
data. This is achieved through a calibration step that re-
quires the establishment of the linear relationship between
the surface and air temperature, obtained from selected
wet (cold) and a dry (hot) pixel data (Bastiaanssen, 2000).

An interesting attempt to transform the system to one
non-linear equation in terms of a special dimensionless
variable is demonstrated in Gieske (2003). However the
method presented assumes temperature difference 6T to
be known as a linear function of T and hence can not be ap-
plied at the calibration step for deriving the most crucial
calibration parameters, namely the coefficients of that lin-
ear function.

This paper demonstrates that in establishing the surface
to air heat loss, although there are small differences in the
three approaches, the systems can be converted such that

only a single equation with one unknown, namely the Mon-
in—Obukhov length, needs to be solved iteratively. All the
other parameters can be derived directly from the value
of L found.

An instantaneous estimation of evapotranspiration is of
little practical use. If it is assumed that the surface albedo
and the evaporative fraction remains effectively constant
throughout the day, daily evapotranspiration can readily be
established from the calculated instantaneous evaporative
fraction and daily net radiation measurements taken from
any nearby metrological station equipped with a net radiom-
eter (Bastiaanssen, 2000). Unfortunately in many parts of the
world net radiometer data is not readily available. This paper
therefore, also proposes an approach for use in arid regions
with little cloud for estimating daily evapotranspiration from
instantaneous data utilizing the instantaneous evapotranspi-
ration fraction, knowledge of the local solar sun time of im-
age capture, sunrise and sunset times.

The Monin—Obukhov length

Brutsaert (1982) showed that in general under unstable
(daytime) conditions the Monin—Obukhov length can be de-
rived from

3
szu*pa—CPTa (m), (1)

gK(H + Cos1 CpTaE)

where u, is the friction velocity (ms™"), p, is the air density
(kg m™3), Cp = 1004 (J kg~ ' K~} is air specific heat, T, is the
air temperature (K), g is the acceleration due to gravity,
x = 0.4 is the Karman’s constant, H is the sensible heat flux
(Wm~2) and ¢y is a constant of 0.61. The actual evapora-
tion E can be derived from the main surface energy balance
equation

E:%(Rn—G—H) (mm s™), 2)

where R, is the net radiation flux at the surface (W m~2), G
is the soil heat flux (Wm™2) and 2 is the latent heat of
vaporization for water, which can be estimated as a linear
function of absolute air temperature T, (K)

J=co, — 1, Ta (J kg™ (3)

with  calibration constants ¢, = 3,148,000 (J kg*1)7
¢, =2375(J kg”K"), derived from Table 3.4 in Brutsaert
(1982).

In the calculation of evapotranspiration using the SEBAL
(surface energy balance algorithm for land) method, the
surface air temperature is obtained by establishing the sur-
face air temperature difference, which can be calculated
indirectly using data from extreme ‘wet’ and ‘dry’ pixels
(Bastiaanssen et al., 1998a). For both of these two extreme
pixels L in Eq. (1) can be simplified to:

_ UipanTa
L=- T (m) (4)
for the dry pixel, since E~ 0 and
u?‘pa
—__=" 5
9KCop1 E ®)

for the wet pixel, since H~0.
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Calibration step

To establish an energy balance for a given pixel in SEBAL the
Monin—Obukhov length L and air temperature difference 6T
between the two predefined heights z, and z; must be found
(Bastiaanssen et al., 2005). As a linear relationship exists
between 6T and near surface temperature T;

oT = Co;r + C15TT5 (K)7 (6)

where ¢o,, and ¢, are linear coefficients (Bastiaanssen
et al., 2005), the main aim of the calibration step is to de-
rive them from the wet and dry pixels data

0T ary

- T Co,
T T ? oT
Sdry Swet

= 7C1'>TT5wel (K)v (7)

Cir =

where T;, is T; of the dry pixel, T, is Ts of the wet pixel

and 0Tqry is oT of the dry pixel.

Swet

Dry pixel
Bastiaanssen, 2000 defined sensible heat flux H as

H=P2C 57 W m), (8)
Fan

where 0T is the surface-air temperature difference and ryj,

(s m~") the aerodynamic resistance to heat transport. If this

relationship is combined with Eq. (4), it reveals a simple

relationship under dry pixel conditions:

T, Ts
—s7=1-57=Fu 9)
where F, is a dimensionless L-factor representing an aggre-
gation of all L-dependent components and can be defined
either as

gkl
Wran’

F. or, (10)

expanding the equations for ry, and u. (Bastiaanssen, 2000),
simply as

Lm
U)Z(Lh ’

Fi=gL (11)
where uy is the wind speed at blending height (m s™"); Ly, the
stability-corrected logarithmic term for heat transport and
L., the stability-corrected logarithmic term for momentum
transport. L, and L., are defined as

Ly = In(z2/21) = ¥n(z2, L) + Pu(z4, L), (12)
Ly = In(2y/Zom) — Pm(2Zx, L) + ¥m(Zom, L), (13)

where z, is the blending height, zp, is the momentum
roughness length and ¥, and ¥, are stability correction
functions for heat and for momentum transport respec-
tively. Since the roughness length for momentum trans-
port zon is not a scalar, it is more natural to rewrite
the expression suggested in Bastiaanssen (2000) in an
equivalent form

exp(cy,, SAVI) (m), (14)

where the base height ¢, = 0.003(m), ¢, =5.62 and
SAVI is the soil adjusted vegetation index obtained from sa-

tellite data. Caution should be used when using Eq. (14) as it

Zom = cOz(lm 20m

is essential to fine tune the coefficients to the image and lo-
cal conditions.

The stability correction terms for heat transport ¥}, and
for buoyancy effects on the momentum flux ¥,, can be ex-
pressed as functions of L (Brutsaert, 1982):

¥ (z,L) = 2In((1 + x*)/2), (15)
¥(z,L) = In((1+x)/2) + In((1 + x*)/2)
— 2arctan(x) + n/2, (16)

where x is defined as x = {/(1 — 16z/L) for unstable (day-
time) conditions.

The use of Eq. (9) allows the value of 6T for dry pixels to
be expressed analytically as a function of L:

Ts
== K. (17)

Unlike the simplicity of the Eq. (17) for deriving 6T from
known Monin—Obukhov length (L), obtaining L itself is more
complicated.

Under conditions of a dry surface it can be assumed that
sensible heat flux H to the air can be found as the difference
between net radiation flux R, at the surface and soil heat
flux G. L-dependent parameters can be separated from this
relationship using the following set of equations:

Ry =(1—o)Rs, — Ri; + &Ry (Wm™2),
Rii = esoT? (Wm™2),

Ri| = caoT2 (Wm™2),

G =GR, (Wm™?),

oT

(18)

where Ry, is the incoming shortwave radiation (W m~2), Ri,
is the incoming longwave radiation (W m~2), Ry, is the out-
going longwave radiation (W m™2), « is the surface albedo, «
is the surface emissivity, ¢, is the atmospheric emissivity,
6=5.67x1078(W m~2K™*) is the Stephan—Boltzmann con-
stant, and G, is the soil heat flux fraction of net radiation,
which can be taken either as a simple fraction of R, (Brutsa-
ert, 1982), or as a sophisticated function of surface temper-
ature, albedo and vegetation index (Bastiaanssen et al.,
1998a). What is important is that the G does not depend
on neither L, nor 6T. Thus the expression for H under dry
conditions can be expressed as

H=co, + 1, To (Wm?2), (19)
where

Cop, = (1= Gee) (1= 0)Rsy — Ryy) (W m™2), (20)
Crp, = (1= Grr)eseac (W m2K™). (21)

These constants do not depend on either L, nor 6T and
hence, can be precalculated.

It follows from Eq. (9) that for the dry conditions
Ta=—F.Ts/(1 —Fy). In Eq. (4) pa can be expanded as
Pa = ,;‘—;;, where y is the air molecular mass 0.029(kg mol™"),
R is the gas constant 8.314(J K~" mol™") and P is the atmo-
spheric pressure (Pa). Replacing H according to Egs. (19)
and (4) can then be rewritten in the form L = f4(L), where

foll) = -

c,. P
. e —y (M),
L (co,an +, T, (ﬁ) )

where ¢, = K2uluCp/(gR) Wm~' Pa™").

(22)
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Expressing the atmospheric pressure P as

Co “tp
P=P, (1 - —"z) (Pa), (23)
Ta
where P, is the atmospheric pressure at sea level
101,300 (Pa), z is the elevation above sea level (m), and cal-
ibration constants ¢o, and c;, are 0.0065 (Km~') and 5.26
respectively, a simple solution is given by assuming
P(T,) ~ P(To), where Ty =293 (K) is the standard tempera-
ture. This gives a constant value of P for the whole image.
Alternatively T, can be expressed in terms of T and F; in
which case Eq. (23) transforms into

1—F \
P =P, (1 + Co, ﬁz) (Pa). (24)
S

In any case the right-hand side of Eq. (22) is L-dependent
only. The solution of the non-linear equation f4(L) — L =0,
which can be done using any general root finding method,
gives the last parameter needed to derive, the Monin—
Obukhov length L. It can also be derived iteratively using
Eq. (22) starting with L ~ —oo, until the desired accuracy
is reached.

Unrestricted soil moisture conditions

A wet analogue of Eq. (11) can be obtained from Eq. (5):

L = fu(L) (m), mm:—%ﬂmx (25)
K23,/

Coy, = os8(Rn—G) (m). (26)

Main calculations (mixed conditions)

With known constants (for the satellite image in question)
Co,; and ¢y,,, obtained from Eq. (7), parameter 6T for all
the other pixels can be calculated from surface tempera-
ture T, using Eq. (6).

Iterative solution

As Bastiaanssen et al. (2005) recently pointed out, the sta-
bility correction functions ¥}, and ¥, have to be calculated
iteratively for every pixel to derive the Monin—Obukhov
length for each.

The equivalent of Egs. (22) and (25) suitable for calcula-
tion of the Monin—Obukhov length for any pixel under mixed
conditions is therefore L = f.,(L), where

fall) = -y Gt o 27)
ng(cofm + ¢, LnLy)

The coefficients

Copy = 0T (2 — Cos1CpTa) (J kg™ K), (28)

Cty = Cos1 Ta(Rn — G)/(1PUxp,) (J kg™ K), (29)

,, = Tak (J kg K) (30)

need only be calculated once from pixel data, since they are
not dependent on L and are constant for any particular pixel

within the image, Ly, and L,, are calculated the same way as
in Egs. (12) and (13). Eq. (27) can be solved in much the
same way as Eq. (22), hence values of sensible and latent
heat fluxes can be calculated for every pixel. A direct
approximation approach as described later in this paper
can however help avoid time-consuming iterations.

Heuristic for the rapid calculation of L

The heuristic for speeding up convergence of the iterative
process is general for all three cases: wet, dry and mixed
pixel calculations. It exploits the fact that plotting values
of In(—f(L)) — In(—L) against ln(—L) gives curves that are al-
most straight lines from L= —co to the point of interest,
where the curves intercept zero (see Fig. 1). Thus the func-
tion can be assumed approximately linear in the local region
of interest, hence the secant method (Press et al., 1992),
that converges more rapidly near a root of such a suffi-
ciently continuous function, can be effectively used.

The algorithm starts with obtaining two initial points on
the curve, (a,c) and (b,d):

Lo = —1000; f0 f(Lo):
a = In(—Lo); =In(—fo) —

'y (L) &)
b=1In(-Ly); d=In(~f;)—

At this point function f(L) is calculated twice and the algo-
rithm is then ready for the next step k = 2 (here f(L) means
fa(L), fw(L) and f(L) for dry, wet and mixed pixels, respec-
tively). From here on all the following values of L, are

In(- f(L)) - In(- L)

In(= fiu(L)) -

In(~ L)

——— In(- fy(L)) - In(- L)

Figure 1 Plots of functions, used to obtain Monin—Obukhov
length for wet and dry calibration pixels for the three images:
(1) 10/08/2002, (2) 28/07/2003 and (3) 30/09/2003. The zero
points correspond to the following values of L(m):

Date 10/08/2002 28/07/2003 30/09/2003
Dry —1.892 —80.222 —36.185
Wet —15.600 —789.946 —444.244
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derived from linear approximation of the value of L, where
the line (a,c)—(b,d) intercepts zero:

d—b
=== fi= 1L (32)

and the points are adjusted for the next step: a=b; c=d;
b=t; and d=n(—fx) —

Thus while every step costs only one calculation of the
*heavy’ function f(L) as in the simple iterative solution, plus
some extra simple calculations, such an approach gives a
noticeable reduction in computational time, being almost
twice as fast as the iterative approach. The technique was
found to achieve an accuracy of L +5x 107> m in about 4—
6 steps.

t=

Ly = —exp(t);

Separation of the sensible and the latent heat
fluxes

With values of L and 6T obtained, the sensible and latent
heat fluxes can conveniently be separated by expressing
their appropriate fractions analytically as functions of L
and oT (T, in fact).

A combination of Egs. (1), (2), (8) and (10) helps to ex-
press the aerodynamic resistance term to heat transport
Ian, the only L-dependent parameter needed to separate H
from E, in terms of the L-dependent parameter F; as:

_ paCP -~ ﬂ l 2 -1
Fah = R_G (5T (Ta +FL onCo (sm™), (33)

thus the value of sensible heat flux for a pixel can then be
found as a fraction of (R, — G):

H=Hq (R, — G) (Wm™?), (34)
where H-fraction Hs, is defined as
Hy = LI (35)
ST — ( + F‘L) s
Similarly
_Ex ~ (R, = G) (mm s, (36)

where E-fraction Es, is defined as

oT 1
(F+7)

oT 4 1) _ siCe 5T
(Fo0) 2ot

Eq = (37)

Direct approximation of the sensible and latent
heat fluxes

A temperature-ruled evaporative fraction (TREF) model is
suggested as an alternative approach to avoid the iterative
solution of L for every pixel. It is based on the assumption
that the relationship between 6T and L in Eq. (9) for the
dry conditions is only a special case of a more general linear
relationship

T,/(1—F) = Cor, + Cip, oT (K), (38)
where Cor, and Gy, are constants for the satellite image in

question. The data obtained at the calibration step can be
used to establish that

COFL

Tswet _
(K) and ¢ =1— Ty’

T Frn (39)

COFL =
where F . is the F, of the wet pixel. Such linearization
leads to an interesting outcome: approximated values of
Ef (usually the most important aim of the calculations)
for a general pixel can be obtained without a need to itera-
tively find the value of the Monin—Obukhov length. The only
two ‘heavy’ iterative calculations of L that are then neces-
sary are for the wet and for the dry pixel at the calibration
step.

If Eq. (38) is used to linearise Eqs. (34)—(37), this directly
gives an approximate value of F; for any pixel as

Ts

FL=1 G T C1FL5T. (40)
The key parameters 6T and the Monin—Obukhov length L
that were determined from the wet and dry pixels at the
calibration step are used to anchor the latent and sensible
heat flux fractions. It is interesting to note that the latent
and sensible heat fractions are directly related to the sur-
face temperature of the pixel since all the other parameters
(0T, T, and /) are in fact a linear functions of T;. Another
interesting feature of such a method is that an average wind
speed parameter uy is not shown in the final equations for H
and E: rather its influence is hidden deeply in the values of
parameters co,;, Ci,, and Co, , Ci, , obtained at the calibra-
tion step.

oT 2

Estimation of the daily evapotranspiration

Irrespective of the way in which the value of F; was ob-
tained — iteratively or by approximation (40), expression
(36) provides an instantaneous value of E (mms~"), which
can be expanded to an hourly interval as Ej = ChouE
(mm h™"), where chour = 3600 (s h™").

Bastiaanssen et al. (2005) computed daily evapotranspi-
ration from the instantaneous evaporative fraction, defined
as

AE
R,—G’
In practice over a 24-h period G can be ignored, and if sur-
face albedo throughout the day is assumed to be the same
as the morning overpass the evaporative fraction through-
out the day can be assumed to be constant. Hence daily
evapotranspiration is given by

[ (41)

Eae = Ca 0% (mm ), (42)

where R,, (Wm™) is the daily average net radiation,
Cday = 86,400 (s d~"). From a procedure suggested by Slob
(de Bruin, 1987),

Rn,, = (1 — a)Kpq — 1107g,,, (W m™2), (43)

where K,4 (Wm™2) is the daily average solar radiation and
Tswy, 1S the daily atmospheric transmittance, determined
from instrumentation in the field.

Although this approach is sound there are few irrigation
projects that have field instrumentation to measure solar
radiation directly. The approach outlined below gives a
method that for arid climates with little cloud cover was

N24
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found to give a reliable estimate of daily evapotranspiration where E;, (mm h™") is the hourly evaporation as a function of
in Southern Kazakhstan. It is based on the assumption that time, Ey, . (mm h”) is the hourly evaporation, calculated
incoming radiation and the daily evapotranspiration curves from the image pixel data, t (h) is the timescale, 75, (h)
are close to a parabola (Fig. 2) with a maximum close to is the daylight period, ting (h) is the image acquisition time
noon, and the time between zero points close to the day-

light hours:

(CesTsun)” — 4(t — 12)?

Eh(t) >~
(ces'fsun)2 - 4(timg - 12)2

En, (Mmh), (44)

Pilot field

Ep(t) (mmh )

» 1 (h)

limg 12 g
b v 4 © 6°28E  68°30E  G8°32E  GR°34E  G8°36E
Ces Tsun . . . . . .
Figure 3  Spatial distribution of E34in 12 x 12 km area on 10/
Figure 2 Approximation of daily evaporation. 08/2002.

Table 1 Parameters for the wet and the dry pixels, calculated at the calibration step for three Landsat7 satellite images

10/08/2002 28/07/2003 30/09/2003

Dry Wet Dry Wet Dry Wet
0 rad 0.596 0.547 0.859
Uy (ms™) 2.693 12.700 9.839
Tew = 0.754 0.754 0.754
o - 0.285 0.208 0.265 0.198 0.269 0.200
SAVI = 0.157 0.419 0.363 0.507 0.148 0.439
LAI = 0.112 0.859 0.652 1.294 0.093 0.946
Zom m 0.007 0.032 0.023 0.052 0.007 0.035
€a = 0.759 0.759 0.759
€ = 0.951 0.959 0.957 0.963 0.951 0.959
T, K 319.721 301.484 308.148 293.932 303.423 291.305
Ta K 314.454 301.484 304.688 293.932 299.917 291.305
oT K 5.266 0.0 3.460 0.0 3.507 0.0
Rs, Wm2 831.378 854.524 673.348
R., Wm2 420.510 355.307 370.652 321.019 347.975 309.697
Ri; Wm2 563.506 449.030 489.010 407.539 457.013 391.744
R, Wm 2 430.679 550.014 493.292 587.146 365.919 444.007
G = 0.275 0.147 0.198 0.102 0.175 0.092
G Wm2 118.457 80.668 97.783 60.037 64.117 40.991
H W m2 312.222 0.0 395.510 0.0 301.802 0.0
Her = 1.0 0.0 1.0 0.0 1.0 0.0
Ee = 0.0 1.0 0.0 1.0 0.0 1.0
En mm h~" 0.0 0.695 0.0 0.8 0.0 0.591
Eos mm h~" 0.0 6.452 0.0 7.414 0.0 4.685
L m —-1.892 —15.600 —80.222 —789.946 —36.185 —444.244
Ly — 1.402 2.411 2.831 2.977 2.676 2.962
L = 5.716 5.831 7.144 7.229 7.896 7.448

Fi = —59.713 —298.016 —88.049 —844.231 —85.529 —843.769
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a Cotton Field
+ Augl0,2002 0
1.41 e
1 .2* B()( T\)

0.8
0.61 Hy(1)
0.4

0.2

o 218 30 32 34 316 T, (C)
b Cotton Field

s Jul 28,2003

C Cotton Field
4 Sep 30,2003
1.4

1.2+

0.8 e H(T,)
0.6

0.4+

0.24

Og

18 20 22 24 26 28 3TS(°C)

Figure 4 Comparison of the estimates of evaporative fraction
E:., sensible heat fraction H;. and Bowen ratio B, calculated
using iteratively derived L from Eq. (27) (symbols) with those
derived from the approximation of F, using Eq. (40) (solid
lines).

(converted to local sun time), and ces is a calibration con-
stant 0.93.

In which case daily evapotranspiration E,4 can be approx-
imated as:

12+fes;sun
Eyy~ / E(t)dt (mmd™), (45)
1275e5£sun
thus
3
E24 ~ Z Eh(cesfsun) (mm d71). (46)

3 (Ces'l«'sun)Z - 4(timg - 12)2

Validation at pilot field scale

Validation of the methodology was carried out on the very
large Arys-Bugun irrigation project in the hot dry steppe
of Southern Kazakhstan, 43°11’N, 68°29'E. Cotton domi-
nates the scheme, being grown in blocks of about 30—
50 ha. The climatologically instrumented cotton field used
to validate the methodology was sited near Turkestan and
was covered by approximately 300 Landsat 7 pixels. The
field had a good stand of short season cotton and at maturity
in August a fully developed canopy. The crop was typically
about 70—80 cm high cotton. The potential evapotranspira-
tion of cotton (E; cotton) Was calculated from the infield cli-
mate data and Hunsaker’s (1999) short season cotton crop
coefficients. The validation on a wider scale was carried
out within a 144 km? area centered on Staroikan village,
comprising approximately 8 km? village, 100 km? of irriga-
tion (active and abandoned) and 36 km? of steppe (see
Fig. 3). The remotely sensed data was from Landsat 7
images gathered on cloud free days on 10/08/2002, 28/
07/2003 and 30/09/2003.

The output data for the experimental field calibration
step for the three images is given in Table 1.

Fig. 4a—c show for the three data sets how the evapora-
tive fraction (Ef), sensible heat fraction (Hs) and Bowen ra-
tio (B,) relate to surface temperature assuming the
simultaneous presence of wet and dry areas, and illustrate
the good correlation that exists between the complete iter-
ative and approximated direct approaches. The ends of the
the E; and Hg, curves are fixed by the extreme cold (re-
cently irrigated cotton field) and hot (dry vegetation in
un-irrigated field) pixel data. The advantage of the direct
approximation approach Eq. (40) over Eq. (37) is that it al-
lows the relationship to be calculated over the whole tem-
perature range of interest.

Validation at the regional scale

Distribution of the number of iterations (using the rapid
heuristic approach) used to derive L with an accuracy of
+5x 107> m for the 144 km? study area is summarized in

Table 2 Relationship between the number of iteration
steps and the frequency of obtaining an accuracy better than
+5x 10> m for L

Iterations 10/08/2002 28/07/2003 30/09/2003
3 0.01%

4 1.07% 8.68% 7.05%

5 97.42% 91.32% 92.95%

6 1.50%
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Table 3 Comparison between estimates of evapotranspiration in an area of 144 km? made by the iterative (E24,) and
approximation (E4,) methods

Image date Enas, Eos, Aia

Mean SD Mean SD Mean SD
10/08/2002 3.92 1.49 4.14 1.33 -0.22 0.18
28/07/2003 3.15 2.01 3.08 2.01 0.07 0.15
30/09/2003 2.13 1.35 2.18 1.35 —0.04 0.07

Table 2. For the majority of pixels (>98%) no more than
five iterations were needed to derive an accurate value

of L.
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Direct comparison of pixel distributions of the daily
evaporation calculated by the iterative and approximated
direct methods can be seen in Table 3 and Fig. 5a—c. The
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Table 4 Comparison of SEBAL estimates of evapotranspiration

Date Etinst Eto Ety4 Kc

mm/h mm/d

SEBAL Penman SEBAL Penman SEBAL Hunsaker
10/08/2002 0.64 0.56 5.94 5.63 1.06 1.10
28/07/2003 0.68 0.64 6.53 7.27 0.90 0.90
30/09/2003 0.41 0.54 3.48 4.78 0.73 0.40

distribution of the pixel differences between these two ap-
proaches is shown in Fig. 6.

Discussion and conclusions

The paper clearly demonstrates the pivotal role that the
Monin—Obukhov length plays in taking account of turbulent
heat exchange and the convective process to establish
evapotranspiration from remotely sensed data.

A new suggested dimensionless parameter F;, that ties
together all L-dependant parameters together, can be
approximated directly for any pixel by the simple relation-
ship given in Eq. (40) using two additional parameters de-
rived at a calibration step. The price of such an approach
is that the value of L and hence, u. remains unknown. This
is not a problem however, since the aim is to establish the
evaporative fraction, which can be efficiently derived via
the approximation approach.

Comparison of the iterative (Bastiaanssen et al., 2005)
and direct approximation approaches for establishing the
sensible and latent heat fluxes from Lansat 7 data for large
irrigated cotton fields in Southern Kazakhstan (Table 3) indi-
cated that the mean differences were small and relatively
insignificant (a mean difference in Et.., of 3.5%). This
strong agreement indicates that the computationally more
efficient approximation approach provides an effective
solution for establishing evapotranspiration. There is how-
ever a need to test the approach more widely under differ-
ent climatic and crop conditions to ensure that the
technique is widely applicable.

The use of Eq. (46) to estimate daily evapotranspiration
from the instantaneous value was highly effective for cotton
in the relatively cloud free climate of southern Kazakhstan
(Table 4), and is likely to prove a useful technique for deriv-
ing daily evapotranspiration in arid regions where cloud
cover is sparse and daily net radiation measurement absent.

The crop factors for the fully developed, well irrigated
cotton crop established using the temperature-ruled evapo-
rative fraction (TREF) model (Table 4) were lower than the
value of 1.2 normally suggested in the literature (e.g. Allen
and Pereira, 1998), but were effectively the same as those
predicted from the infield climate data using the method
developed by Hunsaker (1999) for short season cotton in
Kansas. This is not surprising given the lower stature of
the short season cotton crop compared to the more usual
1.2 + m crop height found in many parts of the world. This
close match supports the use of this model. Estimates of
daily evaporation from the dry steppe was very low (typi-
cally <0.3 mm d~"). Since the approach also gives an esti-
mate of evapotranspiration for well irrigated cotton very

close to that predicted estimates using the Penman Monti-
eth approach (short season cotton K_), it suggests that the
computed temperature range is giving a realistic evapora-
tive scale. In July and August our estimates of daily E; cotton
growing in the recently irrigated experimental field were
very close to cotton’s predicted evaporative potential, but
our estimate was lower at the end of September. This latter
observation was not surprising as irrigation had long since
ceased to speed bole development and ripening to ensure
the harvest would be completed before the onset of winter
sometime in October.

The cotton fields and irrigation projects of the study area
in Southern Kazakhstan are large and almost mono-cropped
with cotton. They provide the ideal proving ground for the
effectiveness of the sensible energy balance approach to
estimating evapotranspiration. Although the proposed ap-
proach appears to have worked well under these conditions
there is clearly a need to prove its validity under a wider
range cropping patterns and climatic conditions.
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