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Radiation and latent and sensible heating are among the most important processes in land—atmosphere
exchanges. Hence, quantitative understanding and accurate estimation of these fluxes at large scales are
imperative for research and applications in areas ranging from numerical weather forecast, climate research,
water cycle study, to water resources management, sustainable agricultural production, and ecological
conservation. Quantitative remote sensing is probably the only efficient and economically viable technology
to provide regional to global radiometric observations of several physical quantities that are relevant to the
estimation of these fluxes. This article examines the physical principles underlying the radiation and turbulent
heating, along with exploring the possibilities and difficulties for estimation of these fluxes using remote
sensing measurements. Past efforts, recent progresses are reviewed, and future research needs are identified.
In particular, the Surface Energy Balance System(SEBS), recently developed in Wageningen, is introduced and
its strengths and weakness are analyzed in view of future space-borne sensor systems. Several applications
derived on the basis of SEBS, including estimation of turbulent heat fluxes, evaporative fraction and actual

evaporation, estimation of relative soil moisture, and drought monitoring are discussed.

INTRODUCTION

The international environmental sciences communities have
seen a very rapid evolution over the last years. A new
global, interdisciplinary science of the Earth System has
emerged at the interface of science and policy develop-
ment. The need to bridge, in a more focused way, the
gap between earth sciences and sustainable management
of the terrestrial environment is already emerging as an
overall priority both in the International Geosphere Bio-
sphere Programme (IGBP) and the World Climate Research
Programme (WCRP) (e.g. Kabat, 1999). In this regard,
understanding the interactions between terrestrial ecosys-
tems and the atmosphere is essential to address issues such
as climate change and environmental degradation. Exten-
sive scientific investigations over the past decades have
demonstrated beyond doubt that the biosphere is tightly
coupled to its physical environment over a wide range
of space and timescales and the atmospheric circulation
is strongly influenced by land surface properties and their
variability in space and time. Since radiation and turbu-
lent heating are among the most important processes in

land—atmosphere exchanges, accurate estimation of these
fluxes at large scales is imperative for research and appli-
cations in areas ranging from numerical weather forecast,
climate research, water cycle study, to water resources
management, sustainable agricultural production, and eco-
logical conservation. Such importance may be viewed
in the following context. In dealing with climate—land
interactions — especially in studies concerning terrestrial
water, energy, and carbon cycles, models are often used
to assist urgent policy decisions on environmental issues —
but we must ask the following questions before the results
derived from such models being used for further decision-
making processes:

Is the interaction with a dynamic terrestrial biosphere in
global models properly understood so that our forecasts
of the long-term evolution of climate are reliable?

Are processes at scales from global to local properly
linked so that our assessment of the impacts of climate
variability on land and water resources is reliable and
scenarios on the evolution of the terrestrial biosphere
are realistic?
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Are the political decisions based on the current model
simulations/predictions/scenarios well founded?

To be able to answer these questions, there is a critical
need to understand the feedbacks between the land sur-
face and the atmosphere at various scales (Wood, 1998).
As shown by recent works, the land component of the cli-
mate system must be viewed as an active participant in the
coupled system, rather than a passive recipient of atmo-
spheric forcing (Entekhabi et al., 1999; Koster et al., 2000).
In this view, accurate representation of land surface dynam-
ics is more important than it had been thought previously.
It has also been suggested that, in the 2001 Intergovern-
mental Panel on Climate Change (IPCC) report, the role
of land surface in modifying the climate has not been ade-
quately considered and the effects of land-cover change
on climate may be comparable to, and, perhaps larger
than, the effects on climate due to changes in atmospheric
composition. The current level of scientific understanding
in land—atmosphere interactions has been characterized as
“very low” (Pielke, 2001a, b). A recent study by Kalnay
and Cai (2003) clearly shows that the impact of land use
on climate change has been underestimated. Further, the
current parameterizations of land processes in all earth
system models are based on simple conceptions that are
representative, at best, of homogeneous flat land surfaces,
and few observation data sets over complex terrain exist
to allow integrated long-term off-line testing that is essen-
tial to evaluate land surface parameterizations in climate
models. Abilities to estimate radiation and turbulent heat
fluxes using radiometric measurements from satellite sen-
sors will help to resolve the above-mentioned uncertainties
and difficulties.

Several land—atmosphere exchange processes can be
distinguished in terms of exchanges of radiation, heat,
water, and carbon, and other gasses. More specifically, we
may consider: solar radiation, thermal radiation, sensible
heat flux, latent heat flux including phase change, soil heat
flux and advection, precipitation, water and vapor transport
in soil, as well as biochemical processes in soil and canopy.
The driving forces of these processes are solar radiation and
wind. Since most of these processes vary continuously in
space and time from local to global scale, and from seconds
to decades and centuries, their adequate quantification also
requires measurements with corresponding spatial-temporal
coverage. It is in this aspect that remote sensing can play an
essential role. In the following, we will briefly review some
progress made in the estimation of turbulent heat fluxes.

A BRIEF HISTORY IN REMOTE SENSING OF
TURBULENT HEAT FLUXES

The estimation of atmospheric turbulent fluxes (or evapora-
tion when the latent heat flux is expressed in water depth;

in this article, evaporation refers to the rate of the con-
version of liquid water to water vapor from water, soil
surfaces, and through vegetation) at the land surface has
long been recognized as the most important process in the
determination of the exchanges of energy and mass among
hydrosphere, atmosphere, and biosphere (e.g. Bowen, 1926;
Penman, 1948; Monteith, 1965; Priestley and Taylor, 1972;
Brutsaert, 1982; Morton, 1983; Menenti, 1984; Famigli-
etti and Wood, 1994; Sellers et al., 1996; Su and Menenti,
1999). Conventional techniques that employ point measure-
ments to estimate the components of energy balance are
only representative of local scales and cannot be extended to
large areas because of the heterogeneity of the land surface
and the dynamic nature of heat transfer processes. Remote
sensing is probably the only technique that can provide
representative measurements of several relevant physical
parameters at scales from a point to the whole globe (Su and
Jacobs, 2001). Techniques using remote sensing informa-
tion to estimate atmospheric turbulent fluxes are therefore
essential when dealing with processes that cannot be rep-
resented only by point measurements.

In developing remote sensing algorithms for the esti-
mation of atmospheric turbulent fluxes, two basic physical
principles, the conservation of energy and turbulent trans-
port, must be considered. The former is the basis of the
energy balance approach, and the major challenge is the
ability to determine the various physical quantities involved
with the required accuracy. The rationale behind the energy
balance approach is that evaporation is a change of state
of water by demanding a supply of energy for vaporiza-
tion. The whole problem then reduces to determine all other
sources and sinks for energy such as to leave evaporation
as the only unknown. The latter recognizes the importance
of wind in transporting vapor away from the evaporating
surface and, when successful, providing a direct estimate to
evaporation. This is often called the aerodynamic approach
and employs, typically, gradients of wind velocity, tempera-
ture, and water vapor density in the near-surface atmosphere
where the measurements of these gradients are available.
Since the energy budget (i.e., available energy to the sur-
face less the soil heat flux) in the energy balance approach
needs to be distributed between sensible heat and latent
heat fluxes, which involves, again, the principle of turbu-
lent transport, a complete treatment of both the conservation
of energy and turbulent transport processes becomes neces-
sary for developing relevant remote sensing algorithms for
these fluxes.

In general, we can distinguish two types of method-
ologies in remote sensing of turbulent heat fluxes and
evaporation: analytical versus (semi-) empirical. The former
takes into consideration detailed physical processes at the
scale of interest but usually involves complex relation-
ships and requires various input variables, including those
that can be observed directly by radiometric measurements
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and meteorological variables at a proper reference height.
The latter tries to employ empirical relationships and data
available chiefly from remote sensing observations. Rep-
resentative works of the first type include, among others,
Jackson et al. (1981, 1988) that derived the Crop Water
Stress Index (CWSI) by applying the Penman—Monteith
equation (Monteith, 1981) to radiometric measurements;
Kalma and Jupp (1990), who utilized the dual-source model
proposed by Shuttleworth and Wallace (1985), which, by
itself, was an extension of the Penman—Monteith approach
to take into account the soil and the canopy explicitly;
Moran et al. (1994) further extended the CWSI approach
to partial canopies (the so-called trapezoid-method). More
recent work in the same line are those of Chehbouni et al.
(2001) and Boegh et al. (2002), who thoroughly examined
the CWSI concept for its strengths and weakness using
detailed field measurements collected in Denmark. Other
relevant works but of different concepts are those of Chanzy
et al. (1995) for soil evaporation and Norman et al. (1995)
using a new type of dual-source model aiming at utiliz-
ing directional radiometric measurements. More recently,
Kustas and Norman (1999) applied actual soil and veg-
etation component temperatures to the dual-source model
of Norman et al. (1995) but did not obtain better results
than using only composite temperature without changing
the applied Priestley and Taylor (1972) coefficient to a
much high value. Mecikalski ef al. (1999) have applied the
Norman et al. (1995) approach to continental scale with
encouraging results. Efforts related to combined modeling
and data assimilation using radiometric measurements have
been reported by Castelli ez al. (1999), Olioso et al. (2002),
Boni et al. (2001a, b), and Caparrini et al. (2003, 2004).

Where the (semi) empirical approaches are concerned,
the earlier works of Jackson er al. (1977) and Seguin and
Ittier (1983) are representative and many more recent works
still follow the same type of approaches but incorporate
more remote sensing variables (e.g. in Nishida et al.,
2003a, b, besides using remotely sensed surface radiometric
temperature as in Jackson er al. (1977), vegetation index is
also used).

In addition, Menenti (1993), Carlson et al. (1995), Kustas
and Norman (1996), and Zhang (1996) have provided
excellent reviews to the then up-to-date approaches in
remote sensing of turbulent heat fluxes and evaporation.

Similarly, the progress made in Wageningen, the Nether-
lands, can also be mapped in the analytical versus
(semi-) empirical fashion. The foundation of the analyti-
cal approaches were laid by Menenti (1984) by proposing
a two-layer combination equation for a drying soil that
was later shown by Menenti (1993) to be able to reduce
to the Penman—Monteith combination equation and was
also shown by Stanghellini (1987) to be equally valid
for a green-house canopy. In a further attempt, Menenti
and Choudhury (1993) extended the CWSI concept to the

so-called Surface Energy Balance Index (SEBI) approach.
While the CWSI was based on surface meteorological scal-
ing, the SEBI concept used Planetary Boundary Layer
(PBL) Scaling. However, the parameterization used in SEBI
was limited to the then state-of-the-art concepts, namely, the
ratio between aerodynamic roughness and thermal dynamic
roughness was taken as 10 and the stratification correc-
tion was simply taken as 2.9. Application of the SEBI
concept to the Aral Sea by Menenti ef al. (2001) revealed
that the parameterization was probably not universal and
caused some unexplained scatters in the results. More
recently, Su (2002) has proposed the Surface Energy Bal-
ance System (SEBS) by extending the SEBI concept with
a dynamic model for thermal roughness (Su et al., 2001),
the Bulk Atmospheric Similarity (BAS) theory of Brutsaert
(1999) for PBL scaling, and the Monin—Obukhov Atmo-
spheric Surface Layer (ASL) similarity for surface layer
scaling such that SEBS can be used for both local scal-
ing and regional scaling under all atmospheric stability
regimes, thus providing a link for radiometric measure-
ments and atmospheric models at various scales. Using
SEBS, Jia et al. (2003) have successfully coupled model
forecast fields of a large scale Numerical Weather Pre-
diction (NWP) model to radiometric measurements from
the Along Track Scanning Radiometer (ATSR) onboard
the European Remote Sensing Satellite (ERS-2). Rauw-
erda et al. (2002) have extended SEBS to a parallel-source
model and have showed significant improvement in esti-
mated turbulent heat fluxes. On the application side, SEBS
has been used to generate daily, monthly, and annual evapo-
ration in a semiarid environment (Li, 2001; Su et al., 2003a)
and for drought monitoring (Su et al., 2003b). Another
development is that of Jia e al. (2001), who have proposed
a dual-source model for using component (soil and vege-
tation) temperatures such as those derivable form ATSR
data. The scheme is similar to the Shuttleworth and Wal-
lace (1985) dual-source model but employs the boundary-
resistance formulation of Stanghellini (1987) and shows
much flexibility in dealing with heterogeneous surfaces.

On the empirical side, the work of Nieuwenhuis et al.
(1985) was among the earliest attempts but was valid only
for single crops. Later, Bastiaanssen (1995) proposed the
Surface Energy Balance Algorithm for Land (SEBAL) that
required simultaneous presence of absolute dry and wet
pixels and has been used for many irrigation studies. More
recently, Su et al. (1999) have made correction in SEBAL
to remedy a theoretical problem and added a scheme to
apply NWP fields with an up-scaling and down-scaling
approach. In another effort, Roerink ez al. (2000) proposed
a Simplified Surface Energy Balance Index (S-SEBI) by
fitting dry and wet cases present in the spatial radiometric
data and showed reasonable success for application to
semiarid areas.
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Figure 1 Flux parameterization schemes.

Remote sensing of heat fluxes and evaporation

— single-source,

dual-source, and parallel-source has been shown in the figure. A color version of this image is available at

http://www.mrw.interscience.wiley.com/ehs

In order to give a clear picture of the differences in var-
ious schemes encountered in turbulent heat fluxes param-
eterization, Figure 1 summarizes the single-source, dual-
source, and parallel-source schemes. In the following, we
will review the difficulties and the relationships between
radiometric measurements and atmospheric boundary mete-
orological variables in estimation of turbulent heat fluxes
by means of SEBS (Su, 2002).

THE SURFACE ENERGY BALANCE SYSTEM
(SEBS) FOR ESTIMATION OF TURBULENT
HEAT FLUXES AND EVAPORATION

SEBS was developed for the estimation of atmospheric tur-
bulent fluxes using satellite earth observation data more
coherently. SEBS, as proposed by Su (2002), consists of: a
set of tools for the determination of the land surface phys-
ical parameters, such as albedo, emissivity, temperature,
vegetation coverage, and so on, from spectral reflectance
and radiance; an extended model for the determination of
the roughness length for heat transfer of Su et al. (2001);
and a new formulation for the determination of the evapo-
rative fraction on the basis of energy balance at limiting
cases. In the application, SEBS requires as inputs three
sets of information. The first set consists of land surface

albedo, emissivity, temperature, fractional vegetation cov-
erage and leaf area index, and the height of the vegetation
(or roughness height). When vegetation information is not
explicitly available, the Normalized Difference Vegetation
Index (NDVI) is used as a surrogate. These inputs can
be derived from remote sensing data in conjunction with
other information about the concerned surface. The second
set includes air pressure, temperature, humidity, and wind
speed at a reference height. The reference height is the
measurement height for point application and the height of
the PBL for regional application (in this latter case, PBL-
averaged meteorological variables are to be used. See later
for detailed discussions). This data set can also be variables
estimated by a large-scale meteorological model. The third
data set includes downward solar radiation and downward
longwave radiation that can either be direct measurements,
model output, or parameterization.

In SEBS, the friction velocity, the sensible heat flux,
and the Obukhov stability length are obtained by solving
the system of nonlinear equations. For field measurements
performed at a height of a few meters above ground,
since the surface fluxes are related to surface variables
and variables in the atmospheric surface layer, all calcula-
tions use the Monin—Obukhov Similarity (MOS) functions
given by Brutsaert (1999). By replacing the MOS stabil-
ity functions with the Bulk Atmospheric Boundary Layer
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Similarity (BAS) functions proposed by Brutsaert (1999),
the system equations can be used to relate surface fluxes
to surface variables and the mixed layer atmospheric vari-
ables provided either by radiosonde data or obtained from
atmospheric model fields. The relevant atmospheric bound-
ary layer (ABL) that needs to be considered in different
scaling is shown in Figure 2 (see also Chapter 29, Atmo-
spheric Boundary-Layer Climates and Interactions with
the Land Surface, Volume 1). The determination of the
evaporative fraction (the ratio of latent heat flux to the
available energy) on the basis of energy balance at limiting
cases is carried out, and, finally, the turbulent heat fluxes are
determined by utilizing the surface energy balance. Further,
by utilizing the conservative characteristics of the evapo-
rative fraction, the daily evaporation can be determined,
given the total daily available energy. The different steps
involved in SEBS are discussed below.

Determination of Evaporative Fraction Based On
Energy Balance at Limiting Cases

The surface energy balance is written in SEBS as

R,=Go+ H+AE 1)

~10%3%m <

~10"2m
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—

~10%m

Free atmosphere

Planetary (convective)
boundary layer (PBL)

surface layer (ASL)

Roughness sublayer

Inertial sublayer

Transition layer
Viscous sublayer

where R, is the net radiation, G is the soil heat flux, H
is the turbulent sensible heat flux, and AE is the turbulent
latent heat flux (A is the latent heat of vaporization and E
is the actual evapotranspiration).

The equation to calculate the net radiation is given by

Rn=(1_05)'std"‘5'led_g'o''TZ)4 (2)

where « is the albedo, R;,, is the downward solar radiation,
R;yq 1s the downward longwave radiation, ¢ is the emissiv-
ity of the surface, o is the Stefan-Bolzmann constant, and Ty
is the surface radiative temperature measured by a remote
sensor (see also Chapter 52, Estimation of Surface Tem-
perature and Surface Emissivity, Volume 2). «, ¢, and
Ty can be derived from remote sensing data from the visi-
ble to the thermal infrared spectral range. The simplest of
form to calculate the downward solar radiation is R4 =
I - e - cos 6, - exp(—m - T), where I, = 1367 W - m 2 is
the solar constant, ey the eccentricity factor, 6, the solar
zenith angle, m the air mass, and t the optical thick-
ness. Details on the determination of all the parameters can
be found in Igbal (1983) (see also Chapter 39, Surface

PBL height

Blending height

Atmospheric

Wind profile

Figure 2 Typical structure of the atmospheric boundary layer. SEBS includes both surface scaling and PBL scaling. A
color version of this image is available at http://www.mrw.interscience.wiley.com/ehs
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Radiation Balance, Volume 1). The downward longwave
radiation Rj,; can be calculated as Ry,; = 8(,O'Ta4 when
there is no measurement, where ¢, is the emissivity of the
atmosphere that can be estimated using the Swinbank for-
mula as given by Campbell and Norman (1998) in the form
g0 =9.2-107% . (T, 4+ 273.15)%, with T, the air tempera-
ture at the reference height. Su et al. (2001) and Su (2002)
have shown that equation (2) provides accurate estimation
of the net radiation.

The equation to calculate the soil heat flux is parameter-
ized as

Go=Ry,-[I'c+ (1 — fo) - Iy —T)] 3)

in which it is assumed that the ratio of soil heat flux to net
radiation is I'. = 0.05 for full vegetation canopy (Monteith,
1973) and I'y = 0.315 for bare soil (Kustas and Daughtry,
1989). An interpolation is then performed between these
limiting cases using the fractional canopy coverage, f,,
which can be determined from remote sensing data.

In order to determine the evaporative fraction, energy
balance considerations at limiting cases are used. Under
the dry limit, the latent heat (or the evaporation) becomes
zero due to the limitation of soil moisture, and the sensible
heat flux is at its maximum value. From equation (1), it
follows,

)\Edry =R, —Go— Hdry =0,

or Hyy=R,— Gy “

Under the wet limit, where the evaporation takes place

at potential rate, AE, (i.e., the evaporation is only

limited by the available energy under the given surface

and atmospheric conditions), the sensible heat flux takes
its minimum value, Hy,, that is,

)"Ewet = Rn - GO - Hweh
or Hwet = Rn - GO - )‘Ewet (5)

The relative evaporation then can be evaluated as

AE AEwe — AE

T AEwe »Eve

(©)

r

By substituting equations (1), (5), and (4) in equation (6)
and after some algebra, one obtains

H — H,
A =1— — N @)
Hdry - Hwet
The evaporative fraction is finally given by:
LE AE A, - ME
A= — — wet (8)
H+ME R,—G R,— G

Equations (1-8) constitute the basis formulation of
SEBS. Further, in SEBS, the actual sensible heat flux H
is obtained by solving a set of non-linear equations and is
constrained in the range set by the sensible heat flux at the
wet limit H,,, and the sensible heat flux at the dry limit
Hyy.

Determination of Sensible Heat Fluxes H, Hy,y,
Hwet

In order to derive the actual sensible heat flux H, the simi-
larity theory is used. In SEBS, distinction is made between
the ABL or PBL and the Atmospheric Surface Layer (ASL)
similarity. ABL refers to the part of atmosphere that is
directly influenced by the presence of the Earth’s surface
and responds to the surface forcings with a timescale of an
hour or less, while ASL refers to usually the bottom 10% of
ABL but above the roughness sublayer, that is, the ASL is
where turbulent fluxes and stress vary by less than 10% of
their magnitude (Stull, 1988; see also Chapter 29, Atmo-
spheric Boundary-Layer Climates and Interactions with
the Land Surface, Volume 1). The roughness sublayer (or
the interfacial layer) is the near-surface thin layer of a
few centimeters where the molecular transport dominates
over turbulent transport (see Figure 2). The thickness of
the roughness sublayer is thought to be around 35 times
the surface roughness height, or three times the vegetation
height (Katul and Parlange, 1992). In ASL, the similarity
relationships for the profiles of the mean wind speed, u, and
the mean temperature, 6y — 6,, can be written in integral
form as

—d —d
w="" | (F22) — g, (L220 +wm6@§
k Z0m L L

)
et (52 (59
ku,pC, Zon L
v, (%)] (10)

where z is the height above the surface, u, = (to/p)"/? is
the friction velocity, 1y is the surface shear stress, p is the
density of air, k = 0.4 is the von Karman constant, d is the
zero-plane displacement height, zo,, is the roughness height
for momentum transfer, 6, is the potential temperature at
the surface, 6, is the potential air temperature at height
Z, Zon 18 the scalar roughness height for heat transfer, ¥,
and v, are the stability correction functions for momentum
and sensible heat transfer respectively, L is the Obukhov
length defined as

C,u’0
L=—ﬂé%l (11)
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where g is the acceleration due to gravity, 6, is the potential
virtual temperature near the surface.

For field measurements performed at a height of a few
meters above ground, clearly, since the surface fluxes are
related to surface variables and variables in the atmospheric
surface layer, all calculations use the MOS stability func-
tions (e.g. Brutsaert, 1999). By replacing the MOS stability
functions with the BAS functions proposed by Brutsaert
(1999), the system of equations (9—11) can be used to
relate surface fluxes to surface variables and the mixed layer
atmospheric variables. The criterion proposed by Brutsaert
(1999) is used to determine if the MOS or the BAS scaling
is appropriate for a given situation. The above functions are
valid for unstable conditions only. For stable conditions, the
expressions proposed by Beljaars and Holtslag (1991) and
evaluated by Van den Hurk and Holtslag (1995) are used
for atmospheric surface layer scaling, and the functions pro-
posed by Brutsaert (1982, p. 84) for ABL scaling.

The friction velocity, the sensible heat flux, and the
Obukhov stability length are obtained by solving the system
of nonlinear equations (9—11) using the method of Broyden
(Press et al., 1997). It is important to note that the derivation
of the sensible heat flux using equations (9—11) requires
only the wind speed and temperature at the reference height
as well as the surface temperature, and is independent of
other surface energy balance terms.

As stated previously, this derived actual sensible heat flux
H is further subjected to constraints in the range set by the
sensible heat flux at the wet limit H,¢, and the sensible
heat flux at the dry limit Hyy, in SEBS.

The sensible heat flux at the dry limit Hgy is given
by equation (4) and the sensible heat flux at the wet
limit H, can be derived by combining equation (5) and
a combination equation similar to the Penman—Monteith
combination equation (Monteith, 1965). Menenti (1984)
showed, when the resistance terms are grouped into the
bulk internal (or surface) and external (or aerodynamic)
resistances, the combination equation can be written in the
following form,

_ A're'(Rn_GO)_‘_IOCVp'(esat_e)
re'(y+A)+y'ri

AE (12)

where e and ey, are actual and saturation vapor pressure,
respectively; y is the psychrometric constant, and A is the
rate of change of saturation vapor pressure with temperature
(i.e. degy(T)/0T); r; is the bulk surface internal resistance,
and r, is the external or aerodynamic resistance. In the
above equation, it is assumed that the roughness lengths for
heat and vapor transfer are the same (Brutsaert, 1982). It is
worthwhile to point out that the Penman—Monteith equation
is strictly only valid for vegetation canopy, whereas the
definition by means of equation (12) is also valid for soil
surface with properly defined bulk internal resistance. The
difficulty in using equation (12) to estimate latent heat flux

lies in the difficulty to determine the bulk internal resistance
r;, which is strongly regulated by soil water availability.
Because the latter is generally not known a priori, an
alternative is thus proposed in SEBS to avoid the direct
use of r; in estimating AE.

At the wet limit, the internal resistance r; = 0 by defi-
nition. Using this property in equation (12) and changing
the subscripts correspondingly to reflect the wet-limit con-
dition, the sensible heat flux at the wet limit is obtained as

PG -—es_e>/(1+é> (13)
r(fw y y

The external resistance depends also on the Obukhov
length, L, which in turn is a function of the friction
velocity and sensible heat flux (equation 11). With the
friction velocity and the Obukhov length determined by
the numerical procedure described previously, the external
resistance can be determined from equation (10) as

1 7 —dy z—dp 20h
L = 1 7 v, (22
" km[n(mh) diL )+I&L>}

(14)

Hwet = <(Rn - GO) -

Similarly, the external resistance at the wet limit can be
derived as

1 —d, —d
Few = — |In [ =2 ) —w, (E220) 4w, (22
ku* 20h Lw Lw

15)

and the wet-limit stability length can be determined as
pu

L, =—
kg -0.61- (R, — Go)/x

(16)

Determination of the Roughness Length for Heat
Transfer

In the above derivations, the aerodynamic and thermal
dynamic roughness parameters need to be known first.
When near-surface wind speed and vegetation parameters
(height and leaf area index) are available, the within-canopy
turbulence model proposed by Massman (1997) can be used
to estimate aerodynamic parameters, dp, the displacement
height, and zg,,, the roughness height for momentum. This
model has been shown by Su ef al. (2001) to produce
reliable estimates of the aerodynamic parameters. If only
the height of the vegetation is available, the relationships
proposed by Brutsaert (1982) can be used. If a detailed
land-use classification is available, the tabulated values
of Wieringa (1993) can be used. However, since the
aerodynamic parameters depend also on wind speed and
wind direction besides the surface characteristics, the latter
two approaches should only be used when the first method
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cannot be used due to lack of data. When all of the above
information is not available or not convenient to use, the
aerodynamic parameters can be related to vegetation indices
derived from satellite data. However, in this case, care must
be taken, because the vegetation indices saturate at higher
vegetation densities and the relationships are vegetation-
type dependent.

The scalar roughness height for heat transfer, zop,
changes with surface characteristics, atmospheric flow, and
thermal dynamic state of the surface (Bliimel, 1999; Mass-
man, 1999a). Based on the work of Massman (1999a), a
simple roughness model for heat transfer was proposed by
Su et al. (2001). However, in their model, a functional
form to describe the vertical structure of the vegetation
canopy is needed in order to calculate the within-canopy
wind speed profile extinction coefficient, n,.. For local stud-
ies, this information is easily obtained, but for large-scale
applications, it is generally impossible to obtain detailed
information on the vertical structure of the canopy. In
SEBS, n,., is formulated as a function of the cumulative
leaf drag area at the canopy top,

Cy-LAI

" 2l Ju(h)? a7

nGC

where C; is the drag coefficient of the foliage elements
assumed to take the value of 0.2, LAI is the one-sided leaf
area index defined for the total ground area, and u(h) is
the horizontal wind speed at the canopy top. The scalar
roughness height for heat transfer, zg,, can be derived from

Z0m
S — 18
"7 expkBY) (18)

where B! is the inverse Stanton number, a dimensionless
heat transfer coefficient. To estimate the kB~ value, an
extended model of Su er al. (2001) is proposed as follows,

kCy s

ac, 21 ‘
“u(h)

g L)

kB~! =

_ efnm'/z)

+kB' 2 (19)

where f, is the fractional canopy coverage and f; is its
compliment. C, is the heat transfer coefficient of the leaf.
For most canopies and environmental conditions, C, is
bounded as 0.005N < sC; < 0.075N (N is number of sides
of a leaf to participate in heat exchange). The heat transfer
coefficient of the soil is given by C; = Pr-23Re; i 2, where
Pr is the Prandtl number, the roughness Reynolds number
Re, = hyu, /v, with h; the roughness height of the soil.
The kinematic viscosity of the air is given by v = 1.327 -
1073 (po/ p)(Ta/ Ta0) ¥ (Massman, 1999b), with p and 7T,

the ambient pressure and temperature, and py = 101.3 kPa
and T,y = 273.15 K. Physically and geometrically, the first
term of equation (19) follows the full canopy-only model
of Choudhury and Monteith (1988), the third term is that
of Brutsaert (1982) for a bare soil surface, while the second
term describes the interaction between vegetation and bare
soil surface. A quadratic weighting based on the fractional
canopy coverage is used to accommodate any situation
between the full vegetation and bare soil conditions. For
bare soil surface, kBs_1 is calculated according to Brutsaert
(1982)

kB ' =2.46(Re,)"* —In[7.4] (20)

The MOS Stability Correction Functions

The MOS stability correction functions for momentum and
sensible heat transfer i, and v, respectively, are defined
in the following integrated form

y d
Wi (y) = / [ — ¢ (x)]— 1)
0 X

where y = —(z —d)/L -i equals m, or h for momentum
and sensible heat transfer, respectively.
The ¢; functions are proposed by Brutsaert (1999) as

(a +b- ym+%)
) = A 22)
d-y"
du(y) = L) (23)
c+y

On the basis of data reported by Hogstrom (1988) and
Kader and Yaglom (1990), Brutsaert (1999) assigned the
constants in equations (22-23)asa = 0.33,b =0.41,m =
1.0, ¢ = 0.33, d = 0.057, and n = 0.78.

Upon integration of equations (22) and (23) using equa-
tion (21), the required MOS stability functions for free
convective conditions are obtained.

U, (y) =ln(@a+y)—3-b-y'"?

b.all? 1 2
n a In ( —i—)c)2
2 1—x4+x°)

+ Wy, for y<b? (24a)

U, (y) =V, (b3, for y>b? (24b)
1 _d n

\vh(y):[( ; )}m[“ty )} 25)

where x = (y/a)'? - Wy = (=Ina + 3% -b-a'? . 7/6) is
an integration constant.
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Equations (24-25) are extensions to the Businger—Dyer
function for unstable conditions. For stable conditions, the
expressions proposed by Beljaars and Holtslag (1991) and
evaluated by Van den Hurk and Holtslag (1995) can be
used. These are given below:

Cs
\Ijm(ys) = - |:as “ys + bs (ys - d_)

bv cCy
cexp(—d - ;) + 2 dc‘} (26)

s

1.5
203 Cs
“I’h(ys)z_|:(1+ 3 ys) +bs (ys_d_>

cexp(—d, - y;) + (bsd' S _ 1) } @7

s

where y, = (z —d)/L, a; =1, by =0.667, ¢, =5 and
dy = 1.

The Bulk Atmospheric Boundary Layer (ABL)
Similarity (BAS) Stability Correction Functions

Under free convective conditions, the outer region of the
ABL is well mixed such that the mean profiles of wind and
potential temperature are nearly constant with height. This
is equivalent to state that the unstable ABL consists of two
regions, an inner region where MOS is valid, and a slab
outer region where the profiles are constant.

According to Brutsaert (1999), experimental evidence
suggests that the height of the ASL, &, should be scaled
with the thickness of the ABL over moderately rough
surfaces, but with the surface roughness over very rough
terrain. More quantitatively, Ay, can be determined in the
following ways

hs = o - b (28)

where h; is the height of the ABL and «; is around
0.10-0.15, or

he = By - 20 (29)

where B, is around 100-150

whichever is larger. Setting typical values of B,/ap =
10, and h; = 10° m, gives zo = (ap/Bp) - hi = 1 m, which
separates very rough from moderate rough terrain.

For moderately rough terrain satisfying zo < (cop/Bp) -
h;, joining the inner with the outer region such that
u(z —do) = uy, 0,(z —dp) = 6y, at z —dy = hy,, (Where
the subscript m indicates average of the variable in question
over the lower half of the mixed layer, which is an
advise for practical applications because the entrainment
of warmer air into the ABL affects both the potential

temperature and the wind profiles in the upper half of the
ABL), allows to derive the bulk stability functions

. oy - h; 20
B, = —In(es) + ¥, ( - ) -, (2) 6o

Cw = —In(ey) + U, <°"’L'h") -y, (Z%) (31)

Equations (30—31) show that the bulk stability functions
depend on both the surface roughness and the height of the
ABL for moderately rough terrain.

Similarly, for very rough terrain, that is, zg9 > (a/Bp) -
h;, we obtain

_ hi By-z0) 20
Bu = 1“((ﬂh-zO>>H’m< L ) v (1)
_ h; By - 20 20h
C“’__m((ﬁb-zo))w’l( L )”ph(T)

which state that the bulk stability functions depend on only
the surface roughness for very rough terrain.

Finally, for stable conditions, that is, when 4; /L > 0, we
use (Brutsaert, 1982, equation 4.93, p. 84)

hi

B, =—22-In (1 + f) (34)
hi

C, =—7.6-In (1 + f) (35)

Both stability correction functions may need to be
verified using data from more recent large-scale field
experiment and updated accordingly when necessary.

Determination of Turbulent Heat Fluxes and
Actual Evaporation

By inverting equation (8), the actual sensible and latent heat
fluxes can be obtained as,

H=(0-A)-(R,—G)
ME=A-(R,—G) (36)

When the evaporative fraction is known, the daily
evaporation can be determined as

U =
R,— G
Edai1y=8.64X107X/\Xn)LTO
w
0

37

where Eg,y is the actual evaporation on daily basis

(mm -d~") - /\g4 is the daily average evaporative fraction,
which can be approximated by the SEBS estimate since
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(RS observables or estimates)

Preprocessing to derive radiation balance terms

Submodel to derive roughness length heat transfer
(Su, Schmugge, Kustas, Massman, 2001)

Submodel to derive stablity parameters
(ASL scaling or PBL scaling, Brutsaert, 1999)

Energy balance at limiting cases
(Menenti, Choudhury,1993)

Energy balance terms
(Rn, Gy, H, AE, A)

Figure 3 Schematic representation of SEBS. A color version of this image is available at http://www.mrw.interscience.

wiley.com/ehs

the evaporative fraction is conservative (Shuttleworth et al.,
1989; Sugita and Brutsaert, 1991; Crago, 1996). R, and G,
are the daily net radiation flux and soil heat flux, A is the
latent heat of vaporization (J Kg~'), p,, is the density of
water (Kgm™").

Since the daily soil heat flux is close to zero because the
downward flux in daytime and the upward flux at night
balance each other approximately, the daily evaporation
only depends on the net radiation flux given by

R, = (1 —a)K}, + Ly (38)

where K2¢4 is the daily incoming global radiation (see
Chapter 49, Estimation of Surface Insolation, Volume 2)
and L,y is daily net longwave radiation. The daily average
albedo, o, and emissivity, &, can be approximated easily
with the same values as used previously in the energy bal-
ance equation.

By summing up the corresponding daily evaporation for a
certain period, the actual evaporation for that period (i.e., a
week, a month, or a year) can be determined. However,
errors will occur due to cloud effects. Such effects can
be further removed by using the time series processing or
by data assimilation procedures. A schematic presentation
of SEBS is given in Figure 3 for clarity of the steps
involved.

SOME ISSUES IN THE APPLICATION OF SEBS

Difficulty in Determination of Aerodynamic
Roughness Height

Aerodynamic roughness height (the displacement height
is often related to it) influences greatly the turbulent

characteristics near the surface where the heat fluxes
originate. Currently, there are several methods that can be
used for its determination as shown in Figure 4, including
retrievals from wind profiles, which is probably the most
accurate method but is limited to the local topographic
and canopy structure and varies with wind speed (different
fetch) and direction (for heterogeneous terrain). Other
methods are based on either vegetation height or land-use

Table 1 Land-use classes in the PELCOM land-use
database and associated 7, values
Land-use class Zom(m)
1 Grass 0.0340
2 Maize 0.4966
3 Potatoes 0.0639
4 Beets 0.0639
5 Cereals 0.4966
6 Other crops 0.0639
7 Greenhouses 0.4066
8 Orchards 0.6065
9 Bulbs 0.0639
10 Deciduous forest 1.2214
11 Coniferous forest 1.2214
12 Heather 0.0408
13 Other open spaces in natural areas 0.0408
14 Bare soil in natural areas 0.0012
15 Freshwater 0.0002
16 Salt water 0.0002
17 Continuous urban area 1.1052
18 Built-up area in rural area 0.5488
19 Deciduous forest in urban area 1.2214
20 Coniferous forest in urban area 1.2214
21 Built-up area with dense forest 1.2214
22 Grass in built-up area 0.0334
23 Bare soil in built-up area 0.0012
24 Main roads and railways 0.0035
25 Buildings in rural areas 0.5488
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- Retrievals from wind profiles (Point sl
values)

* Zom=0.136 *h (Vegetation height)

- Land use + look up table (z,,, per
class) (e.g. in atmospheric models)

- Zynr~ Vegetation index relationships
(e.9. zy, = exp(A+B*NDVI) )

- Land use + modelling (Hasager,
Jensen, 1999)

- LIDAR measurements (e.g. Menenti,
Ritchie, 1994)

i

- Vegetation canopy LIDAR ??? |

PERT,

Measurement sites in the Netherlands

L
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Figure 4 Summary of some methods used to determine the aerodynamic roughness height. A color version of this
image is available at http://www.mrw.interscience.wiley.com/ehs

classes, and assigning each class a nominal value, or
using a relationship with vegetation index. One particular
promising method is that of Hasager and Jensen (1999)
that is able to consider the dynamic flow characteristics and
actual land-use characteristics. Menenti and Ritchie (1994)
showed that airborne LIDAR measurements of vegetation
heights provided reliable determination of the aerodynamic
roughness, so that a space-borne LIDAR system when
available might be quite promising. An example for the
aerodynamic roughness height for each classes of the
PELCOM land-use map (Pan-European Land-Use and
Land-Cover Monitoring, Miicher et al., 2001) is given in
Table 1. Table 2 shows the dependency of the aerodynamic
roughness height on wind direction (different land surfaces)
and season (summer or winter), and shows the uncertainties
that might be encountered when using any of the methods
indicated in Figure 4.

At any rate, despite great efforts in the past, the deter-
mination of aerodynamic roughness remains a challenging
issue for large-scale applications both for remote sensing
of surface turbulent heat fluxes and mesoscale and global-
scale atmospheric modeling. Figure 5 shows a map of zg,
values for the Netherlands with values corresponding to
Table 1.

Coupling with Large-Scale Numerical Weather
Prediction Models

Owing to its flexibility in scaling between surface and atmo-
spheric variables, SEBS can be easily coupled to the mete-
orological fields generated by a large-scale atmospheric
model. A first attempt has been made by Jia et al. (2003) to
couple model fields from a NWP model to radiometric mea-
surements from the ATSR onboard the European Remote

Table 2 Effective roughness length (m), representative of a few kilometers of upstream terrain from the Cabauw tower
in the Netherlands for 18 wind direction classes (degrees relative to North, after Beljaars and Bosveld, 1997)

Wind 0-20 20-40 40-60 60-80
direction

Summer 0.06 0.08 0.10 0.15

Winter 0.04 0.05 0.05 0.07

Wind 180-200 200-220 220-240 240-260
direction

Summer 0.04 0.04 0.04 0.07

Winter 0.03 0.03 0.02 0.04

80-100 100-120 120-140 140-160 160-180
0.15 0.15 0.11 0.08 0.04
0.10 0.12 0.02 0.02 0.02

260-280 280-300 300-320 320-340 340-360
0.06 0.06 0.06 0.05 0.05
0.03 0.03 0.04 0.04 0.03




12 REMOTE SENSING

Pelcom land use classes and associated
Zgm values.

Land use class, zy,, (m)

Class_names

I Coniferous forest, 1.2214
I Deciduous forest, 1.2214
Mixed forest, 1.2214
Grassland 0.034
Rainfed arable land, 0.0639
Wetlands,0.0408
B sca and inland waters, 0.0002
I Urban areas, 1.1052

Figure 5 A map of aerodynamic roughness height for the Netherlands based on land-use classes. A color version of this
image is available at http://www.mrw.interscience.wiley.com/ehs

Sensing Satellite (ERS-2). In order to validate the effective-
ness of the approach, three Large Aperture Scintillometers
(LAS) providing line-averaged measurements of sensible
heat flux over path lengths from 1km to 5.2km are used.
The instruments were located far apart at three locations in
Spain over different combinations of land cover and hydro-
logical conditions and were operated continuously from
April through September 1999. The LAS were installed at
sites near Lleida, Badajoz, and Tomelloso (Figure 6). Each
scintillometer site is additionally equipped with a shortwave
radiometer to measure global radiation. Additional data that
are necessary for the processing of LAS data were obtained
from weather stations in the near surroundings.

The scintillometer near Lleida is installed in a region with
small-scale irrigation at an altitude of 130 m. Main crops
are fruit trees (peaches) and alfalfa. The distance between
transmitter and receiver is approximately 4690 m. Both
receiver and transmitter are installed on a hill, on a tripod at
a height of, respectively, 45 m and 39 m above the surface.
Meteorological data are obtained from the meteorological
station near Juneda (41°33’N 0°49.5’E).

The Badajoz LAS is located in a region with large-
scale irrigation (sprinkler irrigation) at an altitude of 168 m.
Crops being grown are wheat, corn, alfalfa, lettuce, olives,
beans, and tomatoes. The distance between transmitter and
receiver is 5250 m £ 200 m. The receiver is installed on top
of a hill on a house, 68 m above the surrounding terrain.

The transmitter is installed on a water tower, S6 m above
the surrounding terrain. Meteorological data are obtained
from a station with short grass ground cover some 7km
from the LAS receiver.

The landscape of the Tomelloso site comprises a nearly
level, alluvial floodplain to the north and a tilted old alluvial
plain to the south. The vegetation consists of nonirrigated
vineyards and a few olive orchards. The vines are broadly
spaced and trellises are not used. The distance between
transmitter and receiver is 1070 m & 40 m. Both receiver
and transmitter are installed on a steel mast at a height
of, respectively, 4.15m and 4.56m above the surface at
an altitude of 670 m. Meteorological data are obtained
from a meteorological station near Tomelloso (39°10°29.22
“N, 3°0°2.16”W). Ground cover of the station is bare soil
and grass. Longwave and shortwave radiation data, both
incoming and outgoing, are available from this meteoro-
logical station.

Sensible heat flux H is calculated using SEBS at the
ATSR passing time for corresponding days at each exper-
imental site. The meteorological fields of wind, potential
temperature, and humidity of air were generated by an
advanced NWP model, the Regional Atmospheric Climate
Model (RACMO) (Christensen et al., 1996), integrated over
the PBL. This implies that a single value of the refer-
ence wind, potential temperature, and humidity of air is
used for each model grid, that is, 25km x 25 km, while
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Badajoz: alt.168 m

Large-scale irrigation (wheat,
corn, alfalfa, lettuce, olives
beans, tomatoes)
Scintillometer path 5250 m

III‘ - l"
Vigos; glieita -

Lleida: alt. 168 m

Small-scale irrigation (fruit
trees, peaches, alfalfa)
Scintillometer path 4690 m

Tomelloso: alt. 660 m

Dry vineyard,
Scintillometer path 1000 m

Figure 6 Location of the three study sites in Spain (ATSR data plus meteorological data from nearest stations) and their
characteristics. A color version of this image is available at http://www.mrw.interscience.wiley.com/ehs

the observations of vegetation properties have a resolu-
tion of 1 km x 1 km and account for sub-grid variability of
land cover and hydrological conditions. The path lengths
of the LAS measurements correspond to about five, six,
and two ATSR pixels for the Lleida, Badajoz, and Tomel-
loso sites, respectively. The results from SEBS are quite
comparable with the measurements as shown in Figure 7.
In judging the validation results, it is important to keep
the following issues in mind. First, the footprints in LAS
measurements and in SEBS estimates are different. While
the LAS-measured sensible heat flux is a line average
along the path that only captures the contributions of tur-
bulence from upwind direction over the averaging period,
the SEBS estimates of sensible heat flux by using ATSR-
measured surface variables and the NWP model-derived
PBL variables are the average over a larger area, at least
at ATSR pixel scale. Second, different temporal scales
certainly contribute to the differences for the observed and
estimated fluxes. Measurements from LAS are the mean
values over 10 minutes, which represent the mixed turbu-
lent characteristics and heat-exchange processes over the
observation time, while a satellite only provides the instan-
taneous observations of surface variables at the satellite
passing time. Moreover, if the surface shows large degree

350

@ Tomelloso, RMSD = 16.1 W m—2

300 | MLleida, RMSD = 40.4 W m—2

Badajoz, RMSD = 18.3 W m~

250

3 RMSD = 25.6 W m™2
[
£ 200
1]
(0]
T
150 -
100 -
50 T T T T T 1
50 100 150 200 250 300 350
H measured

Figure 7 Comparison of sensible heat flux values
between SEBS and LAS measurements at the three exper-
imental sites. A color version of this image is available at
http://www.mrw.interscience.wiley.com/ehs

of heterogeneity, the determination of adequate pixels used
to compare with the LAS-measured flux should be dealt
with carefully.
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Figure 8 Results derived from both single-source and parallel-source SEBS for Badajoz site (Corine refers to aerodynamic
roughness derived from Corine land use map; Massman refers to the thermal dynamic roughness model of Su et al.,
2001; Blimel refers to the thermal dynamic roughness model of Blimel (1999); NDVI refers to aerodynamic roughness
derived with NDVI - Normalized Difference Vegetation Index; ss — single source; ps — parallel source; eb — sensible heat
flux derived from the nonlinear equations; sebi — sensible heat flux derived on the basis of the SEBI concept; flagged —
energy limits are applied, that is, SEBS; scint, Forced. scint, Free convection. scint, de Bruin refer to three different ways
of estimation of sensible heat fluxes from scintillometer measurements). A color version of this image is available at

http://www.mrw.interscience.wiley.com/ehs

Further details about the measurements can be found in
Moene and De Bruin (2001); Moene (2001). For details on
the scintillometer method, the reader is referred to De Bruin
(2002), and more details of the comparison can be found
in Jia et al. (2003).

Single-source SEBS versus Parallel-source SEBS

Essentially, the parameterization in single-source SEBS and
parallel-source SEBS (see Figure 1 for details) are the same
except in the case of the parallel-source SEBS, we first set
the fractional cover of vegetation as unity and calculate the
energy balance and turbulent heat-flux terms, then we do
the same for soil by setting the fractional cover of soil as
one, and finally we sum up the fluxes terms weighted by
their actual fractional coverage.

Despite the simplicity of such a scheme, the results from
the parallel-source SEBS are remarkably improved over the
single-source SEBS as shown by Rauwerda et al. (2002)
for three sites in Spain discussed above when the estimated

turbulent heat fluxes are compared to scintillometer mea-
surements (see Figures 8, 9 and 10) . The uncertainties
caused by the different methods in determination of the
roughness height for momentum are also amply demon-
strated. It is also helpful to notice the differences in the LAS
measurements derived from different processing methods.
Further details on the comparison between single-source
and parallel-source SEBS and ground measurements are
given in Rauwerda et al. (2002).

Some SEBS Applications to Water Sources
Management

Besides the results presented above, SEBS has been used
for several studies for water resources management con-
ducted recently. Examples are estimation of actual evapo-
ration in a semiarid inland basin in Northwest China (Li,
2001; Su et al., 2003a) and drought disaster monitoring (Su
et al., 2003b).
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Figure 9 Results derived from both single-source and parallel-source SEBS for Lleida site (explanation of symbols is the
same as for in Figure 8). A color version of this image is available at http://www.mrw.interscience.wiley.com/ehs
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Figure 10 Results derived from both single-source and parallel-source SEBS for Tomelloso site (explanation of symbols
is the same as for in Figure 8). A color version of this image is available at http://www.mrw.interscience.wiley.com/ehs
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Estimation of Actual Evaporation in the Urumqi
River Basin

SEBS is applied to Advanced Very High Resolution
Radiometer (AVHRR) data for the estimation of actual
evaporation in the Urumgqi River Basin located in Xinjiang
Uygar Autonomous Region in Northwest China. The
Urumgqi River Basin has all the features of a continental
arid climate. Its diversity in topography offers a variety of
land cover and vegetation. As such, the methodology and
procedures developed for the Urumgqi River Basin can be
easily applied to other river basins in Northwest China and
elsewhere in the world. Two water balance field experimen-
tal stations: Changji Station and Wulapo Station, equipped
with routine meteorological instruments, evaporation pans
of different sizes (E20, E60, and E5000), and lysimeters
with different soils and vegetation types, provided sufficient
information for calculation and verification. The size of the
AVHRR data being processed for evaporation estimation
was set between 86°38’E—88°59’E and 43°07°N-45°02’N,
with a total area of about 27800 km?. Hundred-and-five
scenes in 1995 covering the basin were downloaded from
Satellite Active Archive, among which 12 scenes were care-
fully chosen for evaporation calculation. Meteorological
information is derived from the Changji meteorological sta-
tion including wind speed (m/s), relative humidity, potential
air temperature (K), and surface air pressure (Pa), and is
scaled to PBL variables using the logarithmic profiles.
Verifications of the derived evaporation are performed
by comparing with evaporation from different types of
land surface collected in intensive field surveys for water
resources assessment of the Urumqi River Basin (Li,
2001). Comparison between the annual evaporation derived
from SEBS against the field measurements shows that the
estimated values agree very well with the ground data
except for the midmountainous area. The reason for the
large relative error for the mountainous area could be due
to the input of average elevation during the calculation as
well as the uncertainty associated with the field information.
More details on this case study can be found in Li (2001).

Application of SEBS in Drought Monitoring

On the basis of SEBS, Su et al. (2003b) have proposed
a method for assessing relative soil moisture with remote
sensing data and have theoretically shown that the rela-
tive soil moisture in the rooting zone can be derived from
relative evaporation. The relationship derived between the
relative soil moisture and relative evaporation is confirmed
with experimental data collected with lysimeter measure-
ments in an eight-year-old orchard of peach trees (Girona
et al., 2002), and with measurements collected in an inten-
sive field experiment in the Global Energy and Water
Experiment (GEWEX) Asia Monsoon Experiment in Tibet
(GAME/Tibet) in 1998 (Koike, 2000; Ma et al., 2002). Fur-
ther, it was shown that the proposed theory can be used to

define a Drought Severity Index (DSI) for drought monitor-
ing, with the relative evaporation determined with remote
sensing data. A demonstration for the latter was performed
for North China in 2000 using remote sensing data AVHRR
and routine meteorological data obtained from the opera-
tional measurement network of the National Meteorological
Center of China. In the growing season with low rainfall,
the value of DSI was high, and in the reverse case, the
DSI value was low, which demonstrates that the DSI is
in accordance with the data of rainfall in time and can be
used to quantify drought situation both in temporal and
spatial scales. Spatially, the derived DSI could identify that
the central, the Northern, and then the Southern part of
Shanxi province suffer under severe drought conditions in
decreasing drought intensity in 2000. Temporarily, low soil
water deficit was identified in July and August in most
parts of Shanxi province. Higher soil water deficit occurred
in April, May, and September 2000 with decreasing degree
of intensity. Comparisons between the estimated relative
evaporation and the actual measurements of soil moisture
confirmed the general validity and robustness of the pro-
posed method, but more extensive validation with field
measurements at regional scale is considered necessary to
quantify the accuracy of the proposed DSI method.

In all applications, benefits when using radiometric
measurements are clearly demonstrated.

Using SEBS in a Data Assimilation System
Environment

A valuable first attempt in this direction has been made
recently by Wood et al. (2003) who applied SEBS to the
Southern Great Plains (SGP) region of the United States
where the Atmospheric Radiation Measurement (ARM)
program is carried out by the US Department of Energy.
Energy Balance Bowen Ratio (EBBR) and Soil Water
And Temperature System (SWATS) are also available at
many ARM/Cloud And Radiation Testbed (CART) stations,
and provide measurements of surface latent, sensible, and
ground heat fluxes, as well as soil moisture and soil
temperature. The surface meteorology used in SEBS is
retrieved from the Eta Data Assimilation System (EDAS),
while the solar radiation was processed by National Oceanic
and Atmospheric Administration (NOAA/NESDIS) as part
of the North American Land Data Assimilation System
(NLDAS) (Mitchell et al., 1999). The temperature product
from the Moderate-Resolution Imaging Spectroradiometer
(MODIS) on the Earth Observation Satellite (EOS) Terra
was used to estimate the land surface temperature across
the domain.

Measurements from the EBBR sites were compared with
model-derived latent heat fluxes. For the 40 clear-sky days,
an areal average instantaneous flux was calculated across
the nine EBBR sites from the collocated SEBS pixels,
with observations approximately 20% less than predictions.
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Table 3 Statistics of estimated versus observed heat fluxes of the Cotton dataset of Kustas (1990) with
different algorithms (Root mean-squared difference between estimated and measured fluxes (Wm~2))

Method & reference R, Go H LE No. of observations

Observed mean value 561.74 140.37 116.63 304.74 19
(Wm™2)

RMSD for SEBS (Su, 2002, 22.82 5.42 21.22 29.22 19
Table 1)

RMSD for Two-source 19 18 23 42 19
model (Kustas and
Norman, 1999, Table 3)

RMSD for Two-source 21 13 25 37 19
model (Kustas and
Norman, 1999, Table 4)

RMSD for Two-source 20 10 36 47 19

model (Kustas and
Norman, 1999, Table 5)

Such differences may be attributed to the uncertainties
in SEBS, especially in the roughness parameterization
as discussed previously, but may similarly be attributed
to uncertainties in surface flux measurements, because
comparisons among different measurement setups may
easily produce discrepancies of up to 25% (e.g. Twine et al.,
2000). While there exists a systematic overprediction in
the SEBS/MODIS estimates when compared to the EBBR
data, the results are encouraging and indicate that the SEBS
approach has promise in estimating surface heat flux from
space for data assimilation purposes.

Results for SEBS and Other Techniques When
Applied to Experimental Data Sets

In order to assess the accuracy of SEBS in comparison
with some other techniques, results obtained with the same
experimental data sets will be briefly discussed. Three
field datasets obtained from flux stations that have been
used extensively to benchmark surface energy balance
algorithms (e.g. Norman et al., 1995; Zhan et al., 1996;
Kustas and Norman, 1999; Su et al., 2001; Su, 2002) will
be used as examples. These three datasets are the Cotton
dataset of Kustas (1990), the Shrub, and the Grass dataset
of Kustas et al. (1994).

For the application of SEBS, the aerodynamic parameters
are the model estimates as discussed in Su (2003). All other
input variables are measured except the downward long-
wave radiation that is estimated with the Stefan-Bolzmann
radiation equation with the measured air temperature at the
reference height. The parameterization used in SEBS is
meant to be site-independent and, therefore, there is no site-
specific adjustment or optimization involved. The details of
the application of the other techniques are given in Kus-
tas and Norman (1999) and Zhan et al. (1996) with some
different site-specific parameterizations involved. The lat-
ter has evaluated four different techniques using the same
data sets.

Table 3 shows the statistics of estimated versus observed
heat fluxes of the Cotton dataset of Kustas (1990) with
SEBS and the two-source model of Norman et al. (1995)
using three different parameterizations (Kustas and Nor-
man, 1999). Given the observed mean values of the net
radiation, soil heat flux, sensible heat flux, and latent
heat flux, the uncertainties of the estimated values (here
expressed as the ratio of the root mean squared difference
(RMSD) between the estimated and the observed values)
are all within 20% of the mean observed values, except
the sensible heat flux for the last row, which reaches 30%
of uncertainty. The higher uncertainty in the latter case
was due to the use of explicit soil and vegetation compo-
nent temperatures and might be considered as an indication
that the used two-source model needs some modification
in order to be able to take advantage of the availability of
the component temperatures. It should be noticed that an
uncertainty of 20% or less in the estimated turbulent heat
fluxes represents the best case that can be achieved given
the uncertainties in all the involved parameters and vari-
ables in the algorithms as well as the uncertainties in the
measured turbulent heat fluxes. More details on the uncer-
tainty analysis can be found in Su (2002).

Tables 4 and 5 display the statistics of estimated versus
observed heat fluxes of the Shrub and the Grass dataset of
Kustas et al. (1994) for SEBS and four different algorithms,
including the two-source model of Norman et al. (1995).
The accuracy of SEBS are comparable to the best case
analyzed by Zhan et al. (1996), who only reported the
statistics for the sensible heat fluxes estimated with the four
different algorithms. It is worthwhile to point out that while
in SEBS all the available data in the two datasets are used
(320 and 281 observations, respectively), the application of
the four other algorithms were restricted to well-developed
unstable atmospheric surface layer by excluding the more
problematic transitions periods and night-time observations
(114 and 103 observations, respectively).
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Table 4 Statistics of estimated versus observed heat fluxes of the Shrub dataset of Kustas et al. (1994)
with different algorithms (Root mean-squared difference between estimated and measured fluxes

(W m=2))
Method (Reference) R, Go H LE No. of observations
SEBS (Su, 2002, Table 2) 35.11 46.29 28.61 82.79 320
Single-source model of Kustas - - 33 - 114
et al. (1989) (Zhan et al., 1996,
Table 6)
Single-source model of Troufleau - - 48 - 114
et al. (1997) (Zhan et al., 1996,
Table 6)
Dual-source model of Lhomme - - 52 - 114
et al. (1994) (Zhan et al., 1996,
Table 6)
Dual-source model of Norman - - 33 - 114

et al. (1995) (Zhan et al., 1996,
Table 6)

Table 5 Statistics of estimated versus observed heat fluxes of the Grass dataset of Kustas et al. (1994)
with different algorithms (Root mean-squared difference between estimated and measured fluxes

(Wm=2))
Method (Reference) R, Go H LE No. of observations
SEBS (Su, 2002, Table 3) 41.26 42.95 36.19 61.34 281
Single-source model of Kustas - - 41 - 103
et al. (1989) (Zhan et al., 1996,
Table 7)
Single-source model of Troufleau - - 33 - 103
et al. (1997) (Zhan et al., 1996,
Table 7)
Dual-source model of Lhomme - - 124 - 103
et al. (1994) (Zhan et al., 1996,
Table 7)
Dual-source model of Norman - - 34 - 103

et al. (1995) (Zhan et al., 1996,
Table 7)

From the above evaluations, it might be concluded that
SEBS can be applied to different sites and different atmo-
spheric stability situations while maintaining the same
parameterizations. This might prove important and critical
when application to large scale is desired where no suf-
ficiently detailed information on the site characteristics or
the local atmospheric stability regime is available.

DISCUSSION AND CONCLUSIONS

In this article, a brief introduction in estimation of radiation
and turbulent heat fluxes using radiometric observations is
given. In general, after the derivation of sensible heat flux,
it is possible to estimate the latent heat flux as a residual
by means of the energy balance equation, as was done in
many other studies (e.g. Kalma and Jupp, 1990). However,
the associated uncertainty in the derived latent heat flux
and consequently in the evaporative fraction is large. This
is because the sensible heat flux is, under given surface

conditions, determined solely by the surface temperature
and the meteorological conditions at the reference height
and is not constrained by the available energy. If the sur-
face temperature or the meteorological variables have large
uncertainty, a straight propagation of such uncertainty into
the resultant latent heat flux and evaporative fraction can-
not be avoided. In the SEBS formulation, this uncertainty
is limited by consideration of the energy balance at the
limiting cases, because the actual sensible heat flux is con-
strained in the range set by the sensible heat flux at the wet
limit derived from a combination equation, and the sensi-
ble heat flux at the dry limit set by the available energy.
In this aspect, SEBS is similar to previous algorithms that
estimate relative evaporation by means of an index (e.g.
the CWSI) using a combination equation (Jackson et al.,
1981, 1988; Menenti and Choudhury, 1993; Moran et al.,
1994). However, none of these previous algorithms incor-
porated explicitly the formulation of the roughness height
for heat transfer, instead they used fixed values. Since the
roughness height for heat transfer can vary with geometrical
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and environmental variables in several orders of magni-
tude for different surface types, this ignorance has been
shown by several studies to cause great uncertainties in
estimation of heat fluxes or evaporation using radiometric
temperature measurements (e.g. Verhoef et al., 1997; Su
et al., 2001). Although it is possible to calibrate these algo-
rithms such that their estimates reproduce observations at
local scale, it would be very difficult to extend them to
regional/continental studies by means of satellite observa-
tions. These shortcomings are avoided in SEBS. In addition,
the application of SEBS does not require any a priori
knowledge of the actual turbulent heat fluxes, indicating
that SEBS is a credible and independent approach. Due to
this property, SEBS results may be used for validation and
initialization of hydrological, atmospheric, and ecological
models that usually require proper partition of the sensible
and latent heat flux at different scales. SEBS results can
also be used via data assimilation in the above models to
increase the reliability of the model simulations and predic-
tions. Another valuable approach would be to implement
the representation of surface flux exchanges as described
in SEBS into a data assimilation system for assimilating
remote-sensing data using modern data assimilation tech-
niques. Some initial encouraging attempts have been made
recently by Jia ef al. (2003) and Wood et al. (2003) in
this direction.

The examples on the use of parallel-source SEBS clearly
indicate the benefit to be gained when more detailed mea-
surements of the state of the land surface can be made.
Currently, it has been possible to separate several important
variables into their components, for example, the tempera-
ture of soil and that of vegetation using currently available
sensors (e.g. ATSR and AATSR — the Advanced ATSR on
the ENVISAT satellite). By means of multidirectional and
multispectral to hyperspectral measurements, it would also
be possible to derive more detailed component variables,
for example, the temperature of soil and that of vegetation
separately for sunlit and sun-shade portions using future
available sensors. Use of these variables in algorithms will
enable much detailed description of the physical processes
involved in land—atmosphere interactions.

In summary, it may be stated that advances on improv-
ing parameterization and predictability of hydrological and
earth system models, in particular, physically based dis-
tributed models, will heavily rely on the understanding
of physical processes at different scales as well as the
ability to obtain distributed physical information, satellite
earth observation will prove of paramount importance in
the future. Understanding and quantification of radiation
and latent and sensible heating through quantitative remote
sensing may hold the key to understand the interaction
of terrestrial ecosystems and the hydrological cycles from
local to global scales, and as such shall meet the challenges

in research and applications in areas ranging from numeri-
cal weather forecast, climate research, water cycle study, to
water resources management, sustainable agricultural pro-
duction, and ecological conservation.
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