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Abstract

In order to investigate the aggregation effects of surface heterogeneity in land surface processes we have adapted a theory of
aggregation. Two strategies have been adopted: 1) aggregation of radiative fluxes. The aggregated radiative fluxes are used to
derive input parameters that are then used to calculate the aerodynamic fluxes at different aggregation levels. This is equivalent
to observing the same area at different resolutions using a certain remote sensor, and then calculating the aerodynamic fluxes
correspondingly. 2) Aggregation of aerodynamic fluxes calculated at the original observation scale to different aggregation lev-
els. A case study has been conducted to identify the effects of aggregation on areal estimates of sensible and latent heat fluxes.
The length scales of surface variables in heterogeneous landscapes are estimated by means of wavelet analysis. ,

Introduction

Land surface processes are heterogeneous at various spa-
tial scales. Since land surface processes are non-linear, and
land surface schemes in atmospheric models have a finite
(coarse) grid cell size, certain errors will be introduced in
attempting to parameterize land-atmosphere interactions.
Such errors should ideally be quantified before a model
can be used for any predictive purpose, be it for numeri-
cal weather prediction (NWPs) or climate research

(GCMs). The effects of surface heterogeneity on land-

atmosphere interaction can be divided into two categories:
aggregation and dynamical effects. Aggregation effects
refer to the changes introduced by aggregating different
subgrid surface types to the large-scale (grid) average
energy and water budgets and land-atmosphere exchanges.
Dynamical heterogeneity effects are associated with micro-
scale and meso-scale circulations induced by heteroge-
neous surfaces, which include both topographic and
bio-geophysical heterogeneity. Giorgi and Avissar (1997)
have presented a detailed review on both aggregation and
dynamical effects. In dealing with subgrid scale hetero-
geneity, two approaches have been identified, viz the dis-
crete methodology and the probability density function
(PDF) methodology. The former treats the model grid as
a mosaic of discrete homogeneous subregions so that the
calculations are performed separately for each subregion
and the aggregation is done as an average over all subre-
gions weighted by their corresponding fractional covers

(e.g. Lhomme, 1992; Koster and Suarez, 1992). The latter
represents the subgrid scale heterogeneity in variables and
parameters via analytical or empirical PDFs and the aggre-
gation is achieved through integrating relevant processes
over a phase space defined by the PDFs of the corre-
sponding parameters (e.g. Entekhabi and Eagleson, 1989;
Famiglietti and Wood, 1994). Many studies have been
conducted in past years, including both empirical and the-
oretical approaches, employing heuristic models and hypo-
thetical rules (e.g. Mason, 1988; Shuttleworth, 1991, 1998;
Lhomme, 1992; Raupach 1992, 1994, 1995; Blyth et al.,
1993; Dolman and Blyth, 1997; Shuttleworth ez al., 1997).
Examinations of the proposed theories or rules have been
reported by e.g. Noilhan and Lacarrere (1995), Verhoef et
al. (1997) and Wang ez al. (1998). Michaud and Shuttle-
worth (1997) have presented an executive summary of the
Tucson aggregation workshop where various aspects of
aggregation have been addressed. Of special relevance to
the present work is that by Moran ez al. (1997) in which
the aggregation of temperature and sensible heat flux has
been studied for sparse canopies. The same work has also
reviewed previous relevant work.

- The objective of this study is to deal with the first cat~
egory of the effects of heterogeneity due to aggregation.
Analysis is carried out with remote sensing data collected
during the EFEDA field campaign (Bolle ez al., 1993).

Specifically, the question to be addressed is: How does
the level of aggregation affect surface energy fluxes, as
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fluxes are aggregated from the resolution at which they are
observed to the coarse grid cell size of the atmospheric
model?

Theory of aggregation

The effects of aggregation will be examined by changes in
the pattern of a particular error function defined as the
deviation of an aggregated quantity from the original one.
Two strategies will be adopted:

(1) Aggregation of radiative fluxes. The aggregated
radiative fluxes are used to derive input parameters that
are then used to calculate the aerodynamic fluxes at dif-
ferent aggregation levels. This is similar to observing the
same area at different resolutions using a specific remote
sensor, and then calculating the aerodynamic fluxes corre-
spondingly. This approach is of practical use because of
the fixed resolution of remote sensors.

(2) Aggregation of aerodynamic fluxes calculated at the
original observation scale to different aggregation levels.

The underlying assumption, common to both strategies,
is that the land surface processes are fully characterized at
the scale of the original data.

The above problem may be formulated mathematically
according to Becker and Li (1995). A surface element (a
pixel) observed by a remote sensor is assumed to contain
n different homogeneous sub-elements, each sub-element,
i, being characterized by a surface parameter, P; (such as
temperature, albedo, etc). This parameter is defined from
the quantity of interest, Q;, (such as radiance, or a flux),
by a model, M, which relates Q; to P; by the relation

P = M(Q) ¢y

For the whole element (pixel) at the observation scale of
the remote sensor, the overall quantity (Q) (i.e. the mea-
sured radiance or a large scale flux) may be described as a
function of the » quantities (: = 1, ) (i.e. local radiance or
local flux) at'local scale by

Q) = 42,0y, . - . Qu), @

while the corresponding parameter (P) is related to
P(i=1,n)by

(P =P(P1_, Py, .., Py A3)

At the large scale there exists a model L (which could
be inferred from the model M) relating (P) to {Q) by

(P) =L((Q)) *)

Similarly, the terms for aerodynamic fluxes in land-
atmosphere interactions (which cannot be observed
directly with a remote sensor) can be defined at different
scales as

(F) =f(F1, Fy, ... Fy) ©)
Fy = S5(P) (6)
(F) =T(P)) @
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In this investigation, the Surface Energy Balance
Algorithm for Land (SEBAL) has been applied
(Bastiaanssen, 1995; Menenti and Bastiaanssen, 1997).
SEBAL is developed as an algorithm for a pixel-wise cal-
culation of surface heat fluxes from remote sensing data.
The algorithm has been improved recently to remedy
some theoretical and practical shortcomings (Su et al.,
1998). Some details are given in the next section.
Consequently, the SEBAL model represents the .S func-
tion in Eqn. (6).

N
[ ]

<P>=p(Py, P, ..., Py)

<@ =q(Qy, Qz, ..., Q)

Fig. 1. The process of aggregation. Left route: aggregation of aero-
dynamic fluxes. Right route: Aggregation of radiative fluxes. Middle
route: aggregation of parameters.

The whole process of aggregation is shown schemati-
cally in Fig. 1. The left route shows the aggregation of
aerodynamic fluxes (e.g. sensible and latent heat fluxes)
derived from a model (S) at local scale, to different reso-
lutions. The aggregation can be done linearly. The right
route shows the aggregation of radiative fluxes. The mea-
sured radiative fluxes (measured by a remote sensor) are
aggregated linearly to different resolutions and the corre-
sponding parameters derived. A model, 7, is then
employed to calculate aerodynamic fluxes at large scale.
The aggregation of parameters must be done according to
the nature of the parameter concerned and is often non-
linear. In this treatment, S and 7T are identical models (i.e.
SEBAL), so that f may be represented by linear averaging.
If 4 and p are average functions and M is a linear function,
then A and L become identical. Apparently, by aggregat-
ing radiative fluxes and then deriving the corresponding
aerodynamic fluxes at different scales, the assumption that
M and L are identical is implicit. Where M and L differ,
such an aggregation scheme will introduce uncertainties.
The middle route is often adopted in practice (e.g. in all
current GCMs and large scale SVATS), but is, in most
cases, simplified and not accurate due to the non-linearity
involved.

In the process of aggregating, only spatially heteroge-
neous parameters (such as surface albedo, surface temper-
ature, emissivity, vegetation index, incoming global
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Table 1. Characteristics of the TMS-NS001 data which contain the seven Landsat-TM bands plus a band from 1.13 to
1.35 pum (band 5). Only the bands corresponding to Landsat-TM bands are used in this study. The TMS-NS001 was
on board of NASA’s ER2, 29 June 1991, 12.21 GMT, Barrax, Spain, with 18.5m ground resolution (K(A) is the normal
incoming spectral solar irradiance and Luyin(4) and Lp,(A) are minimum and maximum spectral radiance, respectively).

Band Wavelength range A

(um)
1 0.458-0.519
2 0.529-0.603
3 0.633-0.697
4 0.767-0.910
6 |55 i e
7 2.10-2.38
8 10.9-12.3

Bandwidth A4 K(A) Linin(4) Linax(A)
(um) (mw.cm™2. ym™!) (mw.cm2.sr!. um™) (mw.cm=2.50 " L)
0.07 136.93 -0.15 15:21
0.08 148.20 —0.28 29.68
0.06 92.64 0.12 20.43
0.14 148.64 -0.15 20.62
0.20 46.17 ~0:037 2719
0.27 14.97 —0.015 1.438
5.50

0.0325 0.1238 1.5600

radiation and roughness length) will be considered, while

other parameters (such as reference heights etc.) are kept
constant. Data obtained with Thematic Mapper Simulator
(TMS-NS001) during the EFEDA campaign (Bolle ez al.,
1993) for the Barrax region in Spain will be used. In addi-
tion, radiosonde and surface tower flux, as well as surface

radiation measurements are used, where appropriate, to

determine regionally constant parameters. These parame-
ters include atmospheric transmissivity, potential air tem-

Fig. 2. Colour composite of the TMS-NS00I data (band 4,6,3).
The TMS-NSO0! was on board of NASA’s ER2, 29 June 1991,
12.21 GMT, Barrax, Spain, 18.5m ground resolution (862 by 777
pixels or 15.9%km by 14.4km, UTM coordinates at upper lefi corner:
easting-568245.18750m, northing-4333005.0m). The circular shapes

are due to prvot irrigation.

perature at the blending height and the incoming long
wave radiation at the time of the remote sensing data col-
lection. The characteristics of the TMS-NS001 data are
given in Table 1. The spatial resolution of the data, 18.5m,
is considered sufficiently detailed to characterize the het-
erogeneity of the surface under study. Figure 2 shows a
colour composite of the data. The circular shapes are due
to pivot irrigation. Fields and roads can be scen clearly.
The two lines running top to bottom in the middle of the
image indicate missing data.

The modified SEBAL

The Surface Energy Balance Algorithm for ILand
(SEBAL), developed at DI.O Winand Staring Centre in
the framework of the Mesoscale Climate Hydrology: Earth
Observation System (Bastiaanssen, 1995; Menenti and
Bastiaanssen, 1997; Roerink and Menenti, 1998; Su and
Menenti, 1999) and improved by Su et al. (1998) is used
in this study. In determining the regional resistance for
heat, the potential air temperature at the blending height
is derived from either radiosonde data or NWP predic-
tions. The energy balance is described by

R, =G,+H+AE (8)

where the symbols indicate net radiation, soil heat flux,
sensible heat flux and latent flux, respectively.
The net radiation is derived from the radiation balance

R o jpb St piphlecp!
=(1- a)K' + e(e’0T - oT}}) (9)

where K+, K7, LY, L7, indicate incoming, outgoing short
wave and incoming, outgoing long wave radiation respec-
tively, o is the albedo, £ and7, denote apparent air emis-
sivity and temperature, € and 7{ are surface emissivity and
temperature and o is the Stefan-Boltzmann constant.

The sensible heat flux is obtained using a resistance for-
mulation
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7?) - 7; (10)

H=pC,
Tah
where p, and C, are the air density and isobaric specific
heat, 7, is the resistance for heat transfer between the sur-
face and the reference height at which the air temperature
is specified.
The soil heat flux is parameterized by an empirical func-
tion

G():Rn']-(‘)
o

(0.32z + 0.62z*)(1 — 0.98NDVT*)-107 (11)

where 7 is a daily mean albedo value, NDVT is the nor-
malized difference vegetation index (definition given later).
Here Ty is expressed in °C.

The latent heat flux is then derived as the residue of the
energy balance as

AE=R',—GO_H (12)

To determine the sensible heat flux, we need information
on both the vertical temperature difference d7, = Ty — T,
and the resistance for heat #,;, which can be derived by
examining the extreme conditions present in the images.
Two conditions will be distinguished, namely dry areas
and wet areas.

To determine which pixel belongs to a dry area, a lin-
earised theory proposed by Menenti and Bastiaanssen
(1989) is used. Surface temperature and the reflectance of

-non-homogeneous areas are correlated and the relation-
ships can be applied to determine the effective land sur-
face properties (Menenti et al., 1989; Feddes et al., 1989).
Using a simple parameterization of the relationship
between soil heat flux and net radiation, and by assuming
constant net radiation and air temperature, a formal expla-
nation can be given for the observed surface reflectance
and temperature. At low reflectance, surface temperature
increases with increasing reflectance. In this case, surface
temperature may be termed as ‘evaporation controlled’
because the increase in temperature is a result of the
decrease of the evaporation as a consequence of less soil
moisture availability. Here, the increase in excess sensible
heat flux exceeds the decrease in net radiation due to
increase of reflectance. Beyond a certain threshold value of
reflectance, surface temperature decreases with increasing
reflectance because the soil moisture has decreased to such
an extent that no evaporation can take place. Hence, the
available energy is used purely to heat up the surface.
However, due to the increase of reflectance, the available
energy decreases as net radiation decreases (more is
reflected away). This process leads to the decrease of tem-
perature with increasing reflectance. Here, the temperature
is said to be ‘radiation-controlled’. The threshold value can
then be used to determine the pixels belonging to dry areas
where the reflectance is bigger than the threshold value, A
schematic representation is given in Fig. 3.

For dry areas, approximately:
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Fig. 3. Schematic representation of the relationship between surface
reflectance and temperature: The solid line denotes the relationship
between temperature (and also sensible heat) and reflectance, while
the dashed line represents the relationship between available energy
and reflectance. The difference between the dashed and the solid line
grves the latent heat flux according to the energy balance.

(AE) =0
(H) = (R, - Gy)
ie. (R =G = pC, W= 13

For a given regional T,, the area average resistance for heat
transfer, (r,3), can be derived for the dry areas. Since the
above equation has two unknowns, two boundary condi-
tions are required for its solution (one being the dry area
assumption, another the given potential regional tempera-
ture). This was considered a major theoretical problem in
the original formulation of SEBAL in which the role of T,
was ignored and consequently a non-determinant problem
was treated as determinant (compare eqn. 7.44,
Bastiaanssen, 1995).

Having obtained (7,), the maximum vertical tempera-
ture difference, d7,may, is obtained from the equation for
sensible heat flux

()
dnmax = (14)
pacp (Hdry>

By applying the concept of the blending height (Wieringa,
1986; Mason, 1988), the resistance to heat for each pixel
(at a surface reference height) 7,; can be obtained. Here
the blending height is defined as the height at which the
flow is approximately in equilibrium with the local surface
and is independent of horizontal position. By aggregating
pixel-wise roughness heights, using the heuristic rules of
Wood and Mason (1991) and Blyth and Dolman (1995), an
effective roughness for dry areas and a regional represen-
tative roughness (for the whole area) can be obtained. The
former is used to obtain, over dry areas, the effective
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friction velocity to derive the wind speed at the blending
height. The latter is used, together with the wind speed
at the blending height and the local roughness height, to
derive the local wind velocity at a near surface reference
height (typically 5 metres above the roughness height) for
each pixel. With the local wind velocity, the resistance for
heat can be derived for each pixel. This latter procedure is
a disaggregating process by means of similarity flux profile
relationships (Fig. 4) in which the following relationships
are utilized (e.g. Brutsaert, 1982)

Tan =

! [ln(i)—%(z,LH%(zw,L)} (15a)
ku, 204 s

u= % [h{i] ¥ (z,L)+ ¥, (ZOM,L} (15b)

Zom
kB =In2 (15¢)
20k
3
L =- Bﬂ% (15d)
keH

where u, 4, denote the wind velocity and friction velocity
respectively. ¥,(-), ¥i(-) are the stability corrections for
momentum and heat, respectively, and can be described by
the Businger-Dyer function for unstable and neutral con-
ditions (Brutsaert, 1982) and the Beljaars-Holtslag expres-
sion for stable conditions (Beljaars and Holtslag, 1991a;
Van den Hurk and Holtslag, 1995). L is the Obukhov
length. 2, zom, 20 are respectively the reference height, the
roughness height for momentum and the roughness height
for heat and £ = 0.4 is the von Karman constant.

At present, zg,, is assigned the value of the roughness
value zg and zqy, is derived by assigning the value of 2.3 for

Aggregating Disaggregating
N\
Z B uB Zz B u B
]
A
/’I’ //
<u,,,y >, <u,,d,y ) ke //I
r 1 '
I/ [ z u /1
' sur sur ‘7
//' /, <u>’ <u*> /,,/;I
| , O
<z0dry> (20) 2o (2zo)

Fig. 4. Schematic illustration of the aggregating—disaggregating
process—the wind velocity up at the blending height zp is utilized
to obtain the wind velocity ug, at the surface reference height gy,
which in turn is used to obiain u., the friction velocity for each pixel
(corresponding to the pixel-wise roughness length zp).

kB! (Brutseart, 1982). This is clearly an oversimplification
of a rather complicated phenomenon that involves differ-
ent sources for momentum and heat transfers. Quite dif-
ferent ranges of £B~! values have been reported for
heterogeneous terrain (Kustas es al., 1989; Beljaars and
Holtslag, 1991; Blyth and Dolman, 1995; Wang et al.,
1998). Recently the validity of a constant £B-! has again
been strongly questioned (Verhoef ez al., 1997). Ultimately
this value must depend on the flow itself and should be
expressed in terms of the roughness Reynolds number
(which of course also depends on the flow characteristics).
This remains a future research issue.

The wet areas are simply taken as the areas with low
reflectance associated with low temperature. For these:

(AE) = (R, - Gy)
(H) =0 (16)
ATty = 0

On the assumption that the vertical temperature differ-
ence is linearly related to the surface temperature, a pixel-
wise dT, can be obtained.

The sensible heat flux is then calculated using 47, and
74 for each pixel and the latent heat flux results from the
residual of the surface energy balance, on the assumption
that local advection is non-existent below the surface ref-
erence height.

Finally, the evaporative fraction can be obtained as

AE___)E
H+M R,,_G()

A= 17)
Since A is a convenient quantity for initialization of soil
moisture fields in numerical weather prediction models
(Van den Hurk ez al., 1997), it is used to evaluate the
aggregation effects of surface heterogeneity. To quantify
the variability of individual parameters, wavelet analysis
will be applied.

Wavelet analysis for determination
of length scales of land surface
characteristics

Wavelet analysis is a relatively new tool in geophysics
(Kumar and Foufola-Georgiou, 1997). The wavelet trans-
form is closely related to the Fourier transform. Both
transforms decompose data into frequencies. The main
difference is that the Fourier transform is a global trans-
form, whereas the wavelet transform acts locally. The
Fourier transform can tell which frequencies are present in
the signal but is unable to distinguish at which location a
change in frequency takes place in the data. The wavelet
transform uses a local analyzing kernel, and is therefore
able to tell at which location a change in frequency takes
place. A wavelet ¥ is a function which is dilated with a
scale parameter, s, and translated by #, (Mallat, 1998):
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W) = —}S—w(t - ”j (18)

Note that 7 can be either spatial or temporal. The wavelet
transform of a function f; Wf{u,s), at scale s and position
u is computed by convolving the wavelet ¥ with a function

£

W) = rf(t)iw*(t—"}it (19)
SO YL
The function f can also be replaced by any discrete data
set. .
In this study, use will be made of the most simple
wavelet present, the Haar wavelet:

1 if0<t<y
v =<-1 if I<r<1 (20)

0  otherwise

When ; indicates a dyadic scale and % the position in the
data set, the Haar wavelet can be defined as follows:

' - 2ka @

V) = fw[ =

In this study a Discrete Wavelet Transform (DWT)
(Lindsay et al., 1996) is used to decompose the data set
into an equally large set of wavelet coefficients. Each
wavelet coefficient corresponds with a wavelet ¥ of scale
level ; and position %. The scaling function ¢(7,k) can be
found by inverting every second element of the corre-
sponding wavelet W(j,£). As a consequence, the Haar scal-
ing function is 1 for 0 £ t < 1 and 0 elsewhere. The
coefficient corresponding with the Haar scaling function is,
therefore, the mean value for scale j and position . The
decomposition of a data set inte wavelet and scaling func-
tion coefficients is called a multiresolution analysis (Mallat,
1989).

A multiresolution analysis can be used to decompose
data into details, smooths and roughs. The details show
how much variability is present at each scale level j. Details
can be found by summation of the products of the wavelet
coefficients and wavelets for that particular scale level ;.
The smooths at scale level j can be found by summation
of the products of wavelet coefficients and wavelets for all
scale levels equal to and larger than scale level ;. Using
Haar wavelets, the smooths correspond with linearly aver-
aged versions of the data set. This feature makes the Haar
wavelet a good analysis tool for aggregation studies.
Roughs are defined as the difference between the original
data set and the smoothed data set.

For the analysis of remote sensing data, the multireso-
lution should be performed for a 2-D environment. In
consequence, the DWT will work in three different direc-

tions: vertical, horizontal and diagonal. The wavelet coef-

ficients are a measure of the intensity of the local variations
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of the signal, for the scale under consideration. The value
of a coefficient will be large when the size of the wavelet is
close to the scale of heterogeneity in the signal. The value
of a coefficient will be negligible when the local signal is
regular for that particular scale (Ranchin and Wald, 1993).
The wavelet variance, is thus a natural tool for investigat-
ing the spatial scales of variability in remote sensing data
(Percival, 1995). The wavelet variance is defined as:

AR
o, = ﬁj{; ZD,ZJ @2)

J k=1

Where 07 ; is the sample wavelet variance of data set y at
scale j, D;; are the wavelet coefficients at position 4 and
scale / and NV is the number of elements in the total data
set. The number of data points at scale level j is given by
n; = N/2J. Since wavelet variance divides the total vari-
ance present in the landscape scale by scale, the length
scales of a given land surface process can be measured by
means of wavelet analysis. In this study, the scale level at
which the maximum wavelet variance occurs is defined as
the length scale of the land surface process under consid-
eration. This information can be used to infer the error in
land surface models with a fixed coarse grid cell size.
Discrete wavelet transform also indicates the amount of
variability present at different scales.

Results and discussions

SPATIAL LAND SURFACE PARAMETERS DERIVED
FROM AGGREGATION OF RADIATIVE FLUXES

We will now consider the M functions that relate certain
remotely observables to the input parameters to SEBAL.
Methods for the derivation of these parameters over con-
tinental scales have been presented by Su et al. (1998).

SURFACE ALBEDO

Using field measured surface albedo, ¢, Bastiaanssen
(1995) found:

o = —0.085 +1.47r, 23)

where 7, is the reflectance value at the appropriate height,
which, for simplicity, may be called the planetary
reflectance. 7, is calculated as follows:

1(A) = _ ) (24)
eoK(A) cos(6)
where L(A) is the measured spectral radiance at wave-
length A, ¢y is the eccentricity factor that takes into
account the average and actual earth-sun distances, K(A)
is the normal incoming spectral solar irradiance and 8 is
the solar zenith angle.

DN(A) (25)

L(A) = Luyin(A) + (Linax (A) = Liynin (1)) T
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Lnim(A) and L,(A) are the minimum and maximum
spectral radiance, DN(A) is the recorded digital number.
The constants are given in Table 1.

The integrated broad band planetary reflectance is cal-
culated using (Menenti ez al., 1989)

B =2 whn) (26)

The weighting factors, »(A), can be calculated using bands
1-4, 6-7 and the information provided in EOSAT
Technical Note (1986) and Igbal (1983).

The aggregated albedo can be obtained by aggregating
L), thus

n(L(A)) 27

() = —0.085 + 1.472 w(A) R ANos@)
0

Pixel Size: 18.5m

74m

592m

148m

Figure 5 shows the albedo derived at different aggrega-
tion levels by aggregating radiative fluxes. Qualitatively,
the circular patterns due to pivot irrigation are discernable
till aggregation level at 148 m, above which it becomes
increasingly difficult to recognize individual features in the
image.

VEGETATION INDEX

The normalized difference vegetation index (NDVI) is
used, which can be calculated as

L) — Lk
NDVI = —F— =~~~ 28
Lk + L) @9

The aggregation of NDVI is given by

296m

1184m

Albedo at different aggregation levels

Fig. 5. Albedo at different aggregation levels derived by aggregating radiative fluxes (scaled between 0.11 = black and 0.45 = white).
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Pixel Size: 18.5m

50'm

NDVI at different aggregation levels

Fig. 6. Vegetation index at different aggregation levels derived by aggregating radiative fluxes (scaled between 0.03 = black and 0.99 = white).

_ (L) = (L) 29
DY) = L) + (L)) @

Figure 6 gives the vegetation index derived at different
aggregation levels due to aggregating radiative fluxes.
Visually similar conclusions to those for the albedo at dif-
ferent aggregation levels may be drawn for the distribution
patterns of different features in the vegetation index
images. Quantitative assessment will be given in the dis-
cussion following the wavelet analysis.

SURFACE EMISSIVITY

The relationship proposed by Van de Griend and Owe
(1993) is used; this reads

556

€ =1.009 + 0.047 In(NDVI) (30)

which is valid for NDVT = 0.16 — 0.74. This equation is
empirical and is valid only for the conditions under which
the measurements have been made. The conditions in this
study are similar to those under which the equation was
derived.

Hence

_ (L(Ag)) — (L(As))
(€) =1.009 + 0.047 ln( TRET ,L,))] 31)

The pattern of the surface emissivity derived at different
aggregation levels should be similar to that of the vegeta-
tion index as given in Fig. 6.
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SURFACE TEMPERATURE

Given the measured thermal infrared radiance, L;, or the
converted radiometric temperature, 7,, the surface tem-
perature, Tg, can be derived from the following equations

0Ty} = oT?
(eoTy') = (oT}") (32)
(@Y
Ty ( © )

The radiometric temperature can be derived according
to EOSAT Technical Note (1983)

r=— % (33)
In(K, / L, +1)

Pixel Size: 18.5m

37m

where K; = 1260.56 mw.cm2.sr!.um™! and K; = 60.776
mw.cm2.sr~L.um! are calibration constants.

Figure 7 presents the surface temperature at different
aggregation levels due to aggregating radiative fluxes.
Similar conclusions may be drawn for albedo and vegeta-
tion images at different aggregation levels. However,
despite the gross similarities in the distribution of the
major patterns in the albedo, vegetation index and tem-
perature images at the different aggregation levels, smaller
scale variations may be quite different (e.g. within the
pivot irrigation areas). This is because these different para-
meters represent different aspects of the land surface
processes.

50 m

74m

148m

296m

592m

1184m

Temperature at different aggregation levels

Fig. 7. Surface temperature at different aggregation levels derived by aggregating radiative fluxes (scaled between 295 K = black and 319 K

= white).
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INCOMING GLOBAL RADIATION

Incoming global radiation is calculated according to
K' = ¢l cos(6) -7, (34

where I, = 1367 (w.m2) (Igbal, 1983) is the solar constant
and 7, is the total atmospheric transmissivity which can be
derived using measured surface incoming global radiation
and is assumed spatially constant over the whole region.
Hence:

(K'Y = e {cos(8))r, (35)

Since the study area is small and flat, there will be no big
spatial difference in the incoming global radiation field.

ROUGHNESS LENGTH

Using field measured zj, a. relationship was found as
(Bastiaanssen, 1995)

2 = exp(=5.2 + 5.3- NDVI) (36)

Since the momentum flux is given by
T=pu @37

where u, (m.s™!) is the friction velocity. Due to the uti-
lization of a blending height in the SEBAL model, u«,
becomes spatially constant between a surface reference
height (i.e. 5m) and the blending height (i.e. 100m). A
parameterization of the aggregated 7T can be expressed as

(z) = plu. )’ (38)

Under neutral atmospheric conditions, an exact rela-
tionship exists between #, and zg. Such a relationship can
guide the aggregation of z9. However, under unstable
(which occur most often) and stable conditions, such an
analytic expression is impossible to determine due to the
stability corrections which are themselves functions of u,.
This issue requires further dedicated analysis. Detailed

discussions on the derivation of 2y have been provided by
Beljaars and Holtslag (1991b), Wieringa (1993), Menenti
and Richie (1994), Molder (1998), Bosveld et al. (1998)
among others.

By assuming that the relationship between zg and NDVI
is valid on all scales (i.e. M and L are identical for zq.):

(20) = exp(=5.2 + 5.3 - (NDVI)) (39)

The pattern of the roughness length derived at differ-
ent aggregation levels is similar to the corresponding veg-
etation index as given in Fig. 6.

FLUXES AND EVAPORATIVE FRACTIONS OBTAINED
BY AGGREGATING RADIATIVE FLUXES

The aggregation was performed up to a pixel size of 1184
m, i.e. scales used in analysis are: 18.5, 37, 50, 74, 148,
296, 592 and 1184 m. Further aggregation appeared
impossible since the number of pixels becomes too small
to enable statistical estimation of parameters in the
SEBAL calculation. The error function to be evaluated is
defined as:

A=((F)-F)/F (40)

where (F) is the aggregated quantity and F is the same
quantity at the original scale (18.5 m).

Table 2 shows the statistics of the fluxes calculated at
different aggregation levels. Since the evaporative fraction
is defined as the ratio of latent heat flux to net radiation
minus soil heat flux, taking the ratio may cause the effects
due to aggregation to be cancelled out. The statistics of the
evaporative fractions are also given in Table 2.

From the table it is immediately obvious that the errors
caused by aggregating input parameters are large (between
approximately —10 to —30% in A, see Fig. 10). This can
certainly be attributed to the non-linearity of the surface
processes, but-also probably partly to the model formula-

" tion.

Table 2. Statistics of fluxes and evaporative fraction at different aggregation levels due to aggregating radiative fluxes (m:

mean, o: standard deviation)

Scale Rn GO H AE A
(m) (w.m2) (w.m™) (w.m™) (w.m™2)
m c m c m c m c m c
18.5 495.7 66.0 73.8 9.1 1454 77.9 276.5 144.8 617 212
37 497.4 66.2 73.8 9.2 2349 98.2 212.8 180.2 4.0 312
50 503.2 66.3 74.5 9.4 198.7 84.2 2475 1642 529  26.2
74 497.5 66.1 73.8 9.2 190.9 80.0 2496  159.6 544 254
148 497.6 66.2 73.8 9.2 197.1 103.5 226.8 169.5 486 283
296 497.9 66.3 73.6 9.3 223.1 76.3 234.1 171.3 500  28.6
592 496.9 65.8 73.8 9.2 212.6 84.7 227.1 164.6 48.7 274
1184 500.5 67.0 734 9.0 185.6 73.7 2477 148.8 537 234
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Figure 8 shows the evaporative fraction at different
aggregation levels. The maps are linearly scaled between
0 = black and 1 = white. The effects of the aggregation
can be readily appreciated.

FLUXES AND EVAPORATIVE FRACTIONS OBTAINED
BY AGGREGATING AERODYNAMIC FLUXES

In contrast to the results presented in Table 2, the results
in Table 3 show clearly that by aggregating aerodynamic
fluxes little error occurred in the final aggregated quantity,
whether it is a flux or a ratio (see also Fig. 10). The maps
of evaporative fraction are shown in Fig. 9. In terms of the
spatial distribution, the patterns at the same aggregation
level in Figs. 8 and 9 are similar, but the values differ.

Pixel Size: 18.6m

Figure 10 shows the error of evaporative fraction due to
different aggregations. The fact that the highest aggrega-
tion error occurs in the highest resolution step with the
aggregation of the radiative fluxes reveals the complexity
of dealing with the aggregation of land surface heat fluxes
that are highly non-linear. Specifically, since the way in
which the regional resistance is determined using the rela-
tionship of surface temperature versus surface reflectance,
and due to the non-linear behaviour of this relationship
(i.e. with the increase of surface albedo, the surface tem-
perature increases first to a maximum, then decreases as
the surface albedo increases further as a consequence of
less available net radiation), the outcome of any combina-
tion of temperature and albedo at a particular aggregation
level is not predictable. Another possible reason could be

50 m

Aggregation Radiative Fluxes

Fig. 8. Evaporative fraction at different aggregation levels due to aggregating radiative fluxes (scaled between 0 = black and 1 = white).
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Table 3. Statistics of fluxes and evaporative fraction at different aggregation levels due to aggregating aerodynamic fluxes
calculated at the original scale (m: mean, o: standard deviation)

Scale Rn GO H AE A
(m) (w.m™32) (w.m™2) (w.m™2) (w.m™2)
m o m o m o} m o m o
18.5 495.7 66.0 73.8 9.1 145.4 77.9 276.5 144.8 61.7 21.2
37 495.8 65.3 74.0 9.0 145.6 76.5 276.5 142.9 61.8 21.0
50 493.7 70.4 73.5 9.8 155.1 69.1 2754 143.9 61.6 21.0
74 495.7 63.9 73.9 8.8 145.5 74.3 276.5 139.5 61.9 20.4
148 495.8 61.2 73.8 8.4 145.4 70.4 276.6 133.3 62.2 19.6
296 495.8 56.7 73.8 7.6 145.2 64.0 276.8 122.5 62.6 18.2
592 495.6 50.1 73.8 6.5 145.6 55.3 276.2 107.2 63.0 16.2
1184 497.1 40.8 73.7 5.3 144.3 44.9 279.1 86.6 64.1 13.5
Pixel Size: 18.5m

37 80m .

74m 148m 296m

592m 1184m

Aggregation Aerodynamic Fluxes

Fig. 9. Evaporative fraction at different aggregation levels due to aggregating aerodynamic fluxes calculated at the original scale (scaled between
0 = black and 1 = white).
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i

Erfor in evaporative Fraction {-}
= 8

E 14 80 74 148 208 892 1184
Scale (m)

@ error radiative fluxes i error aerodynamic fluxes

Fig. 10. Error in estimation of evaporative fraction due to different
aggregation methods, calculated from equation (40) with the mean
values given tn Tables 2 and 3.

that smaller process scales are not captured by the spatial
data presently used. Since the resolution of the original
data is 18.5m, processes with scale smaller than about 37m
cannot be measured according to sampling theory.

To investigate the further implication of the phenome-
non, wavelet analysis has been applied to the surface
albedo, temperature, NDVI and evaporative fraction
images at the original resolution (18.5m). For the albedo
image, the wavelet variance increases gradually with aggre-
gation level to 2 maximum at 592 m. A similar trend exists
for the temperature image, but the highest value is reached
at 1184m. The NDVI image has its largest variance also at
1184m (Fig. 11). For the evaporative fraction image, the
largest wavelet variance occurs at 592m which, according
to the previous definition, is the length scale of the evap-
orative fraction in this landscape. These characteristics are
consistent with the local landscape studied, where the
dominant features are the circular pivot irrigation patterns.

25 +
20 A
15 4

10 4

Wavelet Variance (-)

37 74 148 296 592 1184
Scale (m)

2368 4738

W Surface Albedo M Surface Temperature [JNDVI

Fig. 11. Wavelet variance of land surface characteristics.

Conclusions

This‘paper describes a theory for studying the aggregation
effects of land surface processes. The modified SEBAL
algorithm is employed to convert the input parameters
obtained from remotely sensed radiative fluxes to aerody-
namic fluxes that cannot be obtained directly from remote
observables. For determination of the length scales of the
land surface parameters and fluxes, a method based on
wavelet analysis is described. With respect to the effects of
the level of aggregation on surface energy fluxes, aggregat-
ing input parameters by way of aggregating radiative fluxes
causes a major uncertainty in calculation of the surface
energy balance, while aggregating aerodynamic fluxes
obtained at high resolution provides a secure alternative.
For this to be correct theoretically, the processes must be
captured at a scale smaller than the process scale. Using
wavelet analysis, it has been possible to determine the
length scale of the land surface studied; this can be
explained by the presence of the pivot irrigation patterns in
the study area. These conclusions are reached, however,
after a study of only one small region and the specific para-
meterization scheme used to calculate the input parameters
and fluxes (i.e. the semi-empirical nature of some of the
equations), thus is subject to further verification. To verify
the above findings, it is recommended that, during future
field campaigns, high resolution images (in the order of
10m) are taken for different landscapes and the procedures
developed in this study are applied in the analysis. Also,
the images should be large enough that the regional char-
acteristics are represented.
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