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De dagelijkse verdeling tussen voelbare en latente warmtestroom van homogene en heterogene
landopperviaktes is eenvoudiger te beschrijven met de verdampingsfractie van de energiebalans
(latente warmtestroom/netto beschikbare energie) dan met de Bowen-ratio, de Priestley & Taylor
alfa of de verdampingsweerstand.

- Dit proefschrift

De door Hall et al. {1992) getrokken conclusie dat de voelbare warmtestroom nauwelijks uit
remote-sensingmetingen is af te leiden, zegt meer over de manier waarop de ruwheidslengte
voor warmtetransport door hen is geparameterizeerd, dan over de toekomstige potenties van
warmtebeelden.

- Mall F.G., K.F. Huemmrich, S.J. Goetz, P.J. Sellers and J.E. Nickeson, 1992. Salellite remole
sensing of surface energy balance: succes, failures and unresolved issues in FIFE, J. of
Geophysical Research, special issue FIFE, vol. 97, no. D17 19061-19089

-~ Dit proefschnft

De conclusie van Brutsaert et al. (1993) over de vereiste nauwkeurigheid van 0.5 K voor
temperatuurbeelden van het landopperviak is alleen essentieel indien opperviakte-temperatuur
en luchttemperatuur ais onafhankelijke parameters worden beschouwd.

— Brutsaert, W., AY Hsu and T.J Schmugge, 1993. FParameterization of surface heat fluxes
above forest with salellite thermal sensing and boundary layer soundings, J. of Applied Met.,
vol 32 (5). 809-917

- Dit proefschrift

De voelbare warmtestroom is verwaarloosbaar klein voor landeenheden met een opperviakte-
albedo kleiner dan 0,10 en die een opperviakte-temperatuur hebben die het laagst is uit de regio.
De latente warmtestroom is verwaarloosbaar klein voor landeenheden met een opperviakte-
albedo groter dan 0,30 en die de hoogste oppervlakte-temperatuur uit de regio hebben.

- Dit proefschrift

Verdampingsweerstanden voor kale bodems hebben een fysische betekenis; het gebruik van
empirische relaties tussen bodemweerstand en bodemvocht zoals voorgesteld door Mafhouf &
Noithan {1991} en van de Griend & Owe (1994) zijn daarom overbodig.

—~ Mafhouf, J.F. & J. Noithan, 1991. Comparitive study of various formulations of evaporation
from bhare soil using in-situ data, J. of applied Met., vol 30; 1354-1365

— Griend, van de, A.A. & M. Owe, 1994. Bare soil surface resistance to evaporation by vapor
diffusion under semiarid conditions, Waler Resources Research, vol. 30, no. 2: 181-188

— Dit proefschrift

Het direcie gebruik van thermisch-infrarood metingen in een combinatievergelijking voor
verdamping heeft tot gevolg dat het dampspanningstekort en de helling van de verzadigde
dampspanning op regionale schaai als |astige additionele parameters moeten worden opgelost.

- Moran, M.S., et al., 1994. Estimating crop waler deficit using the relation between surface-air
temperature and spectral vegetation index, Rem. Sens. of Env. 49: 246-263
- Dit proefschrift
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De procedure voor het schatten van bodemvocht op basis van de verdeling tussen voelbare en
latente warmtestroom verdient evenveel aandacht als de procedure gebaseerd op
backscatterco&fficiént en emissiviteit.

De functies van Clapp & Hornberger voor de beschrijving van de onverzadigde hydraulische
doorlatendheid geven meestal een verkeerde waarde. Het feit dat nagenceg in alle
hydrologische klimaatstudies deze functies worden gebruikt en dan ook nog op een schaal
waarvoor ze niet zijn bedoeld, zegt iets over het klakkeloos volgen van gepubliceerde resuttaten.

- Clapp, R.B. and G.M. Homberger, 1978. Empirical equations for some soil hydraulic
properties, Water Resources Research 14(4): 601-604

De noodzaak van het aanleggen van drainage in verzoute irrigatiegebieden laat zich het beste
vergelijken met die van het aanleggen van het stedelijk riool.

Vanwege het latente karakter wordt verdamping ten onrechte minder interessant voor de
bodemvochtcondities beschouwd, dan neerslag.

Getabuleerde gewasfactoren om potentiéle verdamping van (nog) niet-gesloten gewassen via
een referentieverdamping te berekenen, zijn onbruikbaar.

Het berekenen van potentigéle verdamping met behulp van standaard meteorolegische metingen
gedaan op de gebruikelijke waamemingshoogte die niet aan de eis van kort en goed van water
voorzien groen gras voldoen, is meer regel dan uitzondering.

De hydrologische en agro-meteorologische kennisoverdracht tussen Wageningen en bewoners
van het landeiijke gebied stagneert omdat onderzoekers en plattelandbewoners een lage dunk
van elkaar hebben.

Het gedrag van het straatverkeer is een goede indicator voor het organisatorisch en
maatschappelijk functioneren van een land.

Na enige jaren werkervaring zou de prestatie maatgevend moeten zijn voor de financigle
regeling van onderzogkers. De genoten opleiding is wel vaor het startsalaris van belang, maar
behoort geen altijddurend prijskaarije te zijn.

De persoonlijke status in de maatschappij dient niet aan drukte te worden afgeleid.

Het persoonlijk feliciteren op afscheidsrecepties, jubilea en promoties duurt te lang.

Stellingen behorende bij het proefschrift van W.G.M. Bastiaanssen
Regicnalization of surface flux densities and moisture indicators in composite terrain
Wageningen, 17 November, 1995




Uitdamping

‘Daar de uitdamping voornamelijk van de meerdere of mindere vochtigheid der fucht, de
temperatuur en den wind affangt, en deze weder verschillen naar gelang de ligging, zal
zif onderscheiden zijn en naar de jaargetiiden gewijzigd worden. Wij bezitten slechts
weinig waamemingen aangaande de uitdamping van den bodem en van et
verschillende begroeide gronden. Het is welligt deels aan de omstandigheid van het
ontzigtbaar zijn der dampen bij hunne opstijging, deels aan de moeite die de bepaling

van de verdamping oplevert, toe te schrijven, dat wij zoo weinig waarnemingen
dienaangaande bezitten’

{H. Krecke, 1869. Natuurlijke historie van Nederland, deel |, Het Klimaat)

Cover: Three-dimensional representation ot actual evaporation at Las Tiesas in an
irrigated agricultural area near Barrax, Castilla ta Mancha, Spain.




Abstract

W.G.M. Bastiaanssen, Regionalization of surface flux densities and moisture indicators
in composite terrain. Doctoral thesis, Wageningen Agricultural University, Wageningen
The Netherlands. 273 pp. :

The growing concern about environment has increased the number of land surface
processes studies. Computer simulation models of land surface processes have been
developed for a range of scales and with different levels of physical complexity. Because
the interactions bstween soil, vegetation and atmosphere vary both spatially and
temporally, regional evaporation in heterogeneous natural landscapes is difficult to predict
by means of computer simulation models. Remote sensing measurements of land surface
radiative properties offer however a means to indirectly measure land surface state
conditions at a range of scales. A straightforward estimation of evaporation from radiative
properties of the land surface is hampered by the fact that only a very few parameters
of the classical flux-profile relationships can be estimated directly from remote sensing
measurements. Moreover, the accuracy of surface temperature measurements necessary
to solve flux-profile relationships is still poor. Inclusion of ground measurements is a
possible solution, but the absence of such data on large scales and for heterogeneous
land surfaces where these parameters are not measured, forms an immediate obstacle
for the implementation of remote sensing algorithms.

A Surface Energy Balance Algorithm for Land (SEBAL) has been developed in a way
that the need for collateral measurements is partly eliminated, a very accurate surface
temperature map is no longer required (although it should be as good as possible) and
a land use classification to relate surface temperature to evaporation is not needed.
Each pixel is characterized by a surface hemisherical reflectance, surface temperature
and a vegetation index. The methodology composes of multiple flux-profile relationships
for small sub-areas. Although the concept has a physical basis, the parameters are
estimated by empirical relationships, for instance a relationship between near-surface
vertical air temperature difference and surface temperature forms an essential component
in the estimation of the sensible heat flux density.

The absolute surface energy balance terms are estimated on an instantaneous time
basis. Temporal integration of instantaneous surface flux densities is feasible using the
evaporative fraction (latent heat flux density/net available energy): The evaporative
fraction remains fairly constant during daytime hours for both homogeneous and
heterogeneous areas. A physical explanation for this is given. A bulk surface resistance
of a heterogeneous landscape has been related analytically to canopy and bare soil
evaporation resistances. Measurements in central Spain have shown that the evaporative
fraction and bulk surface resistance are suitable indicators to describe areal patterns

vii




of near-surface soil water content. Although the bulk surface resistance has a distinct
diurmal variation, it is much less affected by changes in net available energy and
therefore preferred to describe the energy partitioning for longer time series (weeks,
months).

SEBAL has been validated with data available from regional evaporation projects in
Egypt and Spain. The error of high resclution evaporative fraction estimations decreases
from 20% to 10% at a scale of 1 km to 5 km respectively. The error of low resolution
evaporative fraction images at a scale of 100 km is approximately 1 to 5 %. Hence,
the error averages out if a larger set of pixels is considered. It is concluded that the
uncertainty of evaporation in regional water balances and model studies can be
substantially reduced by estimating evaporation with remote sensing measurements
using the proposed SEBAL technique.

Key words: evaporation, surface energy balance, land surface flux densities, remote
sensing, surface temperature, surface hemispherical reflectance, vegstation index, land
surface parameterization schemes, surface resistance, evaporative fraction,
heterogeneity, diffusivity, validation

This thesis is also published as Report 109, DLO Winand Staring Centre (SC-DLO),
Wageningen, The Netherlands
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1 Introduction

1.1 Natural variability of land surface flux densities

Surface energy balance

The exchange processes occurring at the land surface are of paramount importance
for the re-distribution of moisture and heat in soil and atmosphere. The land surface
connects the moisture and heat balances of the soil and atmosphere. The thermo-
dynamic equilibrium between dominantly turbulent transport processes in the atmosphere
and dominantly laminar processes in the soil manifests itself in the energy balance which
for land surfaces reads as:

Q" =G, + H+A\AE (W m2) (1.1)
where
Q* = net radiation flux density
G, = soil heat flux density at the land surface
H = sensible heat flux density
AE = latent heat flux density

In Eq. (1.1), the energy required for photosynthesis and the heat storage of the
vegetation are ignored. The sign convention of Eq. (1.1) isthat Q*is considered positive
when radiation is directed towards the land surface, while G,, Hand AE are considered
positive when directed away from the land surface. In this study, the energy balance
terms of Eq. (1.1) are denoted as land surface flux densities. The partitioning between
G,, Hand AE is controlied by the exhalation of water vapour through stomata, bare soil
and open water bodies. The soil wetness conditions are to a large extent established
by hydrological processes such as evaporation, infiltration, capiflary rise, percolation and
drainage. The land surface hydrology affects the near-surface moisture conditions and
thus controls the partitioning between G,, H and AE.

Spatial scales

As a result of the spatial heterogeneity of water availabilty, scil physical properties,
vegetation cover and hydrological processes, the soil moisture status and land surface
flux densities vary spatially. The scale of variability of land surface flux densities may
be as low as a fraction of a metre, and time variations over a period of minutes may
be significant. There is no general consensus how to aggregate soil moisture, 6, and
land surface flux densities , G,, H, and AE from patch to regional scale and beyond.
Knowledge of the area average land surface flux density is however an essential
component in many hydrological and meteorological studies on the regional scale.




From a statistical point of view, a semivariogram may provide a concise description of
the extent of spatial variability. A semivariogram is a plot that expresses the spatial
dependence of a parameter value on the parameter value at a neighbouring location.
Classically, semivariograms are used to express the heterogeneity of static parameters
in inter alia hydrogeclogy {e.g. de Marsily, 1986) and subsurface hydrology (e.g. Gelhar,
1993). A semivariogram of land surface processes such as H and ALE, holds for shont
periods only. Expressions related to energy partitioning such as the Bowen ratio (B =
H/AE, Bowen, 1928) or evaporative fraction (A = AE/(AE+H)) are simplified tools for
describing the relationship between H and AE. The semi-variance of Bowen ratio
observations collected at a distance z, y,(z), can be expressed as half the mean-squared
difference between many B-ratio samples separated by a distance which is commonly
referred to as the lag =

n

LY B -Bx DT () (12)

W = o 2.
where n represents the number of sample pairs and xis the position of sample i. The
sill in Figure 1.1 represents the level of constant semi-variance y(2). The nugget
represents the smallest scale semi-variance. The range or correlation length is a
statistical measure used, to establish the degree of similarity between sample values
and their distance. Beyond the correlation length, the parameter value is uncorrelated
with distance and a statistically stationary situation is obtained.

The degree of spatial variability in land surface processes changes with scale. An area
is statistically homogeneous if the observation scale exceeds the correlation length
{(Gelhar, 1993). The semi-variance expresses the intra-variability of the considered
parameter. Hence, the variability in land surface flux densities can be significant at micro-
scale but will not be noticed if samples are taken at a much larger horizontal scale. At
space intervals smaller than the correlation length, dy/dz = 0, and spatial heterogeneity
is a function of d,y(z) with the largest variability arising at the steepests slopes. In most
hydrological and meteorological studies, the correlation length is only a fraction of the
horizontal scale on which the process needs to be quantified. Field observations of the
Hand AEflux densities and soit moisture are usually available for areas that are smaller
than the correlation length and thus an area-integration procedure is needed to obtain
the area-representative value.

A specific form of appiication for correlation lengths in soil science is the Representative
Elementary Volume (REV). REV can be used to conceptualize the natural spatial vari-
ability of soil volumes. Bear (1972) described the REV as the scaie at which soil param-
eters are independent of their sample size, which coincides with our definition of correla-
tion length for land surface processes. In the framework of landscape heterogeneity,
Wood et al. (1988) used the two-dimensional Elementary Representative Area (ERA)
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Fig. 1.1 Semivariogram of spatially variable parameters, emphasizing the scale at which land
surface processes are spatially independent and the scale where heterogeneity
expressed as dy(z) is fully developed

for distinguishing the threshold scales at which the statistical characterization of area-
average hydrological processes in catchments are similar.

Temporal scales

A further difficulty in regionalizing land surface flux densities is the wide range of
temporal scales. Due to the large daily amplitude of Q*, the turbutent H and AE flux
densities behave very dynamically and, in meteorological studies, are usually described
in time frames of seconds to minutes. The Planetary Boundary Layer (PBL) is the region
of the lower atmosphere which responds continuously to the 'fast’ H and AE flux
densities. Since the PBL conditions above land unit / can be governed by land unit i
upstream of unit /i, the interpretation of atmosphere-vegetation interactions under
advective conditions needs ample attention when extrapolating land surface flux densities
to a larger length scale (Klaassen, 1992).

Compared to the atmospheric medium, the porous soil matrix creates much more resis-
tance to mass and heat flow with less mixing. Consequently, length scales are smaller
and the temporal scales larger. Evaporation in hydrological studies is therefore usually
considered as a time integral for a 24 hours period of LE.

Spatial aggregation of non-linear processes

A proper quantification of the area-average surface flux density <F,> in composite terrain,
either from a single point observation or from a limited number of distributed data, is
one of the most challenging questions in regional environmental studies:




1
<Fp = 4 { F, (a)da, (1.3)

where g, is the fractional area belonging to class i and A is the size of the total study
area. The spatial aggregation of flux densities F,, arising in a land mosaic over larger
scales (Figure 1.2), is usually achieved by a weighted integration of distributed flux
densities (Koster and Suarez, 1992).

The vertical H and AE flux densities in homogeneous terrain can be more generally
expressed as special versions of Ohm's law:

F, - (1.4)

where the numerator represents the vertical difference of the entity ¢ (i.e. potential
difference) and r is the resistance to flow of entity ¢. Moisture and heat flux densities
depend in a strictly non-linear way on their state variables and physical properies of
the Soil-Vegetation-Atmosphere-Transfer scheme (SVAT). The non-linearity between
fiux densities and state variables, flux densities and system properties and state
variables and system properties implies that simple linearly averaging does not yield
the correct area-effective land surface flux density F,. The occurrence of non-linear
processes implies that in general <dc>/<r>z<f,> and that a solution with 3cr= F {where

[aQ* [aGo [aH JanE

A A

Fig. 1.2 Schemalic representation for obfaining area-average surface flux densities from spatially
variable hydrological processes




I-:l, = <F,>) has to be found. The basic issues addressed in upscaling studies of land
surface flux densities can therefore be reduced to:

— How to derive I:'o from an extremely limited set of point observations or complete
absence of distributed in-situ F,, flux densities ? ~

— Are effective parameters sufficiently accurate to predict £, ?

— How to obtain effective parameter values for ¢ and r from a very limited set of
distributed ¢, and r-values?

1.2 Land surface parameterization schemes

One-dimensional land surface parameterization schemes
A land surface parameterization scheme dynamically simulates the water (and heat)
flow processes below and at the land surface by recognizing the foliowing components:

— Vertical distribution of water content {and temperature) within & schematized soil
profile;

— Vertical moisture (and heat) flow between the layers of a schematized soil profile;

— Radiation balance at the land surface;

— Surface energy balance from the available energy and sub-surface moisture and heat
flow rates.

Two well known one-dimensional advanced land surface parameterization schemes are
BATS (Dickinson et al. 1986) and SiB (Sellers et al. 1986). An example of a model which
is traditionally more oriented towards the description of unsaturated zone hydrology and
daytime values of evaporation, is SWATRE (Feddes et al., 1978). The simplest tool for
predicting land surface evaporation processes is the so-called bucket model (e.g.
Manabe, 1963). Land surface parameterization schemes can be coupled with
atmospheric models to describe the effect of atmospheric horizontal interferences on
the vertical exchange rates at the land surface. Kroon and de Bruin {1993) provided
multiple exampies of coupling a two-dimensional PBL mode! with one-dimensional land
surface paramsterization schemes of different complexity.

The area-average flux densities for each gridsquare in large scale studies are usually
predicted by lumped models that consider the processes within a gridsquare to be strictly
uniform. Lumped models describe the heterogeneous land surface flux densities with
effective parameters such as r which implicitly assumes that laws designed for patch
scale (Eq. 1.4) provides the correct gridsquared-average fiux density. The aforementioned
BATS and SiB models are examples of lumped models.



Over against that, semi-distributed models account for spatial variability by using
probability density functions, pdf's, on one cr more of their model parameters, i.e. the
stochastic-dynamic approach. Entekhabi and Eagleson {1989) improved the predictions
of spatial patterns of infiltration by considering a gamma type pdf for the degree of soil
moisture saturation. Famiglietti and Wood (1991} used a so-called 'topography-soils’
index for similar reasons. Avissar (1991) and Dolman {1992) accounted for spatial
heterogeneity in stomatal conductance by considering a log-nommal and gamma type
of pdf, respectively.

Avissar and Pielke (1989) and aiso Koster and Suarez (1992} identified multiple
independent sources of heat and water vapour in land surface parameterization schemes,
which provide a much more accurate representation of composite vegetation stands.
In that case, a total area will be divided in a number of smaller and energetically
independent sub-areas or tiles. The total area-average behaviour is obtained by weighing
the individual sub-area flux densities.

Two and three dimensional land surface parameterization schemes
One-dimensional schemes may fail when lateral transport of surface water through open
networks (channels, rivers), overland flow in sloping terrain and groundwater movement
in aguifers are important hydrological phenomena. In all those cases, non-local
hydrological processes may be of overriding importance for local energy partitioning.
The incorporation of long distance lateral transfer seems to be crucial for predicting the
energy and water balance at the irrigated pediments of mountainous regions (e.g.
Himalaya, Andes, Alps etc) and deltas, e.g. the Nile Delta. Two and three-dimensional
distributed parameter hydrological models with physical attributes of the land surface
predict both vertical and lateral water movement (e.g. SHE—Abbott, 1986). Although
the latter category of models accounts for both vertical and horizental flow components
and allows for interactions between surface and groundwater, they rarely recognize
turbulent H and AE flux densities and are less data friendly for the prediction of land
surface hydrology on a large scale. The combination of two and three dimensional land
surface parameterization schemes with PBL models that apply to similar length scales
is still a gap in the era of modelling. Although ideal from a descriptive point of view, such
coupling implies a computational burden and a high demand on terrain description.
Hence, a trade-off between data availability and complexity of the land surface
parametsrization schemes has to be made.

In the era of model development, the number of land surface parameterization schemes
is still growing, while research on techniques for verifying the model outputs at
heterogeneous land surfaces remains an issue that need future attention (McGuffie and
Henderson-Sellers, 1987). Figure 1.1 has shown that model predictions at a horizontal
scale exceeding the correlation length may not be compared with field observation
executed at a scale d,y(z) # 0. Hence, there is a serious question in large-scale
hydrology and meteorology studies: How do we test the performance of the land surface
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parameterization schemes? Testing against real data is necessary, but it is immediately
obvious that such attempts involve a gradation of scales to establish the link with field
observations. In this respect, the benefit of remote sensing measurements is worth
investigating, since information related te the land surface characteristics can be
measured by satellite platforms at a range of length scales and with varying spatial and
temporal resolutions.

1.3 Remote Sensing and land surface flux densities

Conventional measurements of land surface flux densities

With conventional measurements of land surface flux densities , one must address the
question of what is actually being measured: a point, a weighted spatial average, a
temporal point average, etc. (Cushman, 1986). Iif the area influencing the field
measurement of £, is larger than the correlation length of that particular flux density,
the semi-variance will be at sill level and the exact position of the measurements is of
less relevance. If the area of influence lies within the correlation length, the site selection
for conducting measurements becomes a very crucial issue. If the goal is to measure
natural variability, measurement shouid be conducted simultaneously at various points
with small horizontal scales (e.g. Andre et al., 1986) so that d,y(2) is large.

Remote sensing estimations of land surface flux densities

Remote sensing data provided by satellites are a means of obtaining consistent and
frequent observations of spectral reflectance and emittance of radiation at elements in
a patchy landscape and on a global scale (Sellers et al., 1990). Since only the
parameters mentioned in Table 1.1 are measurable, regional latent and sensible heat
flux densities with current satellite systems need to be estimated indirectly (Pinker, 1990).

An ensemble of satellite pixels with the resolution being a small fraction of the correlation
length, provides a sound basis for measuring the spatial variation of the land surface
process being examined. Consequently, the histograms for a series of high-resolution
pixels in composite terrain exhibit natural scatter (see Figure 1.3). If on the contrary the
resolution is equal to or exceeds the correlation length, all pixels will get approximately
similar values and the histograms will be flat (see Figure 1.3). Curran (1988} stated
perfectly that 'a ground resolution element larger than the statistical range will probably
average the spatial variability within a field and will, therefore, be a suitable ambassador
for that particular field’.



Table 1.1 Radiometric charactenistics of the land surface and their interpretation into attributes
being linked to sensible and latent heat flux densities

Remote sensing version Land surface attribute Source

Surface radiation temperature Surface temperature, T, Wan and Dozier, 1989,
Becker and Li, 1990

Spectral radiation temperature Surface thermal emissivity, &, Kahle and Alley, 1992;
Schmugge et al., 1995

Surface directional reflectance Surface hemispherical reflectance, 7, Pinty at al., 1985; Menenti et
al., 1989a

Degree of cloudiness Solar radiation, K* Dedieu et al., 1987; Raschke
et al., 1991

Spectral reflected radiances Vegetation indices, NDV/ Justice et al., 1985; Tucker,
1986

Laser beam profiles Aerodynamic roughness length, z,,, Menenti and Ritchie, 1994

Laser beam profiles Leat area index, LA/ Menenti and Ritchie, 1994

Spectral reflected radiances Leaf area index, LA/ Asrar et al., 1992; Pierce et
al. 1992

Backscatter coefficient Soil moisture, 6 Fung et al., 1992; Oh et al,
1992

Microwave emissivity Soil moisture, 0 Schmugge et al., 1992; Owe
et al., 1993

Remotely sensed surface albedo, vegetation index and surface temperature affecting
land surface flux densities are nowadays available at a wide range of spatial (1m - 5km)
and temporal (30 minutes -16 days) scales. Although promising results were reported
for determining land surface flux densities by remote sensing at patch scale and for
relative homogeneous land surfaces, the ability to use remote sensing measurements
for deriving land surface flux densities in heterogeneous land surfaces and on large
scale has not been fully developed yet.

An algorithm using surface albedo, vegetation index and surface temperature
synergetically, has been developed by the author of this study to calculate the land
surface flux densities on the basis of existing physical laws and is presented in Chapter
7. This new Surface Energy Balance Algorithm for Land (SEBAL) algorithm creates the
possibility to analyse natural variation of Q°, G,, H and AE if the pixel resolution is
smaller than the correlation length. Spatia! aggregation at any scale coarser than the
pixel resolution can be achieved by aggregating the land surface flux densities for a
certain ensemble of pixels which creates the opportunity to make a comparison of <>
with the large scale F, values predicted by land surface parameterization schemes.
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Fig. 1.3  Distribution functions in relalion with correlation length and horizontal sampling resolution

It is widely known that AE relates to scil moisture, 6, and vice versa. Microwave
radiometry and Synthetic Aperture Radar measurements of the backscatter coefficiént
are both microwave technologies that are able to detect the soil dielectric properties
remotely (see Table 1.1) . Since the soil dielectric properties are highly sensitive to the
presence of water, soil water content can be indirectly obtained. Results with field
experiments confirm that spatial moisture patterns in semi-arid environments can be
interpreted from microwave measurements with reasonable accuracy (Botswana: Owe
et al.,, 1993; Pennsylvania: Wood et al., 1993). In the absence of microwave
measuremsnts or microwave measurements on the wrong scale, resolution, wavelength
or moment, soil moisture may alternatively be indicated by means of the energy
partitioning between H and AE (Table 1.2). Hence, estimations of pixel-scale energy
partitioning can be employed to retrieve classes of land wetness.

Table 1.2 Conceptually different approachas for determining soil waler conlent by remote sensing

Spectral range Moisture indicator
Microwave spectral range Soil dielectric constant
Visible/infrared spectral range Energy partitioning




1.4 Objectives

The necessity to determine area-representative flux densities and related soil moisture
for large-scale heterogeneous land surfaces which cannot be measured conventionally,
has motivated the development of a remote sensing flux-algorithm on the basis of visible,
near-infrared and thermal-infrared data. A general conceptual framework is described
in this thesis for achieving the following ultimate objective:

Providing a basis for estimating the surface energy balance and moisture indicators for
a wide spectrum of land lypes ranging from palch to regional scale in which the necessity
for ground measurements is reduced as much as possible.

This study will address:

— The derivation of empirical relationships between hydro-metsoroclogical and remotely
observable parameters;

— The identification of the semi-variances and pdf's of relevant parameters controlling
the surface energy balance;

-— The estimation of the natural variability of the land surface flux densities ;

— The aggregation of distributed surface flux densities into area-average land surface
flux densities ;

— The identification of a suitable moisture indicator which normalizes energy partitioning;

— The aggregation of area-average moisture indicators and validation of these indicators
with in- situ and airborne data;

— The interpretation of moisture indicators into soil water content;

— The evolution of area-average surface energy paritioning and soil water content.

1.5 Outline of the thesis

The present investigation firstly summarizes the basic environmental physics needed
to understand and parameterize the surface energy balance (Chap. 2). Emphasis will
be given to evaporation, being the bridge between the surface energy balance and the
soil water balance. Since the study areas in Egypt and Spain have an arid climate often
with partially covered scils and sparse canopies, much attention is given to the
description of bare soil evaporation. A list of essential hydro-meteorological parameters
affecting land surface flux densities will be provided.

A one-layer parameterization scheme will be proposed in Chapter 3 to reduce the total

amount of hydro-meteorological parameters required for the calculation of surface flux
densitias, The concept of effective parameters will be introduced for heterogeneous land
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surfaces and a trade-off between what is physically desirable and practically attainable
will be outlined.

Chapter 4 addresses the location of the study areas in the Mediterranean region,
including the Qattara Depression in the Western Desert (Egypt), Nile Delta (Egypt) and
Castilla la Mancha (Spain). Field observations carried out in the Qattara Depression form
the baseline for investigating the temporal behaviour of a number of common moisture
indicators (Chap. 5). The diurnal variation of fractional flux densities will be addressed.

The use of simplified relationships betwesn environmental and remotely observable
parameters will be experimentally justified in Chapter 6. Chapter 7 deals with a full expla-
nation of the new physically based remote sensing algorithm SEBAL using the
simplifications derived in Chapter 6. The required equations will be discussed stepwise.

Two heavily instrumented sites in Castilla la Mancha have been used to explore the
degree of accuracy achieved by mapping land surface flux densities and moisture
indicators with SEBAL {Chap. 8). The remote sensing estimations were compared with
field and aircraft observations. To better explore the algorithm performance on large-
scale, a comparative study with a Nile Delta water balance was carried out. Chapter
9 adresses the sensitivity and uncertainty of the SEBAL-based flux densities and
moisture indicators.
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2 Theory of land surface evaporation

2.1 Coupling of energy and mass balances

Radiation balance

The principal energy source that drives the land surface flux densities G, H and AE,
is delivered by net radiation flux density Q. For a flat horizontal and homogeneous
surface, the all wavelength electromagnetic balarce in terms of the up (T) and
downwelling (1) radiative propagation is related to Q" as follows:

Q = K'“-K'+L*-LT  (Wm™P) 2.1

where Krgpresents the shortwave (0.3-3 um) and L the longwave (3 to 100 umj radiation
components. When electromagnetic radiation strikes an object, different interactions such
as transmission, absorption, refiection, scattering and emission between radiation and
objects arise. Planck's law for emission describes the distribution of the emitted spectral
radiance electromagnetic radiation as a function of temperature:

1.4410¢

&«
37410 41 W m2um (2.2)

LT - 2
where ) (um) is the wavelength, L (W m? pm''} is the spectral black body radiance
and T (K) the temperature. The constants of Eq. (2.2) comprise the Plancks constant,
the speed of light and Boltzmann constant. Eq. (2.2) gives the radiation for a perfect
black body with an emissivity of one (& = 1.0). On the other hand, grey body radiators
reflect a small fraction of longwave radiation (e#1.0). Natural materials are usually grey
bodies and consequently the emissivity is required to convert L,()* into temperature:

L(T) = e L(T® (W m2pum") @y

Salisbury and D’Aria (1992) provided tables on ¢, for terrestrial materials. Between 11.3
and 11.6 um, the emissivity is fairly similar and close to one (0.97 - 0.99) for rocks, soils,
water and vegetation. Spectral integration of Egs. (2.2) and (2.3), vields the Stefan
Boltzmann equation which for land surfaces reads as;:

L = feL(T™d = 08,Ty = o(T)* (W m?) (2.4)
0

where ¢ (5.67 10° W m?K™) is the Stefan Boltzmann constant, T, (K) is the land surface
temperature and T, (K) is the land surface radiation temperature. The atmosphere
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consists of several layers with different concentrations of water vapour and dust. Each
layer has its own heat content. The thermal stratification between near-surface level (T
~ 300 K} and higher altitude clouds (T ~ 210 K), makes a direct application of Eq. (2.4)
for radiation emitted by the atmosphere impossible. Therefore, a practical approach,
either with an effective black body sky radiation temperature or an effective emissivity,
has to be chosen. Brunt (1932) chose the second path and introduced an overall e,-value
applying to a near surface reference where the air temperature T, is used to estimate
the downward longwave radiation reaching the land surface:

LY =gocT, (WmP (2.5)

Based on Planck’s law, Wien’s displacement law basically states that the wavelength
of maximum emission is inversely proportional to temperature:

. . 2897.8

where 2897.8 is a constant pm «K. Eq. (2.6) implies that at the mean Earnth surface
temperature of 300 K, emission is largest at &, = 9.66 um, i.e. longwave radiation. At
the temperature of the sun, i.e. 6000 K, emission is largest at 0.48 um, i.e. shortwave
radiation. The amount of shortwave solar radiation reaching the land surface, i, de-
pends on atmospheric absorption and scattering of shortwave radiation. Atmospheric
interaction of shortwave solar radiation consists of three main categories: (i) Rayleigh
scattering at molecules which are small in comparison to wavelength, {ii) Mie scattering
at aerosols which have roughly the size of the scattered wavelength and (iii) gaseous
absorption by ozone, water vapour and mixed gases. Effects caused by Rayleigh
scattering are well understood. Vaiues for absorptivity range usually between 0.05 for
a clear sky and 0.15 for cloudy and dusty atmospheres (Raschke et al., 1991). More
troublesome is the quantification of aerosol Mie scattering. An explicit description of
aerosol scattering can be avoided by recognizing a macroscopic atmospheric perturbation
on radiation transfer by means of an effective transmission coefficient, T, in the
shortwave range:

Tow = () (2.7)

where K‘LmA is the radiation entering the Top Of the Atmosphere at a horizantal plane
between 0.3 and 3.0 um (Figure 2.1). A portion of the direct solar beam K‘LTOA is due
to Rayleigh scattering converted into the path radiance in the upper part of the
atmosphere, K. For a cloud-free atmosphere and an infinite Lambertian land surface,
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the radiation leaving Top Of Atmosphere, KTTOA can be expressed as (Fraser and
Kaufman, 1985):

7ot
K"rrOA _ K: . rotszTOA ) (2.8)
1-1,1,
where
K'ss = radiation entering the Top Of Atmosphere (W m?)
K'»,s = radiation leaving the Top Of Atmosphere (W m?)
; = path radiation (W m®)
ry =  atmospheric reflectance of diffuse radiation (-)
[ =  hemispherical reflectance of the land surface (-)
To =  two-way transmittance (-)

The atmospheric reflectance r, can be dascribed as the fraction of surface radiance
reflected by the atmosphere. In several application studies, the hemispherical surface
reflectance r, is commonly referred to as 'surface albedo’, ‘technical’ or 'metecrological
albedo, being the fraction of incoming shortwave radiation at the land surface which at
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Fig. 2.1 Simplified shortwave radiation interactions between the atmosphere and the land surface
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one particular moment 7(f) is reflected from land surface elements integrated across
all solar waveiengths (A} and all directions of observation (¢’ w’,):

3 =« 2n
e = [ [ [160n0.0,, th i) hdelavl, () (29)
03 0 0
where
o(A0s W, 9% W) = bi-directional spectral reflectance (-)
Lo(0s Ve = hemispherical surface reflectance (-)
A = wavelength {(um)
o, = off nadir view angle (rad)
by, = incident solar zenith angle (rad)
v, = azimuth view angle (rad)
v, = incident solar azimuth angle (rad}

Most satellites measure a directional spectral reflectance ro(A, ¢, V.., ¥ 5} Which by
means of a bidirectional function can be converted into 7,(A, ¢, w.,). K of Eq. (2.1) can
be calculated after involving Eq. (2.9) and r, = r( ¢, ,W..):

KT = rOKl (-) (2.10)

If {1-g;) furthermore describes reflectance in the longwave spectral range, the radiation
balance of Eq. (2.1} reads:

Q' = (1-r)K*+eioTs — (1-g)eioT: -e0Ta (WmP) (2.11)

which after introducing &’ = g,£’, reduces to:

Q' = (1-r)K'+e'cT, - e,0T, (Wm?P (2.12)
where
g, = themmal infrared emissivity of the land surface (-)
e’, = effective thermal infrared emissivity of the atmosphere (-)
e’ = apparent thermal infrared emissivity of the atmosphere (-)

Evaporation from individual land surface elements

The surface energy balance introduced in Chapter 1 relates net radiation flux density
Q) to the latent heat flux density, AE. Since water is present in vegetation stands, in
herbaceous layers, in open water bodies, in soils and on foliage, a stratum of evaporation
surfaces or evaporation fronts exists. Hence, multi-source land evaporation into the
atmosphere occurs from several evaporating sites. Vapour arises inside the stomatal
cavities of vegetated land surfaces as canopy evaporation {E,). Substrate evaporation
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(E...) refers to the vapour removed from herbaceous layers. The evaporation from open
water is usually described by E,. Bare soil evaporation, £, and evaporation of water
intercepted at foliages (E) are other forms of moisture exchange between land and atmo-
sphere. These isolated vapour flux densities E,.E, relate to individual micro scale
elements of the land surface and can be termed microscopic. Heterogeneous land
surfaces with multiple evaporation fronts exhibit a three-dimensional domain for
evaporation (Figure 2.2). The contributions of these individual vapour sources to a
schematical flat field average latent heat flux density AE™" can be determined according
to Eq. (2.13):

é
AE el = AL f f AE(a,2) da, dz (W m?) (2.13)
Az

Z

where z = -z, represents the lowest sub-surface level where vaporization takes place
and z = z, the position of the highest level. For water balance studies, only the total
amount of water evaporated from a field (AE™*) or (sub-) catchment (AE***"} is worth
solving. Then, evaporation has to be aggregated further from micro-scale to macro-scale.
The set of three-dimensional distributed microscopic evaporation rates AE..AE(x,y,2)
can be related to AE*"™, using weighing coefficients » to account for the fractional area
a/A of each micro-scale element (see Figure 2.2):
AES! = )\ (w E+0E,, +0,E,+0,E, 0, E)  (Wm?) (2.14)

The area-average latent heat flux density for a (sub-) catchment AE can also be obtained
from a number of n fields: ‘

<AE>= ¥ oAE™ (W m? (2.15)
=1
where
w = fractional area of each individual vapour-producing site (m” m™®)
A = latent heat of vaporization (J kg™")
E = microscopic evaporation (kg m*? g™
<\AE> = area-average latent heat flux (W m?)

1,n number of fields

...
1}
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Fig. 22  Schematic three-dimensional reprasentation of multiple evaporation sitas in complex
landscapes. The hypothetical flat land surface at z = 0 acts as the reference level for the
compulation of pafch scale and regional scale evaporation rates

The horizontal homogeneous flat interface between land and atmosphere to which Eq.
(1.1) applies is therefore a conceptual framework designed to assist computations. It
is not intended for describing multiple pore scaie and leaf scale processes.

Soil water balance

Besides net radiation flux density Q’, LE is controlled by the availability of soil moisture.
The volumetric soil water content, 8 (cm® cm™®), describes the volume of soil occupied
by water in the liquid phase. Taking z = 0 at the land surface and soil depth |2 = |-z,
then water storage W is the total amount of soil water per unit area being defined as:

]
W - f 8(zadz  (m) (2.16)
]

Since the land surface hydrological processes related to infiltration and evaporation are
in a flat area primarily vertical moisture movements, the soil water balance may be
written in a one-dimensional form. The soil water balance for a single field or sub-
catchment connects the bulk evaporation of soil moisture £” with the change in water
storage dW, from z = -z, to z = 0 during a time interval df according to:

aw P.+Q-E-R (ms™) (2.17)
dt

where

Pret = net precipitation rate

o
1]

A irrigation water supply rate
bottom flux density at z = -z,, being positively upwards

£
i
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= evaporation rate without interception E;
runoff rate at z =0
= time

g
o

The magnitude of the water balance terms depends on the hydrological situation and
on the evaporative demand of the atmosphere. The difference between potential and
actual evaporation rate, i.e. the evaporation deficit, is mainly controlled by soil water
storage, W. If the soil is sufficiently moist to maintain evaporation at the maximum rate,
i.e. potential evaporation, the latent heat flux density will be determined by the
atmospheric dermand, i.e. the radiation balance controls the evaporation process. Under
drier conditions when there is a persistent soil moisture deficit, the scil water balance
controls the evaporation process.

Soil heat balance

The soil heat flux density which is part of Eq. (1.1) adds heat to the soil during daytime
and extracts heat from the soil during nighttime. The near-surface heat storage is the
total amount of soil heat content p_c.T_ (2} in a soil volume between z= -z, and z= 0.
Per unit area it can be expressed as:

= [ peTiddz  Wm? (2.18)

Z=-2,

Since the integration limits for water and heat balances are due to the different physical
processes not necessarily identical, z, and z, have to be distinguished. The one-
dimensional soil heat balance for a certain slab between z = -z, and z = 0 is also
governed by the latent heat exchanges within this slab (see Figure 2.3):

d(p; t sz - G,+G,,-AE, (W m?) (2.19)
where
p, = soil bulk density (kg m®)
¢, = soil specific heat {J kg' K"}
T, = soil temperature (K)
G, = soil heat flux density at the land surface, which is positive downward (W m)

G,,, = soil heat flux density at depth z = -z,, which is positive upwards (W m™)
AE, = mean latent heat flux density across depth interval 8z which is positive for
evaporation (W m?)
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Fig. 2.3  Schematic soil heat balance in a siab with depth increment 8z for a daytime situation
with downward oriented flux densilies.

Hence, the surface energy balance affects the soil heat content and vice versa because
Eq. (2.19) demonstrates that G, depends on p_¢. T, dynamics as well. Furthermore, Eq.
(2.19) shows that the soil heat and soil water balance are directly coupled by means
of AE, which is coupled to E' by means of E_,

2.2 Moisture and heat transport processes in the soil

Due to dry and warm near-surface soil conditions, an explicit recognition of liquid, vapour
and heat flow processes in soils located in (semi-) arid climates is essential to determine
the surface energy, soil water and soil heat balance properly. This section does not
purport to give a detailed picture on the role of combined water and heat flow
mechanisms. It merely aims to provide an overview of the factors controlling the spatial
and temporal variability of evaporation and how this is manifested in radiative properties
of the land-surface. Furthermore, it is the purpose of this section o provide a sound
basis for understanding the surface energy balance of bare soils.

2.2.1 Soil water transport processes

Soil water potential

Soil water potential is the measure of the capacity of soil water in a soil matrix at
equilibrium for doing work as compared to the capacity of pure free water at the same
termperature and pressure. Since soil particles are hydrophilic, water in unsaturated soil
has a lower capacity for doing work, vielding a lower potential compared to free water.
The soil water potential is therefore considered negative. In hydrological studies, the
soil watsr potential is usually expressed according to an energy on weight basis, yielding
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an equivalent pressure head with the dimension of a length (unit metre). A series of
pressure heads may be distinguished in soil (e.g. Feddes et al., 1988):

h = B+l thyn, h, (M) (2.20)
where
h = total pressure head
h, = pressure head due to matric forces
h.., = pressure head due to osmotic forces
P = Pressure head due to gaseous forces
h, = pressure head due to gravitational forces

The matric pressure head, h,, describes the effect of various soil-water interactions
reflecting the attraction of water molecules by the soil matrix as well as to each other.
The gravitational pressure head, h,, describes the influence of gravity. in a non-saline
environment with exclusion of i1, and for conditions where gaseous pressure heads
h make a minar contribution, A may be approximated as:

pneur
h = h,+h, (m) (2.21)

Liquid-soil interactions

Adhesion in soil becomes apparent when water in the liquid phase adheres to the soil
ratrix. The mutual attraction of molecules in liquid is known as cohesion. Cohesion
between liquid molecules at the air-water interface is not equal from all directions yielding
a net attraction inwards the bulk of the liquid resulting in a surface tension between liquid
and air. The shape of the meniscus in a soil pore reveals the combined effect of the
surface tension at the water interface and attraction of forces between the soil matrix
and liquid. The angle of contact between the meniscus and pore wall is therefore a
measure of this combined effect:

F.. = 0,2nr.cos®, (N) (2.22)

F,, = adhesive force (N)

o,, = surface tension of water against air (N m™)
¥, = angle of contact ()
r, = pore radius (m)

The surface tension pulls liquid up to a height where the adhesive force F,,equilibrates
the force which tends to pull the liquid down (the weight of the water column). When
the contact angle is 0°, the relationship between matric pressure head and pore radius
can be approximated as:
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2
h o= - 2% (m) (2.23)
pwg 'rm

where g (m s?) is the acceleration due to gravity and p,, (kg m™} the water density. Eq.
(2.23) underlines that for macroscopically described soil matrices h,, is inversely
proportional to the radius r,, of water filled pores. The latter characteristic causes soils
with different pore size distributions to have different moisture retentive properties. The
relationship between matric pressure head h,_, and soil water content 8 depends besides
this A, (r.) effect also on the type and shape of the mineral elements and is therefore
difficult to predict on a theoretical basis. The maximum soil water content is equal to
the soil porosity, 0., i.e. the volume occupied when all pores are filled with water. The
degree of moisture saturation, S,, is a way to normalize the soil water content between
0 and 1:
6-6

= e 2.24
8, = ot 1) (2:24)

sai T

The term residual soil water content, 0, , is introduced to account for the fact that some

soil types bind 0 strongly at low moisture contents so that 8, is not available for water
transport and related evaporation processes. In fully saturated soils, S, = 1and h,, = 0.

Liquid-vapour interactions
Water vapour obeys the ideal gas law which relates vapour density in soil to vapour
pressure according to:

e = p,R” T, (Nm™® (2.25)
MW'
where
e = water vapour pressure (N m?)
R, = universal gas constant (8.134 J mol" K™)
M, = molecular mass of water (0.018 kg mol")
p, = vapour density (kg m®)

The vapour concentration at the liquid-vapour interface, i.e. an evaporating front, is given
by the Maxwell-Boitzmann distribution. The concentration of vapour molecules can be
derived from the total potential energy. The potential energy and vapour pressure
changes with height according to the hydrostatic equation which in the differential form
reads as:

de = -gpf2)dz (N m? (2.26)
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Combination of the hydrostatic and ideal gas law under iso-thermal conditions leads to:

A
de _ _I%yz (NmY (2.27)
e RT

v s

After height integration of Eq. (2.27) between the evaporating front at soil depth z=0
(e = e,,) and the air layer with z = h (being the total pressure head with dimension
length), the vapour pressure in the area surrounding the liquid wedge becomes (Edlefson
and Anderson, 1943):

Ru Ts
n

h = In_&
ng esaf

(m) (2.28)

According to Eq. (2.28), the relative humidity of soil air e/e,,, varies with pressure head.
The upper limit of the vapour pressure e_,, is the temperature-dependent concentration
of water vapour that can exist in equilibrium with a plane surface of pure water. The
saturated water vapour pressure e_, in a closed system can be approximated by the
Clausius-Clapeyron equation, which accounts for the fact that changes in the heat
content of the air due to a change in its temperature must be equal to the latent heat
consumed by water evaporated into the air:

de

T;f‘{ = esaf( Ts)

AM

(Nm2K™" (2.29)

u's

The theoretical derivations of the h(h,), h.(r,), H(T), h.(6) and h(e/e,) relationships
posed, enable to link r,,, T, 8 and &fe,,, through the common prognostic variable h for
various soil types, which is essential for the description of the liquid, vapour and heat
flow as weli as their interactions.

Liquid transport processes in a soil matrix
The latent heat flux density at a bare land surface, AE,,, can be conceived as being
composed of a fraction which evaporates at the surface, g,”, and a fraction of latent

heat exchange occurring in the sub-surface and transported into the atmosphere, g

AE,,; = }prqem*kq;m (W m 3 (2.30)

where g/ (m s) is the total liquid flow in small pores with the meniscus maintained at
the land surface and g,* (kg m? s™) is the total vapour flow arising from sub-surface
evaporation. Figure 2.4 shows that a macroscopic h,,-value in a soil matrix having small
and large pores accomodates liquid and gaseous phases simultaneously. The soil water
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Fig. 2.4 Effect of different sized pores on water transport and macroscopic matric pressure head.

transport processes of water in liquid phase, g,*, will be discussed first, while the second
part of this section deals with vapour flow mechanisms, ¢,

Soil water in the liquid phase moves in the direction of decreasing energy status, i.e.
towards locations with lower total pressure heads. The soil hydraulic conductivity k(f1,)
describes the response of the soil water flux density to a gradient in total pressure head
V_h. If the soil matrix is conceived to be sufficiently large that the internal microscopic
geometry of the soils becomes irrelevant, a macroscopic treatment at REV scale may
be applied. The Darcy equation for liquid flow in the unsaturated zone is applicable to
a continuum representation of mass balances that average unsaturated hydraulic
conductivity k(h,) over a large number of flow pathways (Gelhar, 1993):

G = ~Kh, )V (h,~h) (ms™) (2.31)

where g, is the one-dimensional vertical iso-thermal liquid flow being positive upward
and h, = z. The Darcy equation can alternatively be expressed with 8 as the prognostic
variable:

6% = DY n ) (ms) (2.32)

with the iso-thermal liquid diffusivity being specified as

D, = Mh)S™ (&) (2.39)

It is widely recognized that the k(h_ ) relationship (sometimes expressed as k(D)) is
extremely non-linear and that it depends on soil texture and structure. Both #,{6) and
k(B} characteristics have to be experimentally determined for samples that are sufficiently
large to give a meaningful statistical average which does not change if the volume of
consideration changes (i.e. the principle of Representative Elementary Volume, see
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Chapter 1). Although the elementary hydro and thermodynamics are most appropriate
at the individual particles of the solid phase and of individual pores, the REV scale offers
the best perspective for relating flow equations to measurable properties and quantities.
Miller and Miller {1956) used a set of scale factors o, to relate distributed micro scale
vaiues to macroscopic soil physical characteristics, describing correctly an ensemble
of microscopic processes:
REV hn.:‘rm
hoEY = (m) (2.34)

r-f

and

K™ = KO0, (m s (2.33)

The theoretical concept of the scaling factors a,, which relates the soil property at a
location i of an individual pore to the soil property of the REV, is based upon the concept
of similar media. Measurements of the h,"" and k" relationships can be described
by analytical functions {e.g. Clapp and Hornberger, 1978; van Genuchten, 1980}

The gravitational contribution to moisture flow in the topseil under evaporative conditions
with IV A, I>>IV A | is of minor importance, so that h dé/dh,, in Eq. (2.32) in the near-
surface layer is often ignored. Then, the average D,-value representative of a thin slab
between h_(1) at the top and h,(2) at the bottom can be estimated as:

ho(1)
D - e_‘_ f kh )dh, (m2s™) (2.36)
2 Vnt mi

which, after analytical or numerical integrating k(h,,) dh,, yields a function of the matrix
flux density potential M(h,) (Gardner, 1958):

D - #M(hm) (m? s (2.37)
nz Pni

If non-isothermal conditions prevail, a formal extension of the Darcy flux density g,
intfroduced in Eq. (2.32) is required (Philip and de Vries, 1957):

%" =Gy * G = ~DV9-KO,T)-D,V.T, (ms) (2.38)

with
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dh,,
dr,

D,, = k6,T) (m2 s K (2.39)

where g,;is the thermal liquid flow (m s™') and the D, thermal liquid diffusivity (m® s™
K™). Note that D,, represent the so-called cross conductivity coefficients for the thermal
response of moisture gradients (Feddes et al., 1988). The thermal liquid diffusivity
describes the variations in the bulk properties of water induced by differences in soil
temperature. If g, and g,; do not have the same direction, a countergradient type of
transport will arise (Goudriaan, 1989).

The continuity equation for the conservation of liquid water in unsaturated soil can be
written as:
a0

T (240)

where S, (s”) is the sink of soil water which comprises among other elements water
extraction by roots and sub-surface latent heat exchanges to maintain thermodynamic
equilibrium. The involvement of the differential soil water capacity, C(h,), makes it
feasible to express the mass continuity equation as a function of pressure head:

oh 1

m

m o _ tal_ -1 . 1
= .__C(hm)( Vg -8) (ms™ (2.41)

where the differential soil water capacity is defined as:

Cihy) = - ) (2.42)

The advantage of applying Eq. (2.41) in comparison to Eq. (2.40) is that the pressure
head remains continuous in layered soils as well as under multi-phase flow conditions
(Feddes and Bastiaanssen, 1992) which is a sound basis for moisture transfer
calculations in heterogeneous soiis in arid regions (both e/g_,, and 6 are a function of
h).

Vapour transport processes in pores of different size

In air-filled pores, water remains in the vapour phase. Traditionally, density driven air
flow i.e. thermal convection, is not accounted for when predicting water vapour movement
in dry soils. Convection of water vapour by air movement however enhances the diffusion
processes and depends on pore size. These pore size-dependent flow mechanisms make
the formulation of a macroscopic permeability to vapour molecules more cumbersome
compared to the derivation of a macroscopic k() relationship. The flow processes need
to be discussed for classes of equal pore size (Table 2.1).
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Table 2.1 Fundamenial vapour transport mechanisms in relation lo pore size)

Flow process Symbol Pore size (m) Symbol  Source

Gias molecular Fickian flow g 5*10* 0 5*10%  rf Heinonen, 1985
Free molscular Knudsen flow q" 1*107 to 5*10°  rf Knudsen 1909
Viscous Darcian air flow, gt 1"10° to 310° P Carman, 1956
Turbulent air flow ql 3*10% to 3*10" R Menenti, 1984

According to Table 2.1, turbulent air flow qv‘,rUH and classical Fickian vapour diffusion,
qf, arise in large pores. Intermediate sized pores allow for viscous flow g2, while free
molecular Knudsen flow, g arises in small pores. Hence, each transport phenomenon
has a specific role depending on soil geometries. The dominant process controliing the
vapour transfer from the inner soil towards the land surface depends on the connectivity
between pores, the ambient temperature and total air pressure, besides pore size. Mason
and Malinauskas (1983) developed a framework which integrates these various flux
density mechanisms and properties for multi-component gas transport in the soil, i.e.
the dusty gas model. An electric analogue is given in Figure 2.5. A comprehensive
vapour flux density, g™, can be quantified after identifying the probability p(r.) that a
particular pore radius p(r,) exists and is filled with air (see Table 2.1). The sum of the
subsequent probabilities p(r,”) to p(r, /") must be one:

1ot 1 1 1
. = + +
q. U +q Pl @it a9, plra )

Ylkg m?s7)  (2.43)

129F 28
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v

Fig. 2.5 An electric analogue circuit to indicate the role of ordinary Fickian and Knudsen diffusion in
series and in parallel respectively with viscous and turbulent air flow (adapted after Mason
and Malinauskas, 1983)

A. Gas molecular Fickian flow, qf

Water vapour molecules in large quantities that flounder in dry air will have a net flow
in the direction of the decreasing concentration. Fick's 1*' law of molecular vapour
diffusion is similar in shape to Fouriers law of heat conduction:
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q = D/V,p, (kgmZs) (2.44)

where DI (m? ™) is the vapour diffusion coefficient in a soil matrix. Since interaction
with the soil matrix should be minimized, the bulk molecular gas diffusion takes place
mainly in pores that have a sufficient large aggregate diameter. Many collisions are
needed to average random walks of the molecules. Therefore, Fick's law for the diffusion
of gases only remains valid in pores with a radius (r,), a few orders of magnitude larger
than the mean free path of a water vapour molecule, ¢, (Menenti, 1984).

B. Free molecular Knudsen flow, g)f

The Knudsen diffusion, Knudsen flow or free molecular diffusion, is restricted to
conditions where gas molecules do not collide (Knudsen, 1909). The Knudsen flow arises
when the transport is determined by collisions of the molecule with the pore wall.
Although the theorem of Knudsen flow in porous media has existed for years, its
introduction into soil physics has only just begun (Menenti, 1984; Clifford and Hillel, 1986;
Thorstenson and Pollock, 1989). The speed of vapour movement associated with
Knudsen flow is equal to the molecular speed given by:

k]
v - [8 TSHUI (m s~ (2.45)
M

The vapour speed, v,, in small air-filled pores where Knudsen flow applies, is many
orders of magnitude higher (600 m s™) than the mean vapour flow hindered by the gas-
gas collisions in large air-filled pores. The intensity of vapour flow can be calculated as
the vapour load (mol or kg) passing a unit area (m?) at a certain rate (s). As such, the
permeability for Knudsen flow can be schematized as a diffusion parameter, DY, Knudsen
{1909) showed that for a schematized scil with straight parallel cylindrical pores of
constant radii, D can be approached as:

DX = %vmrm (m2 s (2.46)

Note that DY with an average pore radius of 5 10® m and molecular speed of 600 m
s yields a diffussivity of 4 10"° m® s which is significantly higher than that for D/ which
lies usually between 1 10° to 1 10® m? ™', The collisions between a molecule and the
pore wall takes place in any capillary and at any time but are negligible as a flow
controlling processes when r, /¢, is large. Yet, a small range of critical diameters exists,
at which gaseous transport is not hindered by gas-gas collisions. The pore size
distribution of a particular soil in combination with the degree of moisture saturation, S,,
determines whether or not g is an important process. According to Clifford and Hillel
(1986), the r, range, where Eq. (2.47) remains valid is 0.1<r, /¢ <10
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q) = -D)V._p, (kgm2s™) (2.47}

C. Viscous Darcian air flow, q°

Air is a mixture of partial gas pressures such as N,, O,, CO, and H,O. Dalton has stated
that the total air pressure is the sumn of the partial pressures of the gasses in mixtures
because each constituent occupies the same volume. The average molecular mass
for dry air without water vapour is M, = 0.029 kg mol™. Then, the total air pressure, p,
can be computed from the dry air pressure and the water vapour pressure (Eq. (2.25):

R A, i
p = p"_nd_:Ts+p”FwTs (Nm? (2.48)

where p, is the dry air density and the moist air density becomes:

Pa = PP, (kg M) (2.49)

The p /p, ratio is also known as the specific humidity g,. Expressing the total air pressure
p on a weight basis yields the pneumatic pressure head h,,,, (Eq. 2.20). With the
existence of small gradients of total air pressure head in soil, V h,,,,, water vapour can
be advected by moist air movement. If V A, is caused by VT, it will account for
thermal convection (not being necessarily turbulent flow, g,™) Very small pressure
gradients can produce viscous flux densities, that are greater than g.. Such viscous
Darcian flow is a function of the specific or intrisic permeability, K. Accordingly, the total
moist air movement can be expressed using a Darcy type of equation for gas flow driven
by differences in total air pressure p corrected for gravity flow:

97 = PP VAP-p.GA (kg s (2.50)
where
v, = air flow velocity (m s™)
n, = dynamic viscosity of air (N s m?)
K = specific permeability (m?)

D. Turbulent air fiow, q7“"

Wind action will arise from pressure gradients in soil capillaries where the build-up of
total air pressure gradients, V h,,,,, cannot be compensated by viscous flow alone. If
the air moves rapidly, a point is reached where laminar flow changes into irregular

motions, i.e. turbulent flow. Thermal convection implies turbulent transfer of momentum
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in the fluid. Menenti (1984) provided criteria for the transition from laminar to turbulent
flow in air-filied soil pores on the basis of the Reynolds number. He showed that for
k > 10® m?, soil air flow should be estimated by turbulent transfer equations (Ergun,
1952):

1-x,

2r

m

[

150(1-x}
V = B
P Re

+1,75]p (v;) (N m=) (2.51)

where R, is the Reynolds number and x, the volumetric secil air content and
consequently

o " =pyv. kgm?zs) (2.52)

Note that the first term on the right hand side of Eq. {2.51) describes viscous flow,

q2. When the total vapour flux density g** needs to be specified at pedon scale rather
than at the pore scale where gas kinetics apply, Fick’s 1*' law with an effective vapour
diffusivity, D is traditionally considered to account for the many separated flow

mechanisms (Philip and de Vries, 1957):

quow - _Dveffvzpv (kg m2 s {2.53)

Inversion of Eq. (2.53) in combination with Eq. (2.43) allows to derive D", Transient
p(z,B-patterns can be obtained from in- and out flow of g/ in a pedon with thickness
8z in association to its sinks (condensation) S,

ap,

= - -V,07-5, (kgm=s (2.54)

with

S,

v

E
= —?" (kgm=2s) (2.55)

z

where the minus sign in Eq. (2.55) is added to indicate that condensation is the
counterpart of evaporation. A multi-scale description of these fluid processes is necessary
to understand large scale land surface processes (Figure 2.6). A microscopic description
is only useful at pedon scale. Macroscopic or effective permeabilities have to be
introduced on the scale at which many soll types and land use are present. The effective
permeability for fluid transfer at meso scale can neither be described as a macroscopic
permeability nor be measured. Of considerable interest is the identification of using
inverse methods to determine these effective parameters. Feddes et al. (1993) suggested
to derive effective soil physical properties by inverse modelling of area-average
evaporation and near-surface soil water content.
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Fig. 26  Soil waler transport processes and system permeabilities on various spatial scales

2.2.2 Soil heat transport processes

Thermal energy in porous media may be transfered by conduction, g, and convection,
G, Fluid movement in liquid and vapour phase contributes to the convection component.
Classical soil heat transport theory considers conductive heat flux densities through
the various soil constituents (e.g. De Vries, 1958) (Figure 2.7):

waler

- soil moisture, g,;
— soil air, g2

— soil minerals, g2"
— soil organic material, g,..°

waler

Effective heat conduction through porous soil media, g, comprises the separated g,
air min

s Qo and g,.° flux densities and can be mathematically expressed as:

9, = MV, T, (Wm? (2.56)

where A (W m" K"} is the effective soil thermal conductivity which has a hypothetical
character since it strictly speaking applies to soils without fluid movement. The effective
thermal conductivity A of moist scil is an average of the thermal conductivities of the
individual soil constituents A, weighted with the ratio of the average temperature gradient
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Fig. 2.7  Schematic soil structure and soil heat flow components; Daylime situation with downward
oriented flux densities

k.in the /™™ constituent to the average temperature gradient of the bulk medium and the
relative volume occupied by the i™ constituent, v;
. kv,
e o 2l

e TKA 2.57
Sy VMU KD @57

The particle shape, and especially the surface of contact between the particle edges
affects the ratio of the temperature gradients k, (de Vries, 1958). Due to the fact that
A=) 2" and that k;is modulated by v, and v,,, the &;(6) relationship is non-linear.
Liquid flow, g, and air movement by means of q° and q/“" carry soil heat content. The
heat convection process is driven by different forces: A gradient V ,h,, causing liquid fiow
and a gradient V h, . causing air flow. The partial convective processes (g, Gor g7,
g."") can be lumped together in a mixed convective heat flow, g,,, comprising ¢ and
q,” (de Vries, 1958):

Gra = ~C,9.76,T,-p,C, % 0T, (Wm? (2.58)

where ¢, (J kg" K} is the specific heat of water. The first and second term covers the
transfer of thermal energy by vapour and liquid transport respectively. By introducing
an apparent thermal conductivity term, A, g, +g,.can be formally expressed as effective
soil heat flow:

B = GG = AV, T, (W M) (2.59)
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The merit of A,’ values is that they directly relate gradients of soil temperature to flux
densities g, The Nusseit number A_/A,’is a measure to indicate the relative importance
of convective enhancement of conductive heat transport.

Transient T,(z,1) patterns can be obtained when the heat transport equation (Eq. 2.59)
is re-arranged into Fourier's 2™ law, being a more generalized form of Eq. (2.19):
oT,

pscsT: = _quhror_sh (W m-a) (2'60)

with the sink of heat content being defined as:
ALE

S, = (Wm? (2.61)
&z

E,in Eq. (2.61) is equal to E, in Eq. (2.55) because liguid to vapour transition adds
vapour and removes heat. It should be noted that the heat of wetting affects A in Eq.
(2.61) because absorbed soil water has an enthalpic content which changes soil air
humidity.

The movement of liquid, vapour and heat in the sub-surface has now been briefly
described and it is shown that they are coupled by sinks and sources (S,, S,. §,). The
dry topsoil undergoes strong thermal forcing and many of the transport phenomena
mentioned in this section occur within a 24 hour cycle. A more exact prediction of time
scales on which certain process such as g,,, g, and g°, g/*" and g, are relevant and
how they affect AE and G, can be achieved on the basis of field measurements and/or
model simulations. The numerical EVAporation DESerts (EVADES) simulation model
{Bastiaanssen et al., 1989; 1990) has been built to compute the transient patterns of
6, p,, Tand h, and will be used to explain observed field phenocmena being described

in Chapters 5 and 6.

2.3 Moisture and heat transport processes in the atmosphere

2.3.1 Planetary Boundary Layer
The lower part of the atmosphere, where the influence of land surface flux densities

on atmospheric motion is evident, is called the Planetary Boundary Layer, PBL. In this
zone, the effects of the Earth’s rotation (Coriolis forces) may be disregarded in
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Fig. 2.8  Schematic representation of the hybrid Planetary Boundary Layer (PBL) into sub-layers
with typical heigths. The vertical profites of horizontal wind speed and potential
temperature during an unstable daytime condition are indicated

comparison with the effects from land surface processes. Generally, the flow in the PBL
has a turbulent character generated by wind shear and thermal convection. The hybrid
PBL for a dry, well-mixed ideal case consists of different sub-layers as depicted in Figure
2.8.

The turbulent surface-layer is the lower part of the PBL and might be typically 10% of
the PBL height (Holtslag and Nieuwstadt, 1986). Monin and Obukhov (1954) proposed
a similarity hypothesis for this turbulent surface layer. Holtslag (1984) showed for a
pasture area at Cabauw, the Netherlands, that the Monin-Obukhov hypothesis is valid
up to an altitude of 100 m. A roughness sub-layer with variable surface roughnesses
like canopy layers or bluffy surface shapes, lies just above the land surface (see Figure
2.8). Throughout the mixed layer, potential temperature and humidity are quasi-constant
with height. The top of the PBL is limited by the free atmosphere. The entrainment layer
is the zone where the laminar process of the free atmosphere are hit by the turbulent
eddies leaving the PBL. Entrainment is the mixing process of these air parceis.
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The greatest horizontal variations in H and AE over composite terrain are found close
to their source at the land surface, i.e. the turbulent surface layer. Vertical transport of
momentum, heat and vapour flux densities above heterogeneous terrain exhibits non-
uniformity in space, which causes horizontal advection. The height in the PBL at which
momentum flux density becomes approximately independent of surface modifications,
is called the 'blending height’ (Wieringa, 1986). Below the blending height, it is assumed
that the wind profiles primarily respond to local roughness slements. The concept of
blending height is a practical tool from which area-average momentum flux densities
can be deduced (Wieringa, 1986; Mason, 1988; Claussen, 1980). The height at which
the momentum flux density becomes areally constant varies with the geometry of the
surface roughness elements and the convective conditions. Multiple blending heights
at different levels and horizontal scales may therefore arise. For the purpose of the
present study it is convenient to consider a simple expression for z; being based on
general internal boundary layer theory (Mason, 1988):

2 = (Lyx (m) (2.62)

where x {m) is the characteristic length scale for horizontal distances between obstacles.
The height of the PBL as a whole follows a daily cycle. The final PBL height from surface
forcings increases with the square root function of the time integrated values of Hand
AE (Driedonks, 1981) and will typically be in the order of about 500 m up to 2.5 km. Dry
surfaces exposed to @ contribute to rapid warming of the air (significant H flux), causing
to increase swiftly the PBL height.

2.3.2 Flux-profile relationships for homogeneous land surfaces

The similarity hypothesis (Monin and Obukov, 1954) of wind, temperature and humidity
profiles in the surface layer above extensive horizontal homogeneous terrain implies
that:

— flux densities of momentum, moisture and heat vary by less than 10% with height;

— flux densities are linearly related to gradients of wind, temperature and humidity;

— the effect of buoyancy on flux densities can be accounted for by a dimensionless
variable.

Since the {and surface is not smooth, shear stress arises. Shear stress is a sink for
kinetic energy at the land-atmosphere interface, which has o be compensated by a
vertical flux density of momentum. A measure of shear stress is provided by a typical
velocity, u. of the resulting eddies:
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T=pul (Nm? (2.63)

where u. (m s} is the friction velocity. Since the actual mechanisms for turbulent
transport are difficult to quantify, a mathematical approach similar to diffusion is usually
considered, whereby shear stress is linearly related to the vertical gradients of horizontal
windspeed:

T- K V(o) (Nm?) (2.64)

where K (m? 57"} is the eddy diffusion coefficient and u (m s} is the mean horizontal
wind speed. The vertical gradients of horizontal wind speed over flat and homogeneous
surfaces in a neutral atmosphere {H = 0) depend on friciton velocity u. and height z as
{Monin and Yaglom, 1971):

du . % s (2.65)
dz kz

where k is the Yon Karman constant (0.41). Eq. (2.65) indicates that the shape of the
(2} profile is determined by u.. Thermal or free convection may arise in the surface layer
because of gradients in moist air density. If thermal convection is indeed present, a
combination of thermal and forced convection arises: mixed convection. Buoyancy is
upward momentum transport, so it tends to offset the downward (mechanical) transport
due to shear stress. The non-dimensional Monin-Obukhov stability correction factor for
momentum transfer, ¢,,(€), corrects the vertical gradient of w(2) for the effect of buoyancy:

du _ U, ’ 2.66
v F E%@) (s™ (2.66)

where £ (-) is the ratio of z and L, being a suitable determinant to assess the height
dependency of buoyancy transfer:

_Z )
§-1 0 (2.67)

The Monin-Obukhov length L is a length scale for mixed convection {Obukhov, 1946)
and was defined as the ratio of mechanical production of kinetic energy divided by the
thermal convective production of turbulent kinetic energy:
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3
’T
- Pai;”H P (m) (2.68)

L:

where T, (K} is the mean air potential temperature of the flow region under consideration,
which implies that L changes slightly with height zin the constant flux density layer. Note
that L is negative under unstable conditions. Overall accepted standard empirical
expressions on ¢_(&) are among others provided by Dyer and Hicks (1970). The most
frequently used ¢,-functions in unstable cases (7> T, £<0) are:

6,=(1 —16‘%)'“-25 () (2.69)

and stable cases (7;<T, £>0).

o = 1+5% () (2.70)

Under neutral conditions with £ = 0, ¢, will become 1 and u(Z) is fully determined by
shear stress. Eq. (2.69) remains valid as long as -7<£<0 while for Eq. {2.70} 0<£<1
applies (Holtslag, 1984). For neutral stratification where H theorstically tends to zero,
L approaches infinity. Combining Eqg. (2.63), (2.64) and (2.66) yields an explicit
expression of the eddy diffusion coefficient:

K = qu)”‘ (m2 s @2.71)

m
m

The equation for potential temperature profiles being equivalent to Eq. (2.66) is:

d7, T
P _* & 2.72
- - g?® Km? @72)

where T. (K) is the temperature scaling parameter in analogy to w. for wind profiles. In
stable conditions, ¢, and ¢, are often treated to be similar while for unstable conditions
o, = 0,° applies (Dyer and Hicks, 1972). The eddy diffusion coefficient for atmospheric
heat transport then becomes:
kzu
K, = ~ (m?fs) (2.73)

i

Potential temperature, T, is the air temperature corrected for the adiabatic gradient
(-0.0065 K m") which makes a comparison between temperatures at different
atmospheric pressures feasible (e.g. Stull, 1988):
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n=m%msm (2.74)

where p, represents the reference air pressure. A formal extension of Monin Obukhov's
similarity hypothesis for the flux-profile reiatiocnship of water vapour becomes:
dqg,

-9 4 2.75
' kz%(ﬁ) (m™) (2.75)

where q. (-} is the humidity scaling coefficient. The factors ¢, and ¢, may considered
to be simitar (Monin and Yaglom, 1971). If ¢, and ¢, do not differ, Eq. (2.73) describes
K, as well. The scaling parameters for momentum, heat and vapour are related to their
surface flux densities respectively as:

m%%W(mf} (2.76)

T.-H K (2.77)
pLC U

q. - 2£ (9 (2.78)
PUA

The impact of Tt on Hand AE is evident from Egs. (2.76) to (2.78). The integrated form
of Egs. (2.65, 2.72 and 2.75) in the surface layer between the land surface and a
reference height yields the well known logarithmic profiles of state variables. The vertical
profile of mean horizontal windspeed u(z) under conditions of mixed convection then
becomes:

u z,,~d

— = -1—[ In ( ) _‘Um(zsurfd’l') +‘|"m(zom’L)] (_) (279)
u, k

O

where z_, represents the near-surface reference height to which the t-flux densities
apply and d is the diplacement height. The combination of the t(w.), H(T.) and AE(qg.)
scale-flux density functions with the scale-profile functions yields the flux-profile
relationships. The y-function in Eq. (2.79) is the integral of ¢,,(z, -d,L). Examples of
y-functions can be found in literature (e.g. Pauison, 1970). For unstable conditicns (£<0)
one can take:
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14X ) 2arctan(x)-0.51 (-} (2.80)

¥ = 205 en

where x = ¢, s0 that

- (1- 16 )+025 -) (2.81)

while for stable conditions, the integral atmospheric stability correction becomes (Webb,
1970):

y, = 5 (-) (2.82)

Since the y,,(z,,,-d,L) term in Eg. (2.79) depends implicitly on w. through the Monin-
Obukhov length L (see Eq. 2.68), an iterative procedure is needed to let solve Eq. (2.79)
for u/u.. The value of v, (z,.,L) is a small fraction of y,_{z_ -d,L ) and is usually ignored.
The height at which the windspeed mathematically vanishes is the roughness length
for momentum transfer, z,,. According to Eqg. (2.79), the roughness length is mathe-
matically defined as a constant appearing in the integration of Eq. (2.66). The presence
of open areas, wind breaks, forests and built up areas in the upwind direction may be
of overriding importance for the local roughness conditions. The roughness length
representative for a larger area depends on the surface geometry, viz. height and
distance of vegetation stands and other landscape elements such as windbreaks and
buildings. The Davenport classification table has been designed to support the z,,,
estimation for homogeneous landscapes (Wieringa, 1986).

In micro-metecrological studies, local z,,-values for local surface conditions are usually
derived from u(z), L and flux densities of T and H. In the absence of wind profiles to
estimate z,,, from u(z), the height of vegetation stands, h,, can be used to assess z,,.
It is an established fact that z,,/h, changes with geometry of the land surface (Wooding
et al., 1973). For vegetated surfaces, it was shown that the peak of z,/h, arises at
intermediate LA/ values (Seginer, 1974). Figure 2.9 demonstrates that z, /h, increases
with LAl until the onset is passed above which 'over-sheltering’ of the canopies occur.
Then, additional leaves will create an environment where leaves merely shelter their
neighbouring leaves and the surface behaves more aerodynamically smooth. For
complete canopies, Brutsaert (1982) proposed z,,, = 0.13h,. For a range of parial
vegetation cover, Raupach (1994) proposed to use:
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z;:v'" = (1 —de) exp(—k:i -y,) (2.83)

and
LI,

and
f:T* - (o.oos+o.3_’:;;’)°-5 (-) ifLAISLAS (2.85)

and
% =03 () IFLAI>LAI* (2.86)

where LAF™ is the onset where further terrain roughness elements does not affect the
bulk drag. Eq. (2.83) can be applied to find z,,, if vegetation is characterized by h, and
LAl Hence, the use of a z, /h, ratio is definitely not an overall solution, but has to be
seen as a practical tool if no other data sources are available.

In taller crops with closed canopies, the wind profile of Eq. (2.79) is displaced upward
when compared to the surface level. The latter shift in height of the reference level is
often indicated by the displacement height, d. If the principle of displacement height
holds, the wind profile is lifted by a height d and consequently the windspeed will vanish
at d+z,,. Wieringa (1992) showed that d/h, changes with the degree of wind profile
curvature because of obstacle density. Only for rather closed canopies and in skimming
flow conditions where the obstacle height is about five times the typical distance between
the obstacles, the d/h, fraction such as indicated in Eq. (2.84) seems to be a workable
approach. There is a general consensus that d ~ 0 in sparse canopies with semi-smooth
flow conditions {distance between obstacles being more than 15 times the obstacle
height}. Discussions as to how d can be obtained regionally from scarce information
represent an issue that will continue to be debated. If z, >>d, the need to describe d
explicitly can be eliminated anyhow.
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Fig. 29  Measurements of normalized roughness length, z,./h,, as a function of the leaf area
index, LAl (adapied after Raupach, 1994)

The vertical profile for potential tempsrature in the surface layer is obtained after
integrating Eq. (2.72):
Ton T,

p -1 In
T, k[ (zo,,

Zsur—d

) W2, ALy wy(Zul)] () (2.87)

The roughness lengths for momentum (z,,) and heat (z,,) are not identical per se,
because the transfer processes in close proximity of obstacles are not similar (Thom,
1972). If z,,, and z,, are identical, T, in Eq. (2.87) is called the aerodynamic surface
temperature T,,, but this is rather hypothetical and a standard expression to account
for z,,,and z,, differences is the introduction of the kB factor (Chamberlain, 1966) which
is defined as:
z
kB =In22" (9 (2.88)

Zy

Garrat (1978) demonstrated that z,, can be oneseventh of z,, (kB" = 2). Brutsaert (1982)
indicated that z,, is one or more orders of magnitude smalier than z,,, (kB '>2.3). Hence,
one should take care that different definitions of land surface temperature and roughness
lengths exists such that T, # T,z T, # T;, where there is a slight indication that for
‘permeable rough’ surfaces such as canopies, kB is approximately two to three (Prevot
et al., 1994). However heterogenous surfaces consisting of distinct components, for
example bare soil and vegetation, respond with different momentum and heat flux
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densities and kB' can hardly be solved in a straightforward manner (Biyth and Dolman,
1995).

For atmospheric vapour transfer, the g,(z) profile can be computed from:

zsurid

qz(?v_qa =l[|n(
9. k  z,

) -wdz,~dbv(z, 0] () (2.89)

The v, and v, functions necessary to solve Eqgs. (2.87) and (2.89), respectively for
unstable conditions { £<0) are:

v = v =2 () (2.90)

while for stable conditions v, ~ v, ~ y, applies.

2.4 Concluding remarks

The description of evaporation as a function of soil moisture dynamics in the unsaturated
zone involves the radiation, energy, liquid, vapour and soil heat balance. Physical
interpretation and mathematical formulation of such complex events cannot be done
without a certain degree of simplification i.e. macroscopic system treatment with effective
diffusivities such as D, D=, A, The same remark applies to the diffusivities in the
atmospheric surface layer: K, K, and K,. The continuous interactions between liquid
and vapour phases in a non-isothermal surrounding, a moving fluid and strong diurnal
variation in radiation makes the process description intricate at field scale and beyond.
Mechanistic simulation such as EVADES may help to understand bare soil evaporation

under arid conditions.

Eqgs. (2.4), (2.87) and (2.88) have demonstrated that the aerodynamic surface
temperature T,,,, the surface radiation temperature 7., the surface temperature T, and
the surface temperature where the heat source emerges T, have different definitions.
Ample attention should be paid to kB' when interpreting remotely observed T values.
The relevant soil and atmosphere properties, and variables which control the land-
atmosphere interactions in terms of effective parameters, can be summarized as follows:

Variables:

— Atmospheric state variables (u, T, Q)

— Land surface state variables 9, Ty

— Soil state variables 0, T, p)

— Radiative flux densities (k, K", L% LNy
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— Atmospheric scaling variables (u, T, q)

Properties:

— Soil effective liquid diffusivity (D&";

— Soil effective vapour diffusivity (D2,

— Soil apparent thermal conductivity (A});

— Land surface properties (s €or Zoms Zow Zowr Die 0, LAD;

The relative magnitude of heat flux densities at land surfaces depends on the above-
mentioned variables and properties:

Q. (Lt e TuKY) = Go(l; TaTy) + (2.91)
Hz,,. B \u LT, T, + AE(z,, . kB u,L q,,q.)

1 p!

Because of the direct dependance of q,,, on soil water content, the latent heat flux
density AE is the most difficult term to solve and it is therefore prefered to consider it
as the budget residue in surface energy balance studies:

AE = Q*-G,-H (2.92)
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3 Parameterization of land surface flux densities in the soil-
vegetation-atmosphere continuum

3.1 Layered resistance schemes

Land surface flux densities may be parameterized as Ohm's type of transport equations
comprising a resistance term to account for the flow obstruction:

F, - (1.4)

Resistance schemes are built such that the value of the entity ¢ is related to the two
reference locations 1,2 which define the domain of the resistance. Resistance schemes
may form the basis of flux density calculations in simulation models, i.e. land surface
parameterization schemes (e.g. Dolman, 1983) and remote sensing algorithms (e.q.
Camillo, 1991). Resistance schemes with different levels of sophistication are developed
(Figure 3.1) and they will be discussed in this section by decreasing complexity. The
two-layer version for partial canopies has separated land surface flux densities for the
bare soil surface and the vegetation canopy, and aliows for interactions between them
{Figure 3.1, part A). Subsequently, the balance equations for vegetation (subscript f)
and soil (subscript soil) for a two layer scheme read as:

Q/ =G, ,+H+\E, (W m? (3.1)

Quoi=Giy g0 * Moo ME sy (W M) (3.2)

soil
The flux densities above the vegetation and soil may be combined using weighing
coefficients which are inter alia based on fractional scil coverage, s,, or LAl (see Eq.
2.14). Note that the individual E, E,,, E,, E_,; and E; contributions to evaporation are
not recognized in a two-layer resistance scheme. Theoretically speaking, multi-level
schemes may be developed to include more types of land surface elements and more
layers of vegetation, For instance, a four-layer version was developed and applied by
Choudhury and Monteith (1988). A major advantage of two and multi-level resistance
schemes is the explicit recognition of canopy and soil evaporation from which the crop
water use can be found. Resistance schemes for homogeneous individual land surface
elements are the simplest ones (one-layer schemes) and assume either complete soil
or complete canopy coverage (Figure 3.1, part B).
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Fig. 3.1 Conceptual resistance scherne for two (Part A) and one layer (Part B} heat transfer
systoms to be used in land surface paramelerization schemes and remote sensing
algorithms

Table 3.1 clarifies the number of prognostic variables (including forcing variables if the
scheme is not connected to a PBL model) minimally needed to execute one and two-
layer resistance schemes. Besides more prognostic variables, the two-layer version
requires {depending on the scheme chosen) information about the geometry of the
vegetation. For the Simple Biosphere Model {SiB) (Sellers et al., 1986), fractional area
covered by the canopy, leaf angle distributions, canopy leaf and stem area density,
ground cover leaf and stem area index, green leaf fractions of total leaf and stem area
indices, roughness lengths Z,, and the sheiter {actor of a canopy leaf are needed in
addition to the variables required by a one-layer scheme. Different canopy and soil
surface reflectances have to be considered as well. Hence, significantly more model
parameters are reguired whan multi-level schemes are applied, which hampers the
application of these schemes to a regional scale with distinct spatial variation in all these
parameters. Section 3.2 deals with the description of resistances for homogeneous land
surface elements whereas Section 3.3 covers the formulation of resistance schemes
in composite terrain.

Table 3.1 List of state variables used by one and two-layer schemes. The subscripts i and soil
refer to the canopy and bare soil components, respectively

One-layer model Two-layar model
TO TD-H TCLsob‘

TE TH’ Tﬂ-lhﬁiﬁ

Ear Caartr Eagomoi

€ €, Crinsie

u . Uy Uy Uninsice
w w




3.2 Resistance schemes for homogeneous individual land surface
elements

3.2.1 Sensible heat flux density

The resistance r,, to heat transfer between z,, and reference height 2, can be related
to the eddy diffusion cosfficient for heat K, in the constant flux density layer according

to:
T Feal) .
f = i_Kh dz - ;.[ ki dz (s m7} (3.3)

After integration and neglecting the zero-plane displacement d, the resistance can be
written as:

1

Tan = W[ln(

Zaury ~y(z,.0] (sm™) (3.4)

0h

When Eq. (2.79) is substituted for u. in Eq. (3.4), r,, is explicitly related to windspeed
u

1

[ln( zsur
u

) -wiz,,,L)] (s mT) (3.5)

rah =

Zour _
p Zum) Vo Zaun L) IV

h

The resistance version of the transport equation for sensible heat flux density then
becomes:

To-T,
H = po—=—L (Wm?) (3.6)

ah

As specified along with Eq. (1.1), the turbulent flux densities are positive when directed
away from the land surface. The values for T, and T applyto 2= 2z, and z =z,
respectively (see Eq. 3.3). If the upper limit of the region of integration z is kept small
in such a way that p = p,, T, becomes approximately equal to T, (see Eg. 2.74). Then
Eq. (3.6) can also be re-expressed as a function of the near-surface vertical air

temperature difference 8T, . being positive when T, >T.:

H-p.c 8T o (Wm? (3.7)
r,

2]
ah

-Sur

47



3.2.2 Soil heat flux density

The soil heat flux density, G,, represents the at-surface component of the total soil heat
flux density, q,”, addressed earlier at Eq. (2.59):

G, = -q" forz=0 (Wm?P (3.8)

The minus sign in Eq. (3.8) is due to the different sign conventions applied to flow along
vertical gradients and the surface energy balance. For infinitely small space domains,
G, may be approximated as the mean flux density across V,T_:

G, = AV, T, (Wm?) (3.9)

Fourier's 2" law presented earlier at Eq. (2.60) for a thin slab without sinks and sources
alternatively reads:

aT, ,PT.
O g% g (3.10)
A (K

where the apparent soil thermal diffusivity, a, is defined as:

al - "; m? s) (3.11)
PsC; ‘

Hence, G, can be expressed as a diffusivity term:

GO = a;pscsVsz (W m?) (3.12)

In analogy with the diffusivity - resistance approach applied for H, the form of Eq. (3.12)
gives the opportunity to estimate a resistance to sensible heat transport in soil, r,,
(Menenti, 1984). In a thin quasi-constant flux density layer, the diffusivity term can be
integrated to get a resistance:

o
r, = flldz (s m™) (313
z, a;
The lower integration limit z = -z, is free 1o select but usually much smaller than z= -z,
because Eq. (3.12) applies to a thinny layer to eliminate heat storage effects. Then, G,
can be written in terms of a potential difference and a resistance as presented by
Choudhury and Meonteith (1988):
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T,-T
G, = p.Li——= (Wm™ (3.14)

3.2.3 Latent heat flux density

Figure 3.2 illustrates the path followed by a water vapour molecule travelling from a
. homogeneous evaporation front, located at depth z= -z, to the turbulent surface layer
~of the lower atmosphere at height z = z,,. The domain of vapour flow in the transition
region between vapour source and atmosphere is upper bounded by Zz,. An intemal
resistance, r, describes the blockade the vapour molecule will meet between z,and z,,.
The temperatures at the evaporation front z= z,, at the land-atmosphere interface z = 0
and at the roughness length for vapour transport z = z,, should be different: T, 7, and
T, respectively (Figure 3.2).

TzOv Pzov zZ=2y,

12752

‘ Fig. 3.2  Representation of the internal vapour transport resistances of a homogeneous land
\ surface in a thermally stratified environment

Canopy evaporation model, \.E,

If the homogeneous latent heat flux density of Figure 3.2 is fully related to the
evaporation from a single leaf, the internal resistance r,is built up in the stomatal cavity
with a stomatal resistance, i.e. r,= r,. The air humidity in a stomatal cavity is saturated,
i.e. p(2,) = p*(z,). The transfer of vapour from the evaporation front with a temperature
T, to the lower boundary of the atmospheric surface layer with actual vapour density
P, that is not saturated and has an ambient temperature T,,, can be written as:
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E,

t

(kg m2s) (8.15)

The evaporation from a leaf having various stomata can be described by a set of 1
values. The canopy resistance, r, may be considered to relate to the vapour removal
from a canopy. The physical description of r,,is of less practical use to describe canopy
evaporation. Since T, and T, for a canopy system with many T, T, -pairs reflecting
stomata temperature is difficult to quantify, almost impossible to measure andthe T,,-T,,
difference is small enough to be ignored in canopies (T,, = T,, = T,), Eq. (3.15) for a
large number of stomata is often put forward in the form of Eq. (3.16).
sat
E, = M (kgm?zs™ (3.16)

c

This is generally known as the 'Big Leaf’ concept (Monteith, 1965; Rijtema, 1965). If
the maximum rate of water uptake by roots is less than the atmospheric demand,
reduction of crop evaporation is accounted for in Eq. (3.16) as an increment of r,. The
latter suggests that Eq. {3.16) is suitable to describe both the actual and potential
evaporation rates of biophysical systems. Even at full exposure and optimal moisture
conditions, r, is not negligible and reaches a minimum value which depends on LA/, i.e.
™. The actual value for r, is besides r™" being controlied by soil moisture 6, vapour
pressure deficit e, solar radiation K, temperature T, and carbon dioxide CO,. The
impact of these factors on canopy conductance r.’, the reciprocal of canopy resistance
r, may be expressed as a product of the maximum conductance and a number of
empirical reduction factors which range between 0 and 1 (Jarvis, 1976) or (Baldocchi
ot al., 1991}):

i = (LA 9.0 g (ee) 0K g Tg,(CO) (ms)  B17)

where g,..g, are response functions. The conceptual shape of response function g, to
g, vs. its prognostic variable is illustrated in Figure 3.3.
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Fig. 3.3 Impact of environmental conditions on the biosphysical behaviour of canopy resistance.
(Part A} soil water content 8; (Part B) vapour pressure deficit Ae; (Part C) incoming
shortwave radiation K* and (Part D) air temperature T,

At-surface bare soil evaporation model, LE,

Bare soils which remain at field capacity evaporate more or less according to the
atmospheric demand (O'Kane, 1991). When the soil dries out, moisture is retained in
micropores while macropores become airfilled (see Figure 2.4). Vaporization of the liquid
present in micro pores occurs at the pore end, i.e. at the land surface. Soil water
transport in the liquid phase towards the bare land surface between a certain depth z

= -z, and z = 0, g can also be described by means of a soil physical transport
resistance (Bastiaanssen and Metselaar, 1990):

tot ezfeo , 1

E = p, " = p, (kg m=s) (3.18)
si
where
z
ry=— (sm7) (3.19)

where r, (s m") is the soil resistance to liquid transport and z, (m) is the sub-surface
depth to which 6, applies. Since Df" changes usually significantly with depth, it is
suggested to keep z, small. Note that the combination of Egs. (3.18) and (3.19) vields
a finite difference form of Eq. (2.32) without gravity driven flow.
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Sub-surface soil evaporation model, \E,
Dry soils exhalate water vapour through air fifled pores towards the bare land surface
at a rate of:

_ P(T) =Papy, (kg m= 57) (3.20)

sv

E,

v

Due to thermal storage in the topsoil, the soil temperature at the evaporation front T,
will be different from the surface temperature T, and 7,, may not be equated to T, as
was done for the ‘Big Leaf’ concept. Eq. (3.20) differs fundamentally in this respect from
Eq. (3.16) because T_=T,. The macroscopic soil resistance to vapour flow, r,,, is the
integral of the effective D°"-value along a small distance z.:

sV

r, = fD1sﬁdz (sm™ (3.21)

-z, v

Because micropore gas kinetics needs to be involved to quantify D*" (see Chapter 2),
the quantification of r_, is more complex than it’s definition. Again, it should be recalied
that the transformation of a diffusion parameter D¢" into a resistance r,, valid for a vertical
distance z, holds as long as the flux density divergence of ¢ is relatively small.

£,and E,may occur simultaneously under natural conditions from the soil matrix yielding
a total bare soil evaporation rate E_, (Eq. 2.30). The total resistance r,,, for bare soil
evaporation £, , should therefore comprise r,and r,,. Because in many conditions, Ep>E,
and the evaporation front of a one- layer scheme reflacts mainly £, the overali bare soil
evaporation may be schematized to occur from a ‘Big Pore’ at the land surface with
temperature T,
sat,
_ Py (7;)) “Paov kgm?s) (3.22)

soil

Eq. (3.22) implies that the air is always saturated at T , which is rather unlikely to occur
under dry conditions and it is physically preferred to compute the sail air relative humidity
from Eq. (2.28) to check the saturation conditions from total pressure head, h. The
reason of substituting p*(T_) by p:*(T,) was given before. The fact that p, inside the
soil is very often at near-saturation and that p*(T,} can be obtained for large areas using
T,-measurements from remote sensing data in a relatively easy manner, gives Eq. {3.22)
a macroscopic character. After substituting Eqs. (3.18) and (3.20) into Eq. (3.22) it
becomes:
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Eg. (3.23) is a suitable basis for relating the total bare soil resistance r_; to r,and r,,
and thus coupling r,, to D" and D" in a physically correct manner. The role of r,, is
significant in evaporation from arid rangelands and deserts (Menenti, 1984, Wang and
Mitsuta, 1992). For more moderate climate conditions, r,, is essentially determined by
r,. Despite the important role of r,,, in regional energy partitioning (r,,, is often larger
than r, e.g. Shuttleworth and Wallace, 1985), literature to clarify r,,,;on a physical sound
basis is rare. A concise overview of r,_-formulations currently used in hydro-
meteorological studies is presented in Table 3.2,

Menenti (1984) and Choudhury and Monteith (1988) attributed r,,, fully to vapour flow
processes. Under conditions of E>>E, when the degree of saturation &, is large, r,, in
Eq. (3.23) automatically becomes small and the role of D" and E, is subsequently
eliminated. Chanzy (1991) as well as Wallace (1995) demonstrated for a standard series
of soil water content that r_, with the formulations given in Table 3.2, differs considerably
from soil to soil. An obvious reason for the non-univocality between r_, and 0 lies in the
differsnt response of soil characteristics to the presence of soil moisture. The standard
soil hydraulic f,(0), k(h,), M(h,) and D, properties basically explain that r_{6} must
change with soil type. The call for further elaborations of empirical r_,(0) relationships
by Mahfouf and Noilhan (1991) is therefore to a certain extent superfluous since r,, can
be directly related to 8 using Eq. (3.19) and r,, is physically connected to r, by means
of Eqg. (3.23).
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Table 3.2 Expressions of the bare soil resistance (r,,,) to evaporation (E,} as a function of soil
water content (8}, soif vapour density {p ), soil vapour diffusivity {D,), air molecular
diffusivity (D,), soil liquid diffusivity (2"}, diffusion enhancement factor (&), potential
evaporation (E,,) and wind speed (u).

Source

Type of expression

Formulation

Shu Fen Sun, 1982

Camillo and Gurney, 1986

Passerat de Silan, 1986
Wallace et al., 1986

Bastiaanssen and Metselaar, 1990

Kondo et al., 1990
Dolman, 1993

Chanzy and Bruckler, 1993
van de Griend and Owe, 1994

based on liquid flow

empirically based
empirically based
empirically based
empirically based
physically based
semi-empirically based
empirically based
semi-empiricaily based
empirically based

basad on vapour flow

foy = 33.5+3.5(0,,/06)%°

Foop = -805+4140(0,,-6)

Foor = 3.811 10% exp(-13.56/0,2)
[oa=2.46"°

Foor = {Pe (TPl 1P 8.P.B8d) (Z/D:”)}
Fon = 216 [(0,,0)]'/0,

Foy = 3.5 0°°

T = 1055 E )

;= 10 exp [35.6 {0.15 - 0)]

Monteith, 1981 semi-empirically based  r,, = mJE, dt
Menenti, 1984 physically based Fou = 2D
Choudhury and Monteith, 1988 physically based Fow = 62/(D 8

3.3 Resistance schemes for heterogeneous land surfaces

The spatial resolution of current operational thermal radiometers ranges between 120
m for Thematic Mapper and 5 km at the equator for geostationary sateliites. On this
scale, a landscape is often composited. The parameterization for sensible heat flux
density over composite land surfaces based upon remotely sensed thermal infrared
measurement can then be solved in a twofold manner:

— a one-layer scheme with effective system parameters;
— amulti-layer scheme with separate parameters for canopies, substrate, open water,
bare scil and foliage.

The two-layer scheme is the simplest multi-layer scheme. A two-layer scheme contains
several semi-empirical transfer equations which substantially increase the number of
model parameters (see Table 3.1). Besides, implementation to regions where the model
parameters are not even marginally known, is not feasible. When a two-layer scheme
is fed by remote sensing data, the area occupied by canopies and hare soil should be
larger than an individual pixel, which is not likely, especially in arid regions. The feasibility
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of using a one-layer resistance scheme for composite land surfaces will therefore be
examined,

3.3.1 Sensible heat flux density

Surface temperature from remote sensing measurements either delivers a 'pure’ or a
'mixed’ pixel value. The chance of getting 'mixed’ pixels increase with pixel size and with
the degree of variability of land surface processss. For 'mixed’ pixels, T, is only useful
to drive a one-layer sensible heat flux density modsl if the remaining parameters of Eq.
(3.6) refer to the same horizontal scale at which they need to be measured or estimated
and thus have an effective status too. Then, Eq. (3.6) needs some re-writing using r,,
and T which for the air layer adjacent to the land surface T~ T, becomes:

~

~ T, -T.
H o=po 2 —t Wm? 8249
ah

The intriguing question of whether a one-layer parameterization scheme suffices to
provide a correct description of H above composite terrain is a research issue that has
been examined by several authors (see Choudhurry, 1989, for a review). Basically two
questions need reply:

1 What is the relationship between 'f'zo,, required by Eq. (3.24) and '7}, that can be
derived from space measurements after atmospheric and emissivity corrections ?

2 Does linear averaging of H; from individual iand surface elements into <H> yield
H obtained from T0n and other effective parameters such as T and r,, using Eq.
(3.24)?

In mathematical terms, the statement to be verified is:

(3.25)

(7, -T, )F;’C -_z: "; P, (W m?)

gh ah

where n denotes the number of elementary land units (i = 1,...n) focated within the area
encompassed by a single T, measurement. The answer to question 1 will be dealt with
first.

The relationship between surface temperature T, and 'heat sousce’ surface temperature
T o was studied by Kalma and Jupp (1990), who analysed diurnal variations of T-T,
above Australian pastures using kB = 2.3 as proposed by Garrat (1978) (which implies
that T, is the temperature at one-tenth of z,, and T,,2T,,,)- Negative values of T,-T,,
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appeared in the early moming and late afternoon under stable atmospheric conditions.
Kalma and Jupp (1990) concluded that the errors in Hare less than 30 W m™? on average
it Ty = Topand kB = 2.3. Choudhury et al., (1986) showed for kB™' = 2.3 and unstable
conditions above a wheat crop, that deviations in the order of T,-T,,=1-3 "C may arise.
Taking an arbitrary value of r,, = 50 s m”, such derivation yields to H discrepancies of
25-70 W m?,

Kustas (1990) tested the hypothesis of Eq. (3.24) in partial canopies (assuming 'f'u =
T.on) @and kB = 2.0 for a cotton field composed of furrows and a dry soil surface
between the rows (Figure 3.4}. The cotton crop covered only 20 percent of the soil
surface. He showed that the one-layer Hfermulation performs even better than the two-
layer version. For typical bluff-body conditions when the size of the furrows relative to
the height of the vegetation are significant, some adjustments in the aerodynamic
resistance had to be made.

Kustas et al. (1988) optimized kB™' by assuming :.'"'Z,,,, = 7‘0 as a starting point thus making
Z,, merely an integration limit intimately linked to 7,. Sugita and Brutsaert (1990) did
the same and called z,, therefore the 'radiometric scalar roughness’. The authors found
an average value of kB ' = 5.6+3.2 for natural vegetative surfaces in California. Beljaars
and Holtslag (1991) advocated that z,, should be 3 to 4 orders of magnitude larger than
Z,, (kB = 8.8) for complex terrain and for T, = T,. Brutsaert et al. (1993) also
calibrated kB inversely assuming that T, = T, and found that k8" = 1 to 2.3 for
forests on a regional scale in HAPEX MOBILHY. Stewart et al. {1994) summarized kB’
investigations in several large-scale fieid experiments and found values between k8"
= 4 (grass) to kB' = 12.4 (shrubs).

Hence, more than one (z,, T,,) pair at a constant sensible heat flux density {constant
T.) may reproduce the same T,(z) profile (e.g. Qualls et al., 1993) so that z,, may be
defined more straightforwardly as the height at which T, and T, are equal.

The retrieval of H from T, was also executed for EFEDA (see Chap. 4) using the
Tomelloso field experiments (Gallinaro, 1993). Gallinaro first established the H-flux
densities of a representative vineyard using the fowen-ratio surface energy balance
approach. The value of T, was retrieved from a thermal infrared radiometer installed
at sufficient height to record a temperature which effectively represents vine shrub and
soil temperature. The maximum canopy temperature on 28 June, 1991 was around 30°C
while the bare soil at the same moment indicated 55°C. Calibration of a mean daily value
of kB = 6.5 was necessary to obtain H-values in agresment with the flux densities
observed with the Bowen ratio surface energy balance (Figure 3.5). The standard error
of the one-layer model of H was 21.3 W m?2,
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Fig. 3.4  (Part A) Common reprasentation of sensible heat flow in dual source schemes and (Part
B} a bulk resistance formulation for sensible heat transfer taking into account an
idealized surface plane having a surface temperalure T, equal to the ‘heat source’
lemperature T,
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Fig. 3.5  Sensible heat flux densities of helerogeneous land surfaces measured with the fowen-
ratio surface energy balance method and estimated with a one-layer resistance
formulation for a Tomelloso vineyard using patch scale effective surface temperature and
an optimized kB’ = 6.5 (after Gallinaro, 1993).

Lhomme et al. (1994) forced kB™' = 2 to calculate H over sparse millet in Niger and came
to the conclusion that the root mean square error in H was 384 W m?, which shows
that kB™' cannot be chosen arbitrarily. Although Kalma and Jupp (1990) and Lhomme
et al. (1994) preferred two-layer formulations, the view of the present author is that such
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application on a regional scale is inconceivable because of the uncertainties of many
additional parameters. However, the possibility exists to optimize one-layer model
parameters by adjusting kB™'. Since one-layer schemes have been proved to perform
well under semi-arid conditions, the SEBAL scheme will rely on a one-layer resistance
scheme.

Although the preceeding examples indicate that it is possible to estimate ?ah to obtain
realistic H fiux densities, another possibility is to optimize STMU, at pre-defined kB 'values
because multiple (z,,, T, T.) pairs yield the same flux density. The latter option is worth
trying it, the more so since kB changes with land surface type and spatial scale and
is not mature for implementation studies.

3.3.2 Latent heat flux density

A microscopic description of LE requires the recognition of many different evaporation
fronts, surface roughnesses and resistances associated with it. Therefore, the following
question in the framework of resistance schemes in heterogeneous landscapes needs
to be addressed:

Is the performance of muiti-fayer latent heat resistance schemes at meso-scale better
than one-layer schemes using an effective roughness length z,,, an effective surface
temperature T, and an effective bulk surface resistance to evaporation, r, ?

Bougeault et al. (1991) used a one-layer resistance scheme with only five prognostic
variables for a study area in Southwest France (Noilhan and Planton, 1989), and carmne
to the conclusion that the prediction of H and AE for isolated sites equipped with flux
density stations was adequate. Coupling schemes representing water, desert, vineyards,
forests and arable land to a three-dimensional atmospheric mode! using this type of
scheme, vielded a fair agreement between radio soundings, satellite-based surface
temperatures and aircraft flux densities.

Beljaars and Holtslag (1991) revised an older version of the European Centre for Medium
range Weather Forecasts one-layer scheme and tested an updated version with data
collectsd at Cabauw in the Netherlands and LaCrau in France. The authors stated that
simple parameterizations of the surface energy balance such as the Priestley and Taylor
equation using a constant a-value for bulk evaporation are sufficiently accurate to predict
large-scale evaporation flux densities. Hence, it is seems convenient to consider
evaporation from heterogeneous land surface systems with a one-layer scheme which
at the same time requires considerably less input data.

There is a general consensus in the literature that z,, = Z,,, which implies that T4, can
be equated to T, as well (hence T0 = Tmh = Tm) if the correct kB' value is chosen.
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The water vapour density at z = z,_ is not saturated; p, is over against that always
saturated at the evaporation front, p;* (T} and depth z = -z, may be considered as
a 'Big Cavity’. Since T,, = T, and T, can be obtained from remote sensing
measurements, from a practical point of view it is preferred to further assume Pt
=pS(T,). An equation for water vapour transport similar to Eq. (3.24} is finally obtained:

E = pv ( 0) szv (kg m-z s_1) (326)

5

The canopy and soil resistances r, and r_, are by now replaced by a bulk surface
resistance to evapaoration, r.. The value for r, reflects several plant and soil physical
properties (see Section 3.2.3) such as r™, g,..g; response functions, D D, 6(2) and
pA2). Jordan and Ritchie (1972) proposed a simple expression to split r, into ,and r_;

1. %, -5, (ms™ (3.27)
fs i Lo
A B
By A 2
Z=Zyy ¢
FBV
520v ----@----Tg----- z=2zq,
r
1 2 z=0
~sat - —
z//" -- T7///——z_-z
P ) 20,8500 ¢
Big Cavity

Fig. 3.6  Resistance scheme for the latent heat flux densities of heterogeneous land surface
processes (the same evaporation processes as those introduced in Chap. 2). (Part A)
micro-scale evaporalive sites are included and (Part B) a Big Cavity with a single
macroscopic buik surface resistance to evaporation

where s, is the fractional soil coverage. Figure (3.6) provides a graphical presentation
of the various sources of water vapour and how an sffective source can be described.
The resistance for near-surface atmospheric vapour transport can be parameterized as:
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Zoy o ’L
r, = fldz - J‘¢.,(Z ) 4z (sm7) (3.28)
: K, kuz

z,

which vields after integration:

1 zsur -
r, = ku,“n( zw)_w”(z‘””m (s m™) (3.29)

which, in terms of a vertical effective atmospheric vapour flux density above composite
land surfaces, can be written as:

E

= P P ggmesy (3.30)

av

where Ev and?a\, apply to the reference height z_,. Egs. (3.26} and (3.30) suggest that
the vapour density at the roughness length, p,,, is known, which is seldom the case.
Assuming vapour sinks offsets vapour sources at z = z,, continuity of vapour flux
densities holds and Egs. (3.26) and (3.30) may be combined:

- ng sa!T _-
E - Py F( 0) Py (kg m 2 571) (331)

+
av rS

it is customary to re-express p, into vapour pressure e using Egs. (2.25) , (2.48) and
the expression for latent heat of vaporization, A

) R.cp
Ry

v

A (J kg ") (3.32)

where R, (287 J kg' K) is the specific gas constant for dry air, R, (461 J kg K} is
the specific gas constant for water vapour, ¥ (mbar K} is the psychrometric constant
and p (mbar) the total air pressure. Eq. (3.31) might alternatively be expressed as:

- e (T)-e
AE = pacpes"fi (W m3) (3.33)

Wi 1)

The minimum bulk resistance for saturated soils and open water bodies is r, = 0, while
for vegetation a value between r™ = 30-150 s m™ usually applies (Sud et al., 1990).

Woet land surfaces which contain a fraction bare soil will therefore get a lower minimum
r, value in comparison to wet complete canopies. The controlling factor for energy
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partitioning in heterogeneous land surfaces, r,, is regulated by soil water storage W
through g,(0) in Eq. (3.17) and r,(6} in Eq. (3.19) while s, of Eq. (3.27) weights these
contributive effects. The usefulness of a 'Big Cavity’, with a bulk resistance and surface
temperature is very well suited to describe the regulation of pixel-scale evaporation rates
for large areas (Bastiaanssen et al., 1994a). Chapter 8 describes the areal r, behaviour
for a range of scales using Eq. (3.33).

Monteith (1965) used a canopy version of Eq. (3.33) in conjunction with the surface
energy balance and a Taylor expansion of &,,(T,) = e,,(T,)+s,(T,-T,) to derive his one-
step combination equation for canopy evaporation. Since Penman did the same earlier
for open water surfaces, this energy balance combination equations is commeonly referred
to as the Penman-Monteith equation, AE™:

s(Q"-Gp)-p.Caelr,
s, +(1+r/r)

where s, (mbar K') is the slope of the saturated vapour pressure curve and ae (mbar)
is the vapour pressure deficit at height z = z_,.

AE ™ =

(W m2) (3.34)

A simplification of the Penman-Monteith eguation was proposed by Priestley and Taylor
(1972) who found that the atmospheric drying power in Eq. (3.34), pc2ef,, is a constant
multiple of s,(Q"-G,) over wet surfaces. Substitution of p,c,ae/r,, by a parameter o and
assuming r, = O for wet surfaces, reduces AE"™ to AE™":

Sﬂ

AET=0{Q" - G,) (W m3) (3.35)

5.+
For wet surfaces, the o-value ranges between 1.0 and 1.35 (Choudhury et al., 1994).
The advantage of AE™" is that r, and r, do not need to be specified for composite land
surfaces. Because of its simple formulation and the ability to use « as an evaporation
control paramster {o = 0 means zero evaperation), Eqg. {3.35) became popular in
hydrological studies of complex terrain (Barton, 1979). As a matter of fact, o is a
simplified substitute of r_ with a less profound physical meaning which may be sufficiently
precise to predict the regional exchange processes between land and atmosphere on
a coarser scale (de Bruin and Holtslag, 1982b; Beljaars and Hoitslag, 1991).

3.4 Surface temperature and evaporation
Remote sensing parameterizations of the land surface energy balance in general aim

to relate H and AE to remotely measurable paramsters: In the current Chapter, it has
been shown that T, is related with G,, Hand AE. If T, is equal to T, (by adjusting kB™"),
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the transfer equations for sensible heat (Eq. 3.24), soil heat (Eq. 3.14) in combination
with the net radiation balance (Eg. (2.1) and the surface energy balance (Eg. 1.1) for
a location at a certain moment can be combined to obtain:

(- seol - AE= (oegoTy + LT P07 (P27, P27y Wi (3.3

ah sh ah sh

which, after applying a first order Taylor's expansion to e,6T; and re-expressing Eq.
(3.36) into T, reduces to:

¢, +(1 -r)K*+g, Lt -AE

T, = (K) (3.37)
CZ
where
c C
c, - Pa 2T, + Ps T, +3e,0T," (Wm?) (3.38)
rah sh
and
c . c
6 = 2% e - 2% wmzk) (3.39)
’rah sh
Eq. {3.37) can be further reduced to:
T, = &-cAE (K) (3.40)

where c,is {c, + (1-r(,)K'l + soLl}/cz and ¢, is similar to ¢;'. The application of Egs. (3.36)
to (3.40} is restricted to a place and time specific environment. If r, K, Epr Fapy Ty Fores
T, ¢ and ¢, vary pixelwise within a composite landscape, an overall LE(T,) relationship
such as suggested by Seguin and Itier {1983) may not be used. The art of remote
sensing techniques is therefore to identify the x,y-patterns of ¢, and ¢, during one
particular satellite overpass. Thereafter, AE can be obtained according to Eq. {3.40).

3.5 Length scale of land surface flux densities

Surface energy balance studies fed by remote sensing data are traditionally based on
a one-dimensional representation of the exchange rates between land and atmosphere.
On heterogeneous land surfaces, horizontal advection arises and the vertical flux
densities may be perturbed by lateral inflow of momentum, heat and moisture.

62



z (m)

0.25

Fig. 3.7  Skelch of two-dimensional heat flow between two adjacent paichas with different surface
temperatures (°C) (adapted affer Blyth et al., 1993).

Landscape heterogeneity involves step-changes in surface conditions between
neighbouring patches (e.q. surface roughness and surface temperature).

Surface elements with differences in temperature generate a horizontal sensible heat
flux density (Figure 3.7). Advection of sensibie heat is most strongly developed at the
edges of land elements where the spatial difference in T (x,y) at a fixed height z are
most evident. The horizontal gradients are most evident at surface level (z = 0) (see
Figure 3.7) because T, is dominantly controlled by slow hydrological processes such
as infiltration, water uptake by roots and bare soil evaporation (Eq. 3.40).

Land surface flux densities can be reliably estimated from vertical profiles using the
Monin-Obukhov similarity hypothesis. The vertical profiles at leading edges are however
distorted and the flux densities should be calculated at some distance from this edge.
The height integration of the eddy diffusivity coefficients needs to be consistent with the
at-surface scale of temperature. The horizontal scale of a homogeneous land surface
with a certain condition over which the surface flux density tends to equilibrate, depends
primarily on the height above the terrain, i.e. the height of the internal adapted layer (de
Bruin et. al., 1991). For momentum transfer, horizontal x, and vertical length scales z,
are related according to Townsend (1965):

= (9 (3.41)
u
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Fig. 3.8  Schematic representation of the pixelwise heights of the adapted air layer with the pixel
edges being represented as the leading edgss

Using typical values suggests that 2/x = 0.01 to 0.1 applies and that the vertical profiles
and flux densities are adapted at a height of one-tenth of the fetch length, i.e. the
distance to the downwind edge. The schematic representation displayed in Figure 3.8
was established with Myake's model for the height of the internal layer, z, and the fetch
length, x, necessary for the development of an adapted surface layer (Myake, 1965):

X -2z 1202(|n1_02_1) i} (m) (3.42)

Om 0m

Remote sensing measurements of an effective surface temperature T,, implies that
spatial variation in T, cannot be detected at horizontal scales smaller than the size of
a pixel. Hence, homogeneity is assumed for each pixel and step-changes in surface
conditions are schematized to occur at the pixel edges (if the image comprises a
composite terrain). If the "!"'D-measurements are used for flux density analysis, the
integration height z_, in Eq. (3.3) should be selected according to Eq. (3.42). In remote
sensing nomenclature, x should be equal to half the pixel size and z = z_. Between
the land surface at z = z,, or z = z,, and z = z_, the physical processes are
schematized to be strictly one-dimensional and harizontal advection of heat at the leading
pixel edges is disregarded (Figure 3.8).

64




3.6 Concluding remarks

Resistance schemes for H and AE coupled to remote sensing measurements of
composite terrain with pixel sizes comprising a mixture of individual terrain elements
implies that effective hydro-meteorological parameters need to be specified. Former
studies have indicated that the description of Hand AE by one-layer resistance schemes
for bulk H and AE sources appears to be adequats. Moreover, the number of required
input parameter decreases substantially in one-layer compared to multi-layer schemes.
Resolved and unresolved issues arising from one-layer schemes have been briefly
discussed and it was concluded that some of the parameters of one-layer schemes
require optimization to represent the areal effective properties and flux densities
correctly. Notably, a modification of the roughness for momentum / heat ratio, kB ' is
needed to assume T, = T,,. Since z,, and z,, are definitely not equal, T, can never
be equated to T, . Blyth and Dolman (1995) showed that z,, for sparse canopies is
affected by available energy, humidity deficit and vegetation cover and that general rules
for kB~ on heterogenous land surfaces cannot be given a priori. Dolman and Blyth
{1995} used the concept of blending height to predict effective values for the momentum
and heat resistance from which the corresponding roughness could be inverted. They
showed that the partial vegetation cover and the contrast of r, and Z,, between
neighbouring patches have all significant effects on k8. Their recommendation is to
apply two-layer resistance schemes which explicitely deal with different t, H and AE
flux densities for soil and vegetation. Another concern related to the application of Eq.
(3.25) is a correct quantification of T, - T, which is ultimately linked to kB™' (see also
Kustas et al., 1989) This will be dealt with in Chapter 6.

The representation of the bulk source of sensible and latent heat at z,, assuming
z,, = z,,, establishes the principal basis for using 7, measurements for the determination
of all land surface flux densities O, G,, Hand AE. Since T, = T, will be assumed to
hold independent of surface type, the vapour density in a 'Big Cavity’ with a single
effective evaporation front can be assessed from T,-measurements assuming saturated
humidity conditions. The bulk resistance to evaporation r, is favoured as a suitable trade-
off between degree of physics and measurable radiative properties to specify AE at
heterogeneous land surfaces. Bio and soil physical parameters such as ™, g, to g.,
D% D" and s, are analytically related to r.. it can be concluded that it is easier to find
AE as the rest term of the energy budget rather than estimating it from r_, which implies
that the skill of evaporation mapping depends on the possibility of mapping sensible heat
transfer.

The relationship between T, and LE has been derived and the role of other temperatures
and resistances on the T,(LE) relationship has been analytically demonstrated. Since
the T,(AE) relationship is not constant in composite terrain, it is strictly necessary to
astimate the intercept and slope of the T,(ALE) relationship in a distributed manner. Step-
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changes in T, and the remaining parameters of Eq. (3.36) may induce horizontal heat
advection between neighbouring pixels. The height of the intemal adaption layer changes
with the distance to the leading edge i.e. the pixel boundary. A vertical flow
schematization with effective resistances can be maintained if the height of the vertical
profiles for wind, heat and moisture, i.e. the integration limits for eddy diffusivity, are
kept low and chosen according the pixel size and local roughness conditions (see also
Klaassen and van den Berg, 1985).
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4 The Mediterranean study areas

4.1 Selection of test sites

Testing a new remote sensing parameterization of tand surface flux densities requires
the availabilty of three different categories of ground data:

— Observations of radiative surface properties to design or evaluate simplified
procedures for atmospheric corrections;

— Observations of specific hydro-meteorological parameters in relation to specific remote
sensing parameters;

— Observations of in-situ surface flux densities to validate the land surface flux densities
predicted by means of remote sensing.

Field data collected in the Qattara Depression in the Western Desert of Egypt will be
mainly used for the first two items. The reason for investigating the Qlattara Depression
stems from the availability of multi-year field data by a previous investigation on the
groundwater discharge of the Nubian Sandstone aquifer in the Western Desert of Egypt
(Menenti et al., 1991}, Within the latter project, the aim was to assess the groundwater
flow to the Qattara Depresssion in Egypt and its subsequent evaporation. Knowledge
of these evaporation iosses facilitates the estimation of the groundwater balance in the
Northern part of the Western Desert of Egypt. Conventional groundwater flow models
of this area did not incorporate the groundwater evaporation losses from the Qattara
Depression (e.g. Ezzat, 1983). Landsat Thematic Mapper data (TM) were used to survey
the variability of the land surface radiative properties. The distributed evaporation values
derived from TM data were applied to calibrate regional groundwater flow modeis
{Bastiaanssen and Menenti, 1990).

Estimates of the regional evaporation of the Eastern Nile Delta were made by others
(Abdel Gawad et al., 1991) and considered for a comparison study with remote sensing
data. The data from a calibrated regional water and salt balance model were used as
a suitable reference for areal evaporation. The available evaporation data were applied
to validate the evaporation assessed by SEBAL at the level of an irrigation district and
on a coarser scale (Bastiaanssen et al., 1992). In contrast to the field work in the Qattara
Depression, no experimental fieldwork on radiation and surface energy budgets has been
conducted in the Eastern Nile Delta.

Regional evaporation is extrernely difficult to measure. Simultaneous measurements of

heat flux densities were performed on the ground and with airborne eddy correlation
sensors at various scales during the European Field Experiment in Desertification-
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threatened Areas, EFEDA; These data were therefore of great value to test SEBAL. This
large-scale collaborative experimental research project was executed during June 1991
in Castilla la Mancha, Spain. The EFEDA program (Bolle et al., 1993) is part of the
Hydrological Atmospheric Pilot EXperiment HAPEX series. HAPEX promotes the general
upgrading of the description of land surface processes from canopy to catchment and
river basins by performing multi-disciplinary field studies.

4.2 Qattara Depression, Egypt

Location and climate

The Western Desert of Egypt stretches East-West between the Nile Valley and the
border with Libya and North-South from the Mediterranean Sea to the Sudanese border.
The largest and deepest depression in the Westem Desert is the Qattara Depression
between 29-31°N and 26-29° E. lis location is illustrated in Figure 4.1. Rainfall in this
region is less than 10 mm yr" and the aridity index according to the legend proposed
by UNESCO is hyper-arid (P/E,<0.05). The desert climate inside the Qattara Depression
is characterized by a strong diurnal variation of solar radiation, temperature and air
humidity {Figure 4.2). One should note that the relative humidity can fluctuate between
its physical limits within 24 hours.

Physiography and soils

The natural depressions are formed by tectonical movements in combination with
powerful wind erosion. Differences in erosivity of the bedrock layers led to the formation
of mesas, escarpments and plateaux. The Qattara Depression occupies an area of
approximately 20,000 km?. The elevation of the land surface varies between 20 to 130
m below mean sea levei with the lowest point at 133 meter below mean sea level. At
some locations, the depression floor remains permanently wet due to shallow
groundwater tables. The combination of wet surface types located in a hyper-arid climate
has induced a soil salinization process which has finally yielded highly structured saline
sands. These are called playas in English and sebkhas in Arabic (e.g. Neal, 1965). The
structure of the surface crust is determined by the evaporation rate and type of salt
minerals. Agriculture is not feasible and occurs only in the oases of Qara and Siwa where
faults recharge the oases with brackish and fresh groundwater.
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Fig. 41  Location of the Qattara Depression in the Wesiermn Desert of Egypl. The bold squares
refer to the location of the field measurements described in Table 4.1. The shaded inset
in the figure centre presents the position of Colour Plates 1 and 2

The fieid work focused on:

— Acquisition of ground truth data to convert satellite measurements via atmospheric
correction procedures into land surface characteristics;

— Collection of auxiliary micro-meteorological data to investigate possible
parameterizations in energy budget modelling;

— Measurements of the actual evaporation rate at different physiographical units such
as sand, limestone, sebkha and salt marshes using the Bowen-ratio surface energy
balance method,;

— Collection of various soil physical data necessary 1o calibrate and validate EVADES.

Field investigation

Five expeditions have been carried out to the test sites specified in Table 4.1 between
1986 and 1989. By absence of roads, the collection of field data was restricted to the
Eastern and Western ends of the Qattara Depression (Figure 4.1). A total number of
16 test sites were investigated, spread over 5 field expeditions. Most field work
concentrated for pratical reasons on an area of say 20 km around the artesian well Bir
Qifar (Figure 4.3).
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Fig. 4.2  Typical daily evolutions of (Part A) relative humnidity U, (Part B) air temperature T, {Part
C) incoming shortwave radiation K and (Part D) windspeed u measured at Bir Qifar-6

on 12 September, 1989 at 200 cm height

Fig. 43 Land surface conditions around Qara oasis Inside the Qattara Depression, showing
typical rough sebkha soil types. Measurements of the radiation and surface energy
balance are depicted.
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Table 4.1 Location and surface types investigated during the five field expeditions carried out in the
Qatiara Depression, Western Desert of Egypt between 1986 and 1989

Expedition Date Location Longitude  Latitude Surtace type Groundwater Surface (0-1
table depth  cm) water
below soil contart
surface (cm) (cm® cm™

1 1-3/8/86 Bir Sharib 28723 3020 Sand shest 65 0.
1 4-5/8/86 Maoghra casis 2835 30’22 Rough sebkha 70 017
2 232187 Kharga oasis 36°21" 23°05 Dry flat sebkha aesep G.02
25-27/2/87  Bir Tarfawi 2852 22°58" Bare coarse sand 90 g.0c
9-10/3/87  Siwa oasis 25738 20709 Salt marsh 30 0.06
Southeast
2 11-13/3/87 Siwa oasis West 2529 29713 Dry flat sebkha, hard 32 0.07
salt crust
2 15-16/3/87 Siwa oasis East 25'38' 29°18' Rough sebkha 51 D.12
4-6/11/87  Qara oasis North  26°28' 29°37 Brown rough sebkha 68 0.06
8-9/11/87  Deepest point 26'52 29°04' Dry flat sebkha &1 0.05
hard salt crust
3 11-13/41/87 Qaneitra Muhasas 26°53' 29744’ Grey brown flat 55 0.12
sebkha
4 10-13/6/88  Bir Qifar-1 2656 29°32' Wet flat sebkha 20 0.15
4 14-16/6/88 Bir Qifar-2 26°59" 20734 Sandy rough sebkha 5% 0.05
4 17-19/6/88 Bir Qifar-3 27°07" 29°35' Dry flat sebkha 43 0.04
4 20-22/6/88 Bir Qifar-4 26'58" 29736 Clayey flat sebkha 44 0.09
4 23-25/6/88 Bir Qifar-5 26'58' 29°31" FRough sebkha 25 0.10
5 12-13/9/89 Bir Qifar-6 26°59 29°32' Sand on limegtone deep 0.02
) 14-18/4/89 Bir Qifar-7 26759 2934 Salt marsh, sebkha 105 0.03
5 19-21/2/89 Bir Qifar-8 26756 20738 Sandshest, sebkha 38 0.05

The field investigation was most intensive during the 4" and 5™ expedition to Bir Qifar,
which inter alia focused on Bowen ratio measurements. The hydro-meteorclogical
parameters measured are shown in Table 4.2. Most of the micro-meteorological
measurements were collected automatically by scanning devices with a five minute
integration time. A handheld thermal infrared camera was used every hour to manually
register the surface radiation temperature at 5 to 15 pre-selected land surface units with
a difference in colour, surface roughness and surface wetness. The vertical soil moisture
profiles, 8(z), were determined by means of the gravimetric method. To prevent drying
of the soil samples during transport from the desert to the laboratory at Cairo, the
samples were weighted on site with an electronic balance. The volumetric water content
was obtained afterwards by measuring the dry bulk density. Since the soil water in the
toplayer was exposed to strong daily thermal forcing, the diurnal range of surface soil
water content 8, was also investigated. Vertical gradients of matric pressure head h,(2)
were measured with a mobile transducer system.
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Table 4.2 Measured hydro-meteorological parameters relevant for enargy and walsr balance
studies, Qattara Depression, Western Desert of Egypt

Parameter Symbol Instrument Elevation above surface Spatial variability
level {em) (no. of units)

Micro-meteorological measurements

Net radiation @ Net radiometer 50 1

Shortwave incoming radiation K Solarimeter 50 1

Shortwave reflected radiation K Solarimeter 50 6107

Shortwave difiuse incoming Ky Solarimeter 50 1

radiation

Surtace radiation temperalure T Thermal infrared s0 Sto 15
radlometer

Soil temperature T, Thermocouple 0.5, 1,255 10,25 50 2

Air tamperature T. Thermocouple 50, 200, 300 Ttod

Air relative humidity v Psychrometer 50, 200 103

Bowen-ratio B Psychrometer 50, 200 1103

Wind speed u Anemaormaler 50, 200, 300 )

Soil heat flux density e Flux density plales 0.5, 1.5 cm 2

Soll water measurameants

Soil water content a9 Gravimetric 0,1,5,10,25,50,75,100 1t0 5
Matric pressure head h, Tensiomeier 0,1,5,10,25,50,75,100 1to5
Depth of groundwater table Zp Piezometer - 1t0s

The soil physical relaticnships h,{8) and k(h,) were analyzed afterwards in the
lahoratory. The sampling scheme for undisturbed soil cores consisted of 30 cm depth
increments. A total of 34 cores were collected across the 16 test sites to determine the
h.,(6) and k(h ) relationships using the evaporation method (Boels et al., 1978). The
output of the evaporation method consisted of a h,(8) relationship ranging between b,
=-50 cm and -600 cm and a k(h,) relationship in a somewhat smaller range of i, The
h,(6) and k(h,) data were fitted for each individual soil sample using the analytical fitting
functions proposed by van Genuchten {1980).

4.3 Eastern Nile Deita, Egypt

Location and climate

The Eastern Nile Delta is geographically enclosed by the Eastem Desert and the
Damietta branch of the river Nile. The study area lies between latitude 30-31°N and
longitude 31-33°E {Figure 4.4). The desert fringe with the Eastern Desert is characterized
by abrupt changes in iand cover, land use and surface hydrology. An efficient utilization
of Nile water is a vital necessity to cultivate crops in an agro-climatic zone that ranges
from being arid at Cairo {0.03<F/E_<0.20) to semi-arid at Alexandria (0.20<F/E <0.5).
The humidity and air temperature vary accordingly with the highest humidities and lowest
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temperatures occurring at the shore. The diumal fluctuation of the major meteorological
parameters is illustrated in Figure 4.5. Comparing the relative humidity of Figure 4.5 with
Figure 4.2, it appears that the air layer overlying the irrigated land remains more humid
and less warm throughout the whole day for this particular example.

Fig.
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4.4 Location of the Eastern Nile Delta in Egypt. The main irrigation command areas are
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Typical daily evolutions of (Part A) relative humidity U and (Part B) air lemperature T,
measured near Kafr Douar in the Nile Delta on 6 August, 1921 at 200 cm height.
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Fig. 4.6  Agricultural field conditions at smali-scale irrigation borders in the Eastern Nile Deita

Land use

Because of family inheritance, the farm land is sub-divided into many small fields.
Consequently the average size of fields is only 100 m x 100 m (Figure 4.6). The major
summer crops cultivated in the Delta are wheat, rice, cotton, maize, berseem, deciduous
trees and vegetables. Farmers get their irrigation water on the basis of a rotational
schedule, traditionally by furrow or border irrigation. Due to the reuse of drainage water,
not all irrigation water is of good quality. Reclamation activities are ongoing in the desert
fringes where rotating pivot systems are often introduced. Many installations can be
found on both sides of the Ismaileya canal between the edge of the Delta border and
the town of Ismaileya on the Susz Canal (see Figure 8.7 and Colour Plate 9). The land
irrigated with pivot systems is used to grow wheat and maize.

Physiography and soils

Clayey soils overlay a coarse textured aquifer of some considerable thickness. The clay
cap is built up of deposits of sea transgressions and is absent in the desert fringe so
that the aquifer crops out in seepage zones adjacent to the edge of the traditionally
irrigated fields. Shanin (1985) divided the Nile Delta aquifer system into an unconfined,
confined and leaky aquifer. The aquifers are fed by percolation due to excessive irrigation
water supply. A rise of the groundwater table does however not develop, probably
because of the balance between inflow and outflow. Besides discharge to the seepage
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zones, outflow is realized by extraction of groundwater by individual farms for irrigation
and by the natural drainage into the Mediterranean Sea which has created a number
of coastal lakes: Lake Idku, Lake Burullus and Lake Manzala. These lakes receive the
drainage effluent of the Delta and water quality is poor.

Field investigation

in the framework of the Reuse of Drainage Water Project (Abdel Gawad et al., 1991),
data were collected on soil type, cropping patterns, meteorology, soil salinity, chemical
composition, depth of the groundwater table and discharges through the open irrigation
and drainage channels. To assess the actual flow rates in the channels, an extensive
discharge measurement program was set-up (Anonymous, 1987). A database was
established from which the total inflow and outflow of subregions can be obtained, as
necessary for instance to calibrate regional hydrological models.

4.4 Castilla la Mancha, Spain

Location and climate

An area threatened with land degradation between 2°-3'30° W and 39°-40° N was
selected for an in-depth analysis of heat and water exchanges between land and
atmosphere. This EFEDA study area has a configuration consisting of three super-sites,
with a mutual distance of 70 km: the dry farming area of Tomelloso, the irrigated area
of Barrax and the hilly Rada de Haro area where agriculture is only marginally feasible
(Figure 4.7). Many research institutes participated and the SC-DLO site was part of the
Tomelloso super-site and located in an area locally known as Casa de Las Carascas.
The site was cropped with grapes. A field programme was jointly organized with a large
number of participants in order to conduct simuftaneous patch scale measurements on
land surface flux densities and associated hydro-metecrological parameters. The low
and erratic rainfalt (350 mm annually) in semi-arid Castilla la Mancha (0.2<F/E <0.5)
with large water deficits arising in summer is the cause of the vulnerability of the
agricultural areas. Figure 4.8 depicts the daily trends of the standard metecrological
variables during the three weeks period that intensive field observations took place.

Land use

The combination of extensive solar exposure and calcareous soils creates a suitable
environment for viticulture. Vineyards occupy 82 % of the cultivated area in the direct
vicinity of Tomelloso. The grapes at the measurement site were planted 2.7 m apart,
both along the row and between the rows (Figure 4.9). Unfortunately, all grapes were
affiicted by frost in the first week of May 1991, which is exceptional at this time in spring.
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Winter cereals and fallow land are dominant forms of land use outside the vineyards
at Tomelloso.

The combination of water bearing formations, scarce rainfall and flat terrain, stimulated
farmers to use irrigation devices wherever possible in the Province of Albacete. The
crops irrigated by sprinkler systems at the Barrax super-site (Figure 4.10) are com (62%),
barley/sunflower (5%}, alfalfa (2%) and vegetables (3%). The remaining dryland cultivated
area consists of cereals (11%), olives (4%), others crops (3%} and fallow land (10%).
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Fig. 4.8  Typical daily evolutions of (Part A) relative humidity U, (Part B) air temperature T, (Part
C} incoming shortwave radiation K, (Part D) windspeed u, measured at Tomelicso on
29 June, 1991 at 240 cm height

Physiography and soils

The reiative flat area of Castilla la Mancha was chosen from an orographical perspective
as it was suitable for testing and validating atmospheric models. Typical altitudes are
700 to 800 m. Tomeilloso is surrounded by slight undulating terrain. Artificial reservoirs
for storage of irrigation water were created by the construction of high dams. The loamy
soils in Tomellose contain a calcic hard pan at a shallow depth (20-100 cm) with stones
present everywhere. The cultivation of grapes was made possible by drilling holes in
the calcic hard pan to make penetration by the grape roots possible. Grapes extract soil
moisture from underneath this limestone layer. The groundwater table is at a depth of
30-60 meters.

The Barrax super-site is characterized by more pootly developed soils. The soils are
very fine textured and contain a lower iron concentration than that observed in
Tomelloso. After the introduction of modem irrigation, a dramatic decline of the water
table due to groundwater extraction was reported which may have serious consequences
for future water resources,
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Fig. 4.9  Vineyard in the vincinily of Tomelloso. The delayed growth in June 1991 due lo frost
damage is visible

Fig. 4.10 Rotating pivot systems supply the crop with groundwater during the irrigation season,
Barrax

78



Field investigation

EFEDA's fieldwork focused on multi-scale measurements of various hydro-meteorological
variables which required the participation of several institutes. Surface flux densities were
measured simultaneously at 21 stations, most of which were located at the Tomelloso
super-site. These sites were equipped with eddy correlation, sigma-T, Bowen-ratio and/or
aerodynamic profile methods to measure land surface flux densities. A lot of attention
was devoted to measuring stomatal resistance r, with porometers and stem flow E,
{= transpiration} with the heat balance method. Radio-soundings were launched regularly
to monitor the atmospheric response to moisture and heat release from the land surface.
The latter source of information is viable for estimating the regional heat and mass flux
densities. At regular time intervals, aircraft measurements of turbulent H and AE flux
densities were made. These aircraft also measured transects of atmospheric humidity
and temperature (see Table 4.3).

Table 4.3 Hydro-metsorological paramelers measured during the EFEDA experiment from micro up
to the meso scale by the various participants

Parameter Symbol Platform

Micro scale

Surface energy balance QG HAE in-gitu

Radiation balance KLt in-situ

Water balance P.El dWot in-situ

Soil heat balance Q™ dT At T, in-situ

Stomatal resistance A in-situ

Stem flow E, in-situ

Leaf Area Index LA/ in-situ

Spectral reflectance i) in-situ

Soil moisture ] in-gitu

Soil matric pressure head hn in-situ

Meso-scale

Atmospheric humidity P Falcen-20 and D0128 aircraft, radio-soundings
Potential temperature 7 Faleon-20 and DO128 aircraft, radio-soundings
Wind speed u Falcon-20 and DO128B aircraft, radio-soundings
Pressure ] Falcon-20 and DO128 aircraft, radio-soundings
Turbulent flux densities H AE Falcon-20 and DO128 aircraft

Backscatter coefficient G, AIRSAR aboard a DCA8

Spectral radiances L TMS-NS001, AVIRIS
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5 Experimental evaluation of the diurnal variation of moisture
indicators

5.1 Space and time variation of surface flux densities

A polar orbitting satsllite basically provides information on spectrally reflected and eritted
radiances at one specific moment and on a pixel-by-pixel basis. Chapters 6 and 7 deal
with the explanation of the SEBAL algorithm to convert these spectral radiances into
surfaces flux densities. Consistently with the spectral radiances, the surface flux densities
should be expressed on the same spatial scale, i.e. one pixel. Since spectral radiances
changes rapidly, and especially the ones measured in the thermal infrared range, the
surface flux density obtained from remote sensing is basically characterized by an
instantaneous time scale. Regionalization of surface flux densities can be achieved by
spatially integrating the pixelwise flux densities for a large number of pixels, for instance
for the instantaneous latent heat flux density:

AE(D)> - % !lE(x,y,r)da,. (W m) (5.1)

where LE(x,y) is the pixelwise latent heat flux density, <AE> is the area-averaged latent
heat flux density and A is the total area. A great similarity between Egs. (5.1) and (1.3)
may be noted. The daily surface flux density can be obtained by a time integration of
the hourly surface flux densities:

AE, (x}) = J'xE(x,y,ndf W m2d (5.2)

which in this particular example results into a 24 hour evaporation rate, AE,,. Feddes
et al. {1993) gave an example of Eq. (5.2} using AE(#) obtained at each hour using
geostationary METEOSAT measurements. For polar orbitting satellites, such an approach
is not feasible and unless AE/Q’ can be assumed to be constant throughout the day,
AE,, cannot be reliably estimated from one single AE value. Considering the complex
flow mechanisms discussed in Chapter 2, and resistances affecting AE in Chapter 3,
a constant L\E/Q’ behaviour seems to be too much of a simplification and alternative
descriptions of the time integration need to be investigated.

Seguin and Itier (1983) and also Nieuwenhuis et al. (1985) used one single T,-

measurement around noon to assess AE,, and AE,,/ LE_ ,, respectively. Both algorithms
have in common that several hydro-meteorological parameters are treated to be areally
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constant (e.qg. nst radiation, soil heat flux density, wind speed and air temperature) and
that the fractional flux densities do not change with time. The effects of spatial and
temporal variability are merged into one single expression which restricts the application
of these algorithms to homogeneous conditions for which land use dependent calibration
parameters to relate flux densities to T, are applied. A similar empirical approach was
worked out by L.agouarde and McAney (1992} who gave also crop-dependent calibration
coefficients. The application of these semi-empirical relationships to large-scale
heterogeneous land surfaces with sparse canopies is not recommended: Kustas et al.
(1990) remarked that "errors of 2 mm d”' may be expected when one has a large range
in soil, plant and meteorological conditions’, following this appoach.

The energy partitioning between Hand AE is hydrologically controlled and the available
soil moisture for evaporation changes slowly (Chap. 1). It may therefore be expected
that moisture indicators reveal the surface energy partitioning for longer time spells.
Instantaneous H and AE maps from SEBAL can then be fruitfully empioyed to derive
'self-preservative’ terms, i.e. terms with a constant partitioning of surface flux densities
among their components during daytime {Brutsaert and Sugita, 1992). The following
moisture indicators are commonly used in large-scale hydro-meteorological studies:

— Bowen ratio, f§ (e.g. Avissar and Pielke, 1989)
— Evaporative fraction, A {e.g. Shuttleworth et al., 1989)
— Priestley & Taylor, « {e.g. de Bruin and Holtslag, 1982a)

— Bulk surface resistance to evaporation, r, (e.g. Hunt et al, 1991)

5.2 Minimum and maximum evaporation

A moisture indicator expresses the magnitude of evaporation between zero and potential
evaporation, AE,. Methods to quantify AE, need to be discussed first, with the emphasis
on heterogeneous and large-scale land surfaces. A common definition for AE, is ‘the
loss of water from a moist soil tract completely covered with vegetation and large enough
for oasis effects to be negligible’ {Thornwaite, 1944, as quoted by Monteith, 1994). There
are a variety of evaporation formulae to compute the potential vapour transfer rates from
land surfaces into the atmosphere in the literature. The AE_-models can be classified
into the main groups presented in Table 5.1.

The Penman-Monteith model combines radiative, conductive, mechanical and turbulent
processes, and is theoretically preferred. If the spatial varations of the ?«,E:M-model
parameters could be identified for heterogeneous land surfaces, notably @', G,, T, 2e,
r,and r™ (or actually rJ" when dealing with heterogeneous surfaces), pixel-dependent
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AE, values could be obtained. Besides Q and G,, this is however neither practically
feasible from remote sensing nor from micro-meteorologicai observations.

Table 5.1 Some models for the computation of potential evaporation (mainly after Doorenbos and

Pruitt, 1977)
Energy balance combination Radiation models Temperature models
models
Penman, 1948 Budyko, 1956 Thomwaite, 1944
Monteith, 1965 Makkink, 1957 Bianey and Criddle, 1950
Rijtema, 1965 Priestiey and Taylor, 1972 Hargreaves, 1993

Two different approaches remain for tackling:

— Simpiification of the areal patterns of T,, ae, r, and r™": These parameters are usually
kept areally constant and extracted from one or a few synoptic observations. Aithough
it is somewhat hypothetical, because it is not likely that the values at reference level
are spatially constant (Hutjes, 1995), Moran et al., {1994} used this approach to
express relative evaporation. Menenti and Choudhury (1993) also followed the same
concept but took the T, and Ae parameter values from the mixed layer which is much
more reasonable.

— Selection of a simplified AE,-model: Table 5.1 denotes the Priestley and Taylor
equation as a possibie way for getting AE,. The present author feels that the radiation
models are worth considering, especially since remote sensing measurements can
be applied to obtain Q'-G, on a pixel-by-pixel basis {e.g. Choudhury, 1991a).

Furthermore, some imperfections of ?LEPP“ must be mentioned, which reduces the
potential for assessing AE, by AE,* in arid regions:

1 A source of ambiguity is introduced when meteorological variables measured under
reduced wetness conditions are applied to predict AE.. In (semi-) arid climates, the
meteorological stations are usually not supplied with water, resulting in depleted soil
moisture conditions in the direct vicinity of the instruments. Consequently, the synoptic
records do not reflect an environment with optimum moisture conditions and 7, and
ae will be overestimated as compared to the micro-meteorological conditions over
prescribed reference conditions (0.12 m clipped grass having a bulk surface
resistance of 70 s m”, Allen et al., 1995). AE." with T, and ae measured over dry
land surfaces in conjunction with r, = 70 s m™ will yield unrealistically high AE -values.
To exclude this T, and Ae effects, Kumar and Bastiaanssen (1993) pleaded for the
use of the Prisstley and Taylor formula in arid zones (Eqg. 3.34).
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Because of the non-linear character of s, and its linearized solutions to assess e_(T,)
from e,,{T,), the application of the LE model should be restricted to cases where
thermal storage is limited {e.g. open shallow water or irrigated land). Paw U and Gao
(1988) found that the restriction T,-T,<5 K is sufficiently precise to predict e_{ T;) from
T,-data. In arid regions, 5K is easily exceeded (e.g. Figure 4.8B).

Although Penman (1948) evaded the need to measure T, explicitely by using
e {T)+s (T,-T,) instead of e_(T,), the aim of avoiding T;-observations is only partially
realized because T, is still needed to quantify Q (Eq. 2.10) and G, (Eq. 3.14),
especially if AE™ is applied on instantaneous times scales and G, may not be
ignored. If no observation of 7, are available, the equilibrium surface temperature
associated with the @, G, and H flux densities can be obtained after having solved
AE ™ and H from energy budget closure:

H™ = Q*-G,-AE/Y (Wm? (6.3)

Where ?LE:M is a function of @ - G, (see Eq. 3.34). The equilibrium temperature for
heat transport calculated by Penman-Monteith T,” can be approximated as:

A YL IS L) 5.4

pap

An inconsistency in the solution arises if T,” at Eq. (5.4) is not related to T, used
to compute Q and G, in Eq. (5.3) and AE ™ in Eq. (3.34). From experience it
becomes apparent that a small number of iterations are necessary to let Tf‘“
equilibriate with Q’, G,, H™ and AE/™. Ideally kB is optimized such that ;¥ = T,
and the radiometric scalar roughness z,, corresponds to 75

Hence, potential evaporation can be defined by different methods and ample attention
has to be spent on the quality of the metecrological data. Application of the kE:' “ model
on an instantaneous time basis requires iterations if T, is not available. If T, is measured

by

radiometers, Q" and G, can directly be assessed and an iterative procedure is not

needed.

The numerical range of each moisture indicator between dry and wet depends on AE,
and H:
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Moisture indicators are usefull since their diumnal variation is smaller than surface flux
densities and an instantaneous value can be used to estimate the flux densities for a
long period of time. The five year data from the Qattara Depression will be used to
aexperimentally evaluate this hypothesis.

5.3 Measurement techniques used in the Qattara Depression

The Bowen-ratio values measured in the Quattara Depression reflect the sensible and
latent heat transfer from several bare scil surfaces upwind of the installed Bowen-ratio
tower. The surface flux densities were computed from B ratio measurements as:

_Q-G 2 5.5
T (W m ) (5.5)

and
AE = 9;_;[? (W m 3 (5.6)

while Q' is measured by a net radiometer and G, by soil heat flux plates. The A-values
can be directly derived from B using:

1
A=—r (- (5.7)
5 O
Furthermore, o and A can be simply interreiated as:
s +
L LA (5.8)
A s
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Fig. 5.1 (Part A} Impact of the daytime air temperature T, behaviour on (Part B) the ratio
between the Priestly & Talfor o parameter and evaporative fraction A

The (s,+y)/s, term of Eq. (5.8) can be calculated from T,. If A(f) shows approximately
constant behaviour in time, then it follows directly from Eq. (5.8) that a(fj must by
definition be more variable than A(f). Figure 5.1 has been added to pinpoirt the diumal
variation of s,(#}; 5.(f) has been calculated from time series of T,- measurements at 200
cm height. Figure 5.1B shows that the (s, + v) / s, fraction is largest at lower solar
altitudes, i.e. when T, is relatively low. At midday, when T, =40 "C, o/A is approximately
1.15to0 1.2.

The bulk surface resistance to evaporation is related to the Bowen-ratio after combining
Egs. (3.33) and (5.6):
pacp

LT, Ty [654To) €] {1+B}-r,, (s m7) (5.9)

The near surface vertical vapour pressure difference e, {T,)-e necessary to calculate
r, was obtained from at-surface thermal infrared measurements of T;. Actual vapour
pressure e was obtained via observations of U and T, at 200 cm elevation (the same
level to which B and r,, applies). The aerodynamic resistance r,, is calculated according
to Eq. (3.29) In the case of fully bare soil conditions (s, = 0}, r, = 1., applies

5.4 Temporal behaviour of surface flux densities and moisture
indicators

Field data observed at Bir Qifar-2 on 15 June 1988, have been selected to discuss the
diurnal variation of the heat flux densities and moisture indicators. The soil was a typical
sandy rough sebkha and did not have any vegetation, i.e. AE =AE_,and r, = r,,. The
groundwater table was at a depth of 59 cm. The hyper-arid climate of the Qattara
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Fig. 8.2 Measured and interpreted soil water content profile at Bir Qifar-2, 15 June, 1988, Qattara
Depression. The horizontal bars reveal a possible 15% error in the field measuraments

Depression creates a visually dry land surface (8, = 0.05 em® em™®) laying on top of a
wet sub-soil (Figure 5.2).

Figure 5.3A shows that on June 15, AE_, is dominant over H and G,. Figure 5.3B
displays a smooth pattern of 8T, ,(f} following virtually the K'(f radiation pattem BT, o
=T, - T.). The time lag between the peak in K*(f) and the peak in 8T, (#) is less than
20 minutes. Anocther significant aspect is that the vertical soil temperature difference,
Ty-T, (with T_taken at a depth of 2 cm) shows its peak before the maximum of T is
reached. Because of the evolution of VT(#), G,(f) precedes Q*(f). Consequently G,/Q"
must vary with time which affects either the temporal variation of AE,,/Q or H/Q'.

Hence, AE, /Q is very unlikely to be constant and ME,, can hardly be estimated from
a single LE,/Q’ estimation

Since the soil undergoes a delayed warming up during morning hours, due to thermal
storage, and VT, (t) precedes K'(f), Figure 5.4 shows that G,/Q’ increases sharply during
the morning. The immediate response of H to Q by rapid mixing of heat by eddy
transport is held responsible for a rather constant H/Q allocation between 8% and 15%
hour (Figure 5.4). Evidence that the quasi-constancy of H/Q' is not a mere coincidence
is presented in Annex 1. Annex 1 deals with values on 3T, () and K (1) for different
soil patches investigated during the entire 4" field expedition (see Table 4.2) and shows
that the time lag between 37, () and K'(f) is minimized. Besides 57, (), the H(f)
response is also governed by r,, (see Eq. 3.6). The erratic windspeed on 17, 18 and
24 June is held responsible for some notable time shifts between the 3T, (f) and K*(#)
behaviour on these days shown in Annex 1. The overall behaviour however illustrates
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a close agreement in the dynamics with respect to 87 () and K*(t). Heltslag and van
Uiden (1983) used a surface heating coefficient to indicate the proportionality between
37, .. and Q for pastures in the Netherlands which reveals that Hand Q are correlated

for positive Q" values. The same authors also studied 87, vs K and found close
correlations for haif hourly values over 4 summer days.
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Fig. 5.3  (Part A) Typical diumal surface flux densities at Bir Qifar-2, 15 June, 1988, Qattara
Depression. (Part B) incoming shortwave radiation K*, surface temperature T, vertical
near-surface air temperature difference 8T, = T, - T, and vertical near-surface soil
temperature differences T, - T,
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Fig. 5.4  Typical evolution of flux density ratio measurements at Bir Qifar-2, 15 June, 1988,
Qattara Deprassion

The net effect of G,/Q"and H/Q"is that LE, ,/Q" must have a behaviour opposite to G/Q".
Hence, experimental evidence is given that A/Q’ is rather stable and AE_/Q is concavely
shaped to compensate for the convex G,/Q feature (see Figure 5.4). The often published
parabolically shaped diurnal variation of B(f) {e.g. Avissar and Pielke, 1989; Diak, 1990}
is thus explained. Figure 5.5 shows that j is more irregular than A and that a pronounced
diurnal course of r_,, persist. A similar trend of r, , was found by van de Griend and Owe
at the bare soils of Tomelloso.

Since the inversely proportional symmetries of G,/Q" and AE/Q’ are compensated by
the definition of A, it is expected that A will not change significantly with time.
Shuttieworth et al. (1989) published the first indications that A is a fairly constant indicator
of energy partitioning during daylight hours. Most surface types during the mesoscale
First ISLSCP Field Experiment FIFE showed a typical flat A(f) daytime behaviour
(Brutsaert and Sugita, 1992; Crosscon and Smith, 1992, Verma et al, 1992). More
recently, the use of A also received support from other large scale fieid investigations
such as HAPEX-MOBILHY (Nichols and Cuenca, 1993) and HAPEX-SAHEL (Gash et
al., 1995). Due to A(f) skewness at sunrise and sunset, a systematic difference can be
found between A, and A .. A is therefore quasi-constant during daytime only.
Shuttleworth et al. (1989) compared midday A-values to all day A-average values for
4 days during FIFE. Because the largest contribution to AE,, is delivered during midday
hours when A is constant at large radiation flux densities, the only difference was 1.5%.
The temporal stability of A in heterogeneous terrain and at large scales was
demonstrated in HAPEX-EFEDA by Bastiaanssen et al. (1895a): The deviation beiween
A riaany @nd A ,, for a 10,000 km? large area was less than 5%.

The proof of the quasi-constancy of moisture indicators can be given by investigating
B. A aand r,, (r,=r) systematically for all available Qattara Depression energy
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balance measurements. The data analysis comprises 42 daytime surface energy budgets
over a period stretching from 1987 to 1989 (no f-measurements in 1986) and a total
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Fig. 5.5  Example of the daily evolution of the selected moisiure indicators, Bowen ratio
B.evaporative fraction A, Priestly and Taylor o, and surface resistance r_, on 15 June,
1988, Bir Qifar-2, Qattara Depression

number of 16 study areas. The temporal stability of each moisture indicator is
summarized in Table 5.2, The coefficient of variation was determined for the period
between 8% to 16 hours local time when the land surface flux densities are most
intensive. In addition, the results for the midday period between 10% and 14*° hours are
given.

On the basis of Table 5.2 it can be concluded that A is indeed optimal for describing
the diurnal variation in energy dissipation (CV = 0.186, 0.128). All maisture indicators
are more stable between 11% to 14% hours compared with the 10% to 16% hours time
interval. The 5 to 7% difference between the CV of A and a is low and can be fully
attributed to the daily variation of (s, +y)/s,. It can be concluded that A and « have the
smallest daytime variability. Table 5.2 further indicates that B is the most variable
moisture indicator during daytime hours and is far from ideal for computing the daily
integrated flux densities from an instantaneous f§-estimation. The conclusions may not
be extrapolated to time scales beyond one day, e.g. one week in which the overlying
meteorology may change in terms of cloudiness, geostrophic windspeed, air temperature
in the mixed layer etc., which may modulate the surface energy balance at the same
status of soil moisture availability.
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Table 5.2 Temporal stability of the moisture indicators analysed for 42 measurement days in the
Qattara Depression spread across 16 study areas in the period 1987-1989. The mean
coefficient of variation (CV) is given

Moisture indicator CV (10%-16% hours) CV (11%%-14* hours)
Bowen ratio, p 0.613 0.387
Evaporative fraction, A 0.186 0.128
Priestley & Taylor, « 0.199 0.135
Surface resistance, r,,, 0.285 0.242

5.5 Understanding bare soil surface resistance using simulations
with EVADES

The bare soil resistance r,,, hydrologically controls £, , and thus AE_/Q". Although from
the point of view of the temporal G/Q" and H/Q’ behaviour it was tentativaly concluded
that AE,,/Q must be concavely shaped, a clearcut soil physical interpretation has not
been given. To better understand the diurnal behaviour of r,,, a decomposition into r
and r,, needs to be made (Eq. 3.23). Since the Bowen-ratio surface energy baiance
method yields AE_, rather than AE,and AE,, the Qattara Depression measurements were
not specific enough to quantify r,, and r,. The concept of . r,,and r, is therefore tested
by simulating the flow processes. This detailed knowledge of rjand r,, can also be used
to better interpret r, which will apear from SEBAL.

The EVAporation in DEserts simulation model EVADES was developed and applied to
compute the evaporation from the Qattara Depression {Bastiaanssen et al., 1989; 1990).
More recently, the model formulation acquired a more general character, being based
on the theory of moisture, vapour and heat flow presented in Chapter 2. EVADES solves
iteratively g, G q5.9..9.,q.°" and g,,, g,, and relates these sub-surface flux densities
to the surface radiation and energy balance. Annex 2 shows the outcome of a few
calibration runs indicating that EVADES is a suitable model for analysing the physical
land surface processes of a dry top-soil overiying a wet sub-soil in an hyper-arid
environment. The EVADES executions carried out for the peried June 14 to 16, 1988,
resulted into the daytime evolution of AE,,/Q" depicted in Figure (5.6). indeed, the pattern
of AE, /Q corresponds to the expected shape.
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Fig. 5.6  (Part A) Simulated bare soil evaporation AE,,, with the EVADES rmodel accounting for
liquid, vapour and heat flow mechanisms including sub-surface latent heat exchanges
and (Part B} the latent heat flux density/net radiation fraction AE.,, / Q', 14 to 16 June,

1988, Qallara Deprossion
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Fig. 5.7
days beiween 14 to 16 Junse, 1988, Qaltara Depression.

The air above the land surface did not reach saturation during these dry hot summer
nights, which creates a suitable environment for night-time evaporation as well. The
maximum instantaneous sub-surface evaporation AE, did not exceed 12 W m™? (June
14), whereas AE, sometimes reaches values up to 180 W m™ (June 16). For this
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particular example, the simulations vielded an average AE /AE, fraction of 0.01 t0 0.10
(see Figure 5.7). The daytime average of the ratio [AE,dt//AEdt amounted to 0.05 on
average (Table 5.3). For the June 15 simulations, the time integrated latent heat fiux
density AE,, gave a value of 7.19 MJ m? d” which is equivalent to 2.9 mm d".

Table 5.3 Daily (24h.} integrated surface ensrgy heat balances (MJ m* d') oblained from EVADES
simulations for Bir Qifar-2, 14 lo 16 June, 1988 Qattara Dsepression. The average
computalion time step is 15 seconds.

Term June 14 June 15 June 16
a 8.41 8.62 8.32
G, +0.77 +0.59 +0.90
H -0.19 +1.18 1.65
AE, 7.95 6.84 5.80
AE, 0.43 0.35 0.21

Dynamics in the bare soil resistance to liquid transfer, r,, can be observed from Figure
5.8. The pattern of r,,encompasses a diumal change with rather low values around noon.
The average resistance becomes r,, ~ 3*10° s m” which must be equivalent to 0, = 3.33
10® m* 87, if z = 0.01 m (Eq. 3.19). The van Genuchten parameters used in the
simulation process are 0, = 0.01 cm® cm®, 8, = 0.31 em®* cm®, a = 0.01 em”, n= 1.5,
/=-2.65 and &, = 0.5 cm d" and were measured at the soil physical laboratory of the
Staring Centre. On basis of the van Genuchten parameters, the iso-thermal liquid
diffusivity at @ = 0.05 cm® cm™® becomes D, = 3.26 10° m? s (Eq. 2.31) which
corresponds to z,/ r,,

The integration depth for vapour flow, z,, is taken as the depth at which g,” is a pre-
defined fraction of the at-surface value for gi*. For a fraction of 0.30, this has led to

, = 5 mm most of the time. This does not mean that evaporation from |zl > 1z,| does
not occur. At moments with less dynamic vapour flow, z, = 20 mm was found. The
diurnal fluctuations of r_, can, besides of variations in z,, also be ascribed to the instability
of D, A diurnal range of three orders of magnitude could be found for D", which could
be entirely explained by the contribution of vapour diffusion and convection to the
magnitude and direction of soil vapour flow. During time spells of several hours, g™ and
q™ appeared to be moving in the opposite direction. A clearcut reason for that is the
prevailing direction of heat flow, which most commonly coincides with the direction of
g™ Notably during daytime, both heat and vapour flow downward and vapour will not
be released into the atmosphere. Figure 5.9 reveals that r,,~8000 s m™ corresponds
to D" = 6.3 107" m® &' at 5 mm integration depth.
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Fig. 5.8  (Part A) Simulated daily variation of the bare soif resistance, r., to liquid and (Part B)
vapour, 1, transport for three complete days between 14 to 16 June, 1988, Qattara
Depression.

The conversion from r,, and r,; into r,,, can be achieved after quantifying firstly o, and
;!
Pul8, 0
o, = D02 0D () (5.10)
pV (TO) —pzov

- Pv (Te)_pzoV (_) (5_11)

sal,

Py (7o) Py

so that Eq. (3.23) can alternatively be written as:

rl = melm)?_:_ (ms™) (5.12)

soil si sV

Obviously, o, is rather constant since the rate of increment of p.*{ T} p o, and p (T},
is more or less similar during morning hours (Figure 5.9B). Apparently, these gradients
in vapour density have the same rate of change in the aftemoon. The more rapid
increment of p>*(T,)-p 4, in relation to 6,6, manifests w, with distinct fluctuations {Figure
5.9A). The value for w, falls in the afternoon because of the gradual decrease of p;*{ T,)-

P

According to Eq. (5.12), the o, pattem inversely affects r_ (). Because w; varies relatively
more (w, = 400-1600) than r, (In r, 12.5-13.1}), the diurnal variation of r_, varies mainly
with w,. The resistance r., is approximately 200 s m™' during the highest rates of
evaporation whereafter it gradually rises to 400-800 s m”' during the afternoon.
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Fig. 5.9  Simulated daily variation of the weighting coefficients of (Part A} liquid w, and (Part B)
vapour v, resistance to fluid transport for three days between 14 fo 16 June, 1988,
Qattara Depression.
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Fig. 5.10 Simulated daily variation of the total bare soil resistance o evaporation for three days
between 14 to 16 June, 1988, Qattara Depression

These values are rather comparible with canopy resistances, r.. Since the relative
changes in Q" are faster than r,,, AE_/Q increases in the afternoon. The appealing
aspect of a physical description of r,{f) becomes apparent from Figure 5.10 because
the empirical r,,(6)-approaches such as mentioned in Table 2.2 are not suitable for
describing the diurnal variation of r_,,

5.6 Evaporative fraction and relative evaporation

Since A was experimentally justified as an adequate tool for describing surface energy
partitioning for time scales of one day or less and daily integrated values for Q*-G, can
be determined with remote sensing data (e.g. van Qevelen et al., 1993; Kustas et al.,
1994a), actual daily evaporation rates can be obtained as:
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AE, = A(Q*-G),, (J m2d) (5.13)

Since on the basis of Siwa oasis measurements for a depth of the groundwater table
of 30 cm the maximum A-value became A, = 1, the impression exists that for those
cases Q-G,= AE~ AE_holds true. The generality of this hypothesis could be tested by
evaporation measurements conducted at wet surfaces and under a variety of climates
and types of land use which is beyond the scope of the current thesis. However, if the
statement A.Ep”” ~ AE, is accepted as a suitable reference (if 8T, < 5 K, Ty-iterations
are executed and T,, ae are measured above wet surfaces), the restriction under which
condition Q*-G, = AE;" = AE, applies can be analytically explored as:

e - 9759 wmy (5.14)
where
min

o - SriET) (5.15)

Sﬂ

o
¢, = P wm (5.16)

s

a

Hence for specific combinations of ¢; and ¢, AE," exactly coincides with Q-G,. The
basic question is whether climatological vaiues of r,, s, and ae indeed show regularities
in a way that the aerodynamic term is overruled by the radiation term in AE™. More
specifically, the relationship between O, G, ae and r, can be expressed into ¢,
according to:

Q'-G, - “T‘" (W m™3) (5.17)

H|=

where

¢ = [s‘”ws”smr ) 1152y (mbar me y) (5.18)

a a-p

Eq. (5.17) has very few exact solutions and it is more useful to elaborate under which
conditions a 10% deviation applies. Then the following restriction needs to be tested:
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Fig. 5,11  Nomograph revealing the climatological conditions expressed as relative hurnidity U, vs.
air temperature T, for various values of the asrodynamic resistance r, for which the net
available energy (Q'-G,) deviates less than 10% from the potential evaporation
established with the Penman-Monieith equation LE™

0.9AE™ < Q°-G, < 1.1-AE™ (W m?) (5.19)

Figure 5.11 shows the climatic requirements under which the difference between Q' -G,
and AE;™ is less than 10%. The fixed parameters in this excercise are Q -G, = 300 W
m?, 17" =40 s m” and p,c, = 1200 J m® K. It turns out that cold-dry, intermediate-
humid and warm-humid climate systems often meet the conditions of & -G, = RE:’". Since
the aerodynamic contribution in AE™ decreases at higher r,-values, the agreement
between Q' -G, and AE™ increases with r,. The Mediterranean climates of Egypt and
Spain with T, = 30°C and U = 0.50 seem to be perfect situations to assume LES™ = Q' -
G,. Hence, as a first approximation, Q -G, is a proper candidate for mapping out AE,
on a pixel-by-pixel basis and consistent with that, A is a suitable estimator for relative
evaporation LE/AE, = AE / (Q" - G,).

Jackson et al. {(1981) and Moran et al. (1894) calculated the upper and lower limits of
6T, .. by taking the extremes in surface resistance (r, = « and r, = 0) using a surface

energy balance combination equation. Menenti and Choudhury (1993) did the same but
used T, from the mixed layer. If instead, the transfer equations for 4 and AE are
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substituted into the surface energy balance (which has the advantage that Ae and s,
can be omitted because e, {T;) can be directly solved) and r,, = r,,, the formulation of
8T,_,,. can be simplified into;

a-8ur

Qr, Gy,

1 - 5.20
ol P, [edTy)-e] (K) (5.20)

STa‘sur(rs =0) =

T o(‘)

127F 51T

Low evaporaticon

High‘evaporation

NDV! (-}

Fig. 5.12 Hypothetical isofines of potential evaporation according to radiation models as a funclion
of surface reflectance r, and vegetation index NDVI

and
ST;W(!'S=°°) - O r& _ G(Jra (K) (5.21)
pﬂcp pacp

Jackson’s Crop Water Stress Deficit (CWSI), Moran’s Water Deficit Index (WDI} are
defined as:

6T, ..~ 07, ..(r.=0) g AE

8T, eplfy=) - 0T, (r,=0)  AE,

a-sur

(-) (5.22)

For environmental conditions where AE, = Q*-G,, CWS| and WDI become equalto 1-A,
and it is suggested to compute the ‘physical’ limits of 87, according to Egs. (5.20 and
5.21) using pixel-dependent Q*-G,, z,, (for r) and e, /(T;} values Menenti and
Choudhurys' Surface Energy Balance Index (SEBI) follows the same concept but will
due to the difference in reference heights have some deviations of Eq. 5.22. Hence,
A is a moisture indicator with simifarity in definition to CWSI, WDI and SEBI.

Figure 5.12 shows a schematizated nomograph of AE, that would result from radiation
type of expressions for AE,, making surface reflectance and NDV/ variable in the space

98



domain while keeping the other hydro-meteorological parameters such as K%, L* and
T, constant. Q" decreases with increasing r, and G, decreases with increasing NDV/.

5.7 Concluding remarks

The diurnal variation of surface flux densities is significantly larger than that of moisture
indicators. A moisture indicator expresses the local relative evaporation after identifying
the local maximum evaporation. Potential evaporation is traditionally estimated with the
Penman-Monteith mode! (Allen et al., 1995). Determination of ALE, on heterogeneous
land surfaces with the ?LE;M model is usually hampered by the assumption of areally
constant hydro-meteorological parameters and their non-representitativeness for wet
conditions. Therefore, it is suggested to consider Q*-G, as a suitable replacement for
ALE_. Section 5.6 showed that several combinations of micro-meteorological conditions
yield a situation in which Q'-G, and AE;* do not deviate more than 10%. Under these
restrictions, A = ?LEAE‘, and CWSI, WDI! and SEBI become =1-A. Bastiaanssen et al.
(1995b) showed how A-maps can be used to diagnose crop stress and evaluate the
performance of regional irrigation water managsment in the Nile Delta. It is suggested
to improve the computation of the 'physical’ limits of 8T, by pixel-dependent & -G,,
Z,, and e[ T;) values without a surface energy balance combination equation (no Ae
and s, required).

Because of its quasi-constancy, the use of A makes the comparison of instantanecus
remote sensing based flux densities, instantaneous aircraft flux density measurements,
time-integrated ground-based flux densities and time-step modei-based flux densities
much simpler. The temporal behaviour of various moisture indicators was investigated
with field measurements; A is tentatively chosen as superior because:

— A appeared to be the most stable during 42 daytime surface energy balances
measured in the Qattara Depression between 11% to 14* hours (CV = 13%): The
difference with o could be explained by daytime changes in s,

— A has (after B) the simplest formuliation, and can be computed from Hand AE without
any auxiliary data on s, e_[(T,), eand r,.

A physical explanation for the constancy of A was based on the convex G/Q diurnal
shape. The largest V,T,-values occur prior to the peak of T;. It was observed that H/Q'
is rather flat and explained by the similarity between 67__,(f) and K'(1). As a result, A\E/QX
is a concave function of time which was confirmed by the EVADES simulations of r,_(f},
at least for the bare soils in the Qattara Depression. The dynamics in the top-layer,
notably the V,p, and V.0 gradients, explain that r_, (§) decreases in the morning and
increases in the afternoon which results in concave LE/Q ratios.
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The mathematical description of the diurnal variation of canopy resistance, r(f), did
receive considerable attention by modellers and bio-physicists. Despite the fact that most
land surfaces are bare or partially covered on a global scale, a thorough description of
r.{f) received |less attention in the international literature. The inclusion of Eq. {3.23)
in land surface parameterization schemes improves the potential for predicting the latent
heat flux density from bare and partially covered soil on a better physical basis, without
modifying the complexity of model input parameters.
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6 Derivation of empirical relationships between hydro-
meteorological parameters and radiative properties of the
land surface

6.1 Land surface radiative properties and exchange processes

The 'multi-step’ Surface Energy Balance Algorithm for Land (SEBAL) uses hemispherical
surface refiectance r,, vegetation index NDVI, surface temperature 7, as well as their
interrelationships to map land surface flux densities for a wide spectrum of land types.
The moisture indicators deait with in Chapter 5 can be derived from these land surface
flux densities in combination with T,, T, and r,, data simultaneously obtained with the
SEBAL computation procedure. A conceptual scheme of SEBAL is given in Figure 6.1.

Spacebome radiometers measure spectrally reflected VISible and Near-InfraRed
radiation, K',,(A), and emitted Thermal InfraRed radiation, L' ;,4(A), at the Top Of the
Atmosphere (TOA). The spectral intervals may be defined as 0.4 to 0.7 um (VIS), 0.7
to 3.0 um {NIR) and 3 to 14 um (TIR). These radiance data can be converted into r,
(Section 6.2), T, (see Section 6.3) and NDVI. The derivation of at-surface values for
NDVihas been extensively described slsewhere {e.g. Tucker, 1886) and will not recsive
much attention in this thesis.

Net radiation flux
density
Visible Surface albedo Sail heat flux Bawen-ratio
- o R density Evaporation fraction
Near- A=) Vegetation index Conversion Sensible heat flux | Priestley & Taylor coef
infrared Surface temperature| density Surface resistance
Thermal- Latent heat flux
infrared ensity
Satellite Surface parameters Land surface Surface energy Moisture
radiances parameterization balance indicator
~— V4 d

Fig. 6.1  Principal components of the Surface Energy Balance Algonithm for Land (SEBAL) which
converts remotely measured, spectrally reflected and emitted radiances, into land
surface fiux densities and moisture indicalors
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Since SEBAL describes AE as the rest term of the surface energy balance, AE can be
considered as a function £, of 12 variables s, to s,,:

AE = F(rl e Tk Ao T Zo kB 0, T L) (6.1)

Y
The string s, to s,, is essentially similar to the ones in Egs. (2.91) and (3.37). Areal
variations in the values of the f,-function occur when the pixel resolution at which f, is
estimated is small in comparison to the correlation length of the land-atmosphere
exchange processes (see Section 1.1). Eq. (3.40) in Section 3.3 showed that for
heterogenecus land surfaces, both the offset ¢; and the slope ¢, of the T (AE)
relationship are not univocally defined. Althcugh some classical T,(AE} relationships for
assessing evaporation with constant ¢, and ¢, value perform well at micro scale {(e.g.
Jackson et al, 1977), they are not designed nor suitable for composite terrain with distinct
variations of all variables in the s, to s,, strings.

On composite terrain, the challenge is therefore to map distributed patterns of r, L,
£, T K, Ay Ty Zym KB ', u, T,and L. Since r, and T, measurements are obtained
for each pixel, it is preferable that the s, to s,, strings are determined at the same
horizontal resolution. Such data demands cannot be met with synoptic meteorological
stations, extended field observations, nor even from advanced HAPEX types of field
experiments. Therefore several attempts were made by the remote sensing science
community. Table 6.1 provides an impression of the extent to which f, can be derived
from radiative properties of the land surface for cloud-free atmospheric conditions (see
also Table 1.1). Apparently, not all s-strings can currently be related to a remote sensiiy
observable and some new solutions need to be investigated.

The robustness of the various (semi-} empirical solutions posed in Table 6.1 varies for
s, to s,,. Forinstance much research has been spent on methods to determine r, (being
s,) from space measurements of planetary reflectance r,. Most of the solutions for 1
are however based on physical atmospheric correction procedures which require
atmospheric state conditions and spectral solar irradiance to be known exactiy at the
time of image acquisition. More simple procedures that are independent of the
atmospheric measurements necessary to convert r, into , on the basis of a few known
target r-values are therefore tested in Section 6.2.

Procedures for obtaining T, are generally hampered by the water vapour absorption in
the thermal infrared range. Although radiosoundings are standard solutions used to
correct for these influences, their accuracy is not always ideal for the operational retrieval
of T, on a regular basis and for large- scale land surfaces overlaid by an atmosphere
with spatially variable state conditions. Section 6.3 deals with a simplified description
on how to retrieve T, from thermal infrared measurements using a few anchor points.
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Table 6.1 Hydro-meteorological parameters which can be derived from surface radiative properties.
The correspondence between s, o s,, and the computation steps of the SEBAL
algorithm are indicated

String SEBAL step Parameter Remote Source
sensing
determinant
s, 8 A A Pinty and Ramond (1987}, Arinc et al. 1992
5, 12 L fo Iy Bastiaanssen (1988a)
8, 13 £, NDVI Van de Griend and Owe (1993}
s, 14 T Tent Wan and Dozier (1989); Becker and Li (1990}
S5 15 K N Raschke et al., 1991
5 18 A -
s 18 T, - -
5 20 Z,, NDVI Hatfield (1988); Moran (1990}
5 21 k8"’ Ty Kustas et al. (1989}
8y 30 u. - -
5y 33 T, T, Chen et al. (1983); Davis and Tarpley (1983}
8, 35 L - -

According to Table 6.1, techniques for identifying A’, and T, from spaceborne
determinants seems impossible. The need to determine T and A, (or r,,) is usually by-
passed by considering the ratio of G, over Q" (e.g. Clothier et al., 1986). This G/Q
fraction of vegetated surfaces can be a suitable proxy for 4°, and T, using indices for
the presence of vegetation. Such a G/Q" approach fails, however, in canopies with a
low soil coverage because soil properties are not described by vegetation indices while
G/Q’ is certainly affected by local characteristics. An improved version of G/Q-
parameterization focusing on bare soils will be derived in Section 6.4.

Methods for estimating the momentum flux density by means of w. (s,;) and L{s,,) are
in their infancy. A new solution for finding large area aerodynamic characteristics from
the negative slope between r, and T, as originally suggested by Menenti et al., (1989b)
and Bastiaanssen (1991) will be further elaborated in Section 6.5.

Although the work of Chen et al. (1983) provides a good basis for mapping the regional
patterns of T, a general accepted framework for the derivation of T, from T, does not
exist and an alternative procedure is therefore worked out. Section 6.6 demonstrates
that 87, is linearly related to T,.

&-gur

The remaining empirical relationships for s,, s,, s;, 5, and s, being LL(ro,rp), g(NDV,
K(/N), z,,,(NDV) and kB(T,}, respectively (Table 6.1) are sufficiently well documented
and will not be critically reviewed with data from our Mediterranean study areas. They

will be adressed in Chapter 7.
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Table 6.2. Relationships between hydro-meteoriogical parameters and remote sensing observations
which will receive more in-depth attention in this Chapter

String Relationship Solution for Section
5 PN (A] 1S 6.2
5, Tol Tead T 6.3
84,5, GJ/Q {1, T NDVi) A, T, 6.4
Si0:512 Ty (r) u, L 6.5
S ST {T0) T. 6.6

6.2 Surface vs. planetary reflectance: r(r,) relationship

Formulations

Radiances observed by satellite sensors relate to a smali field of view at the Top Of
Atmosphere and are directional. The broadband planetary reflectance r, required for
land surface processes can be obtained after intgration between 3 and 30 pm:

X

o

Kroalh) i
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©lo
o] W

Kroa(hydh
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w

If no additional ground information on the surface roughness conditions are available
and bi-directional surface reflectance models (2, o, V.., ¢, V) cannot be applied,
the surface target is usually assumed to be a Lambertian reflector. Then tha spectrally
integrated surface hemispherical reflectance r, may be obtained from the broadband
planetary reflectance r, in a simple and straightforward manner. Physically based
numerical models that account for spectral atmospherical radiation transfer are available
nowadays. These atmospheric correction methods are generally based on detailed
information on the state of the atmosphere extracted from radiosoundings or spectral
measurements of solar irradiance. An example of a simpler semi-empirical radiation
transfer model is the one proposed by Arino et al. (1992) who used a different form of
the radiation transfer equation presented in Eq. (2.8):
A L (6.3)
Tawt T AT, =Ty

where r, is the atmospheric reflectance (KET;’K‘L roa)- 1he values for r,, 1., and r,changes
with the atmospheric shortwave transmittance as a function of 1, and ¢,, and can also
be obtained empirically (Michels, 1989). In absence of sky diffuse radiance and
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specularly reflected sunlight, i.e. r, = 0, Eq. (6.3) can alsc be shaped in a linear form
(Ahern et al., 1977, Koepke, 1985}.

K2 () (6.4)
Tsw

The so-called 'dark object substraction method' (Ahern et al., 1977) assumes r, of the
darkest pixel (e.g. deep sea) to be zero. This approximation and Eq. (6.4) allows to find
r, as r, of the darkest pixel.

Measurements

During the Egyptian field survey, r, was measured as the ratio of K over K* from in-situ
pyranometers on bare soil at the sites specified in Table 4.2. The measurements
ilustrated in Figure 6.2A indicate a diurnal variation in hemispherical surface reflectance
{0, V). Bastiaanssen (1988b) and Menenti et al. (1989a) also attributed this ry(f)
behaviour to the fraction of diffuse radiation, surface roughness and dew formation.

Pelgrum (1992) applied Eq (6.3) for a number of separated METEQSAT images coveting
Lower Egypt, including part of the Mediterranean Sea, to generate a series of
instantaneous r,-values from which r,(f) could be drawn at a significant larger resolution
(5 km * 5 km) as compared to pyranometer (10 m + 10 m) {see Figure 6.2B). The vaiues
for r, r, and t_,' were different for each image and calculated according to the solar
elevation-dependent shortwave transmittance, 1,,(0..). Plots of this r,(f)-series of selected
pixels confirms the trend which was surveyed in-situ. Hence single-direction
measurements from a remote platform are able to describe the ¢, and y,, effects on
spectrally integrated and hemispherical surface reflectance r, correctly through simple
1., field measurement
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Fig. 6.2  (Part A) Diurnal trend of broadband hernispherical surface reflectance, r, measured at

the Qatiara Depression sebkhas on 20 June 1988; (Part B) r, estimated with
METEOSAT speciral radiances measured over Lower Egypt on 5 August 1986 applying
£q. (6.3) (affer Pelgrum, 1992)

Table 6.3 summarizes a few case studies conducted with Eq. 6.4. According to Tahle
6.3, the correlation coefficient is in the range R? = 0.83 to 0.96 when a linear conversion
is applied. The root mean square error in estimating r, from r, through Eq. (6.4) is ar,
= 0.04. Figure 6.3 illustrates a few cases with these linear transformations. Hence, Eq.
(6.4} requires less ancillary data as compared to Eq. (6.3}, while its performance is rather

acceptable.

Table 6.3 Application studies with linear r,(r,) relationships

Image and Date Location n R® RMSE s,
band selection

NS001-2,3,5,7,9,10 29 June, 1991 Castilla la Mancha, Spain 6 0.96 0.025
TM-1,2,3.45,7 2 April, 1987 Qattara Depression, Egypt 9 0.83 0.052
T™M-1,2,3457 27 July, 1987 Nile Delta, Egypt 4 0.95 0.044
T™-1,2,34,57 12 June, 1991 Castilla la Mancha, Spain 10 0.86 0.042
T™-1,2,3457 9 July, 1991 HeiHe Basin, China 5 0.91 0.02¢9
T™-1,2,34,57 18 Sept., 1992 HAPEX-Sahel, Niger 5 0.90 0.034
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Fig. 6.3  Simplified linear refationships between broadband directional planetary reflectance, r,,
and broadband hemispherical surface reflectance, r,. (Part A) Qatlara Depression-Egypt,
2 April, 1987 (after Menenti et al., 1989a); (Part B) Castilla la Mancha-Spain, 29 June,
1991 (after Bastiaanssen et al., 1994a}

6.3 Surface vs. satellite temperature: T(T_,) relationship

Longwave radiation can only be transmitted through the atmosphere in those ranges
of the spectrum where the molecuiar absorption by water vapour, gases and suspended
materials is minimized, i.e. atmospheric windows in the 8-14 um spectral range. Thermal
infrared radiomsters have small bands in relative transparent parts of these spectrum.
The wavelength dependent thermally emitted blackbody radiation from the land surface
can be described by Planck’s law (Eq. 2.2). Relative to water vapour, the scattering and
absorption of other gases is small. Therefore, the transmittance is often related to the
amount of precipitable water (e.g Becker and Li, 1991). Basically, the atmospheric
correction consists of the following terms:

Lrod) = [&L(T)* +(1 -1 ] T, +Lagh) (W m 2 um ) (65)

Lina(®)

where L', (A) is the upwelling spectral radiance from atmospheric emission and
scattering that reaches the sensor, Lf is the downwelling spectral radiance from
atmospheric emission incident upon the iand surface and 1, is the spectral atmospheric
transmission. Atmospheric correction schemes are indispensable and may vary from
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highly sophisticated physically based radiative transfer models to simple empirical
methods. LOWTRAN (Kneizys et al., 1988) is an atmospheric path radiance model which
requires atmospheric vapour and temperature profiles to be known. The output of the
model consists of 7, and L', (A). Split-window techniques have been developed to
account for the differential water vapour absorption in the 10 to 13 um range assuming
the surface emissivity to be constant over the latter spectral region (Price, 1984).
Alternatively, multiple in-situ installed thermal radiometers (yielding a set of LT,M(?L)-
values) may be compared with the satellite based radiometers {yielding a second set
of LTmA(k)-vaIues), from which T, and LT‘_,,,,,(?L) can be calibrated. This approach has a
major advantage since the ground values of T, are anchored which is an advantage
if thermal radiometers are erroneously calibrated. If physically correct t, and LTa,m(l)-data
are taken, the errorin L?TOA () will then be conveyed to L,( T,)** and T, will consequently
be wrongly estimated. By merging ground data with satellite data, realistic surface
temperature patterns can be more reliably obtained (although t, and L?m(l) may be
physically useless).

The general form of Egs. (6.5) has been applied for the studies listed in Table 6.3. Two
particular examples are shown in Figure 6.4. The HAPEX-SAHEL large-scale field data
collection programme study {Goutorbe et al., 1994) took place at long. 2 to 3°E and lat.
13 to 14°N to inspect the change of state of a Sahelian landscape in a dry-down period
at the end of the rainy season during September 1992. The thermal infrared radiation
in band 6 of Thematic Mapper at the land surface and at the top of the atmosphere are
plotted for three field plots. A Thematic Mapper image of the HeiHe basin in the HEIFE
study area, China (Mitsuta, 1994) has been included in part B of Figure 6.4 to
demonstrate the accuracy of this approach over land surfaces with a significant thermal
contrast between desert and oases with consequently non-homogeneous state conditions
of the lower atmosphere. The 10 ground control points in HEIFE show a general error
in estimating 7, of + 2 to 3 °C. The same accuracy was mentioned by Wan and Dozier
(1988) and Choudhury {1991a) if accurate radiosounding data are used to obtain t, and
LTm(l) which implies that this straightforward 'anchoring’ approach is not less accurate
than more sophisticated techniques. For both HAPEX and HEIFE cases, spectral
radiance at the ground (broad band) was different from the spectral characteristics of
the remote radiometer (narrow band). A correction on the difference of the spectral
characteristics has been made by using Plancks law for the narrow band considering
the temperature of the broad band. Figure 6.4B further exhibits the importance of having
access to contrasting surface temperatures for land surface components with a size
equal to the pixel scale. The accuracy of deriving T, from satellite platforms and high
frequency acquisitions for e.g. climate monitoring can be improved if standard
meteorological measurements would include surface termperature 7,
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Fig. 6.4  General relationship between in-band radiances in the 10.45 to 12.42 um spectral region
at the top of the atmosphere LTmA(b) measured by LANDSAT Thematic Mapper band 6
and in-situ radiometers (8-14 um) LT,,,,,(b). A correction for the different spectral
characleristics between radiomelers have been appiied. (Part A) HAPEX SAHEL and
(Part B) HEIFE

Land surface temperature on the scale of a METEOSAT pixel is more difficult to validate.
The large-scale thermal patterns at the Iberian Peninsula measured by METEQSAT on
29 June, 1991, were therefore calibrated with the surface temperatures of the
Mediterranean Sea and the Atlantic Ocean. The validation on land was achieved by
means of EFEDA data and using a high resolution thermal image of the NS001
radiometer: Surface radiative temperatures collected by radiometers installed at various
locations spread over the experimental area are explored to calibrate the NS001 thermal
image whereafter the NS001 thermal image is in turn applied fo validate the METEOSAT
thermal image. Table 6.4 was compiled to demonstrate the agreement between in-situ
radiation temperature measurements and the NS001 estimates, as far as data were
available at the moment of processing the NS001 image. In each case the minimum,
mean and maximum surface radiation temperature has been extracted from the NS001
pixels for an area of 100 m * 100 m in the direct vicinity of the field observation point.
The mean value has been obtained from linear averaging of the spectral radiances within
the 100 m + 100 m grid.

Table 6.4 Validation of the NS00 1-based surface radiation temperature map ("C).

Location Site in-situ NSQ01,,,, NS001,..., NS001,..,
Tomeiloso Vineyard 40.0 40.4 422 44 4
Tomelloso Vineyard 43.7 40.4 422 44.3
Tomelloso Bare soil 45.3 39.9 42.3 44.9
Barrax Irrigated corn 26.3 254 255 25.9
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Fig. 6.5  Intercomparison between surface temperatures of 12 sub-areas, 4.1 by 3.9 km in size,
obtained from NS001 and METEQOSAT measurements in the EFEDA grid.

Considering the limited number of ground control points and the differences in footprint
size between the in-situ thermal radiometers and NSQ01, the results of Table 6.4 should
be seen as moderately good. Upscaling can be achieved by comparing the NS001
measurements with the METEQSAT measurements. The discrepancy in scale was solved
by calculating the area-representative value for all NSQO01 pixels encompassed by a
single METEQSAT pixel, again on the basis of averaging spectral radiances of 45,000
small NS001 pixels to meet the scale of one METEOSAT pixel. The radiation
temperatures have been corrected for emissivity. A total number of 12 'giant’ METECSAT
pixels has been considered (6 in Barrax and 6 in Tomelloseg). Figure 6.5 shows the
coherence in surface temperature T, from which it can be concluded that the differences
are marginal (root mean square error = 1.8 "C) and that the thermal-infrared channel
of METEOSAT describes large scale variations in T, appropriately.

6.4 Soil heat / net radiation flux density ratio: G,(Q) relationship

The soil heat flux density G, cannot directly be mapped from satellite observations. Many
previous investigations have shown that the midday G,/Q fraction is reascnably
predictable from remote sensing determinants of vegetation characteristics such as
vegetation indices and LA/ (see Daughtry et al., 1990 for a review). However, the
attenuation of radiative and conductive heat transfer in canopy and soil respectively
changes significantly with soil cover, which suggests the need for the implicit inclusion
of the soil thermal properties in these G,(Q) relationships if the soil coverage is low.
The following comments with regard to the classical vegetation indici controtled G/Q’
fractions can therefore be made:
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— effects of soil thermal properties (A, p.c,} and soil water content (8) on G/Q" are
not accounted for;

— effects of the phase difference between G, and @ arising from the diurnal variation
of soil thermal storage and release of J, are not accounted for.

Hence, a representation different from the standard G, one-layer resistance approach
(Eg. 3.14) and based on remote sensing measurements which replaces T, and r,,
needs to be developed. Eq. (6.6) is obtained by combining the G,-expression presented
in Eqg. (3.14) and the radiation balance Eq. (2.1), as a fraction G/Q :

GU pscs(TU - Ts)

_ Y - 6.6
: Q. r[(1-r)K*+L"] o ©)

so that the variables relevant for remote sensing are related to I' as:

I = fz(To’rm—}%I) (- (6.7)

where T, and r, are proportional to I and K s inversely proportional to T. The
parameters of f, have in commaon that they can be dstermined from remote sensing (see
Tables 1.1 and 6.1). Choudhury et al., (1987) introduced a proportionality factor I to
describe the conductive heat transfer in soil and an extinction factorT" for the attenuation
of radiation through canopies. Their parameterization of " consists of the product of two
components:

r-r0r’ () (6.8)

Proportionality factor for bare soil, I’

In most previous remote sensing energy balance studies where G, was estimated
through the G,/Q" approach, I'"was hold areally constant whereas I'" was kept variable
which may lead to an inaccurate assessment of G, over bare soils. In the framework
of this thesis, fieid investigations on the proportionality factor T'” were undertaken by
burying heat flux density plates at very shallow depths (0.5-1.5 ¢m) in the bare soil
sebkhas of the Qattara Depression. A net radiometer installed at 50 cm above the ground
registered Q. Totally, 25 complete daytime I'’ cycles were available to design a new
parameterization of I'’ based on records collected during the summer and autumn of
1988 and 1989, respectively. Eight different locations have been included in the analysis
and near-surface moisture conditions ranged between 6, = 0.01 to 0.18 em® cm™. The
average daytime I’ value for the Qattara Depression varied between 0.092 and 0.355,
which agrees well with previously published figures (e.g. Clothier st al., 1986; Choudhury
et al., 1987). The proportionality factor
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Fig. 6.6  (Part A) Typical diurnal trend of the soil heat / net radiation flux density ratio on bare
soil, T, taken from field measuramentis at Bir Qifar on 13 September 1989, (Part B)
Daytime variation of the (T,/r,) index and T, exhibiting & trend in (T/t,) being similar to
Part A

I'’, however, undergoes a diurnal cycle because the T,, T, 1, 1, K‘L, L- parameters
enclosed in the formulation of Eq. (6.6) change continuously throughout the day. The
diurnal shape of I in Figure 6.6A can be described by a constant that is proportional
to the energy partitioning whereas T,/ is proposed to describe the dynamic component
of I': Both T, and r, are included in .. Chapter 5 described that I is in advance of T,
The (7y/r,) index compensates this time shift by the reduced r,-values around noon
(Figure 6.2). Figure 6.6B shows the (7,/r,) and T, trends for three different sites, which
emphasis the similarity between (T/r,) and I". Eq. (6.9) relates I" to T, and # in
agreement with the derivation made at Eq. (6.6):

r- ;)cs ) (6.9)

The value for ¢, was caiculated from the G,, Q| r, and T, field recordings as:

2 Gy

ca=lz(

, - 6.10
n= C?'T;))J K ( )

where T, is expressed in "C and n is the number of observations in the daytime period.
According to Eq. (6.6), ¢; thus represents the soil thermal properties, p.¢, and r,,. To
meet the constraints with respect to the soil moisture dependancy of I”', it was attempted
to relate the variance of ¢, for the eight different locations investigated during 1988 and
1989 to 0,. For bare soils, r, can act as a substitute for 8, (see Figure 6.10) and the
¢,(r,) relationship was for this reason further explored (Figure 6.7). An additional problem
is that r, changes both with 0, and ¢, The instantaneous r,-values were therefore
integrated for the daytime observation period:
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fKT(t)dt
D I (6.11)

16

f K4t dt

2

The best fit (R® = 0.67) for ¢, based on the Qattara sebkhas then becomes:

g, = 0.0032r,™% +0.0062(r,”")2 (-) (6.12)

Extinction factor for canopies, I'"

Because of interception of radiation, scil underneath vegetation will receive less radiation
than bare soil and T,-T, will be significantly smaller. For regional energy balance studies,
information to describe T,-T, is not available. Efforts in the formulation of I'" should
therefore focus on remotely measurable vegetation parameters which control the
attenuation of radiation. Choudhury et al. (1987) showed that the extinction coefficient
I"* decreases in a non-linear fashion with increasing seil cover and LA/, while Kustas
and Daughtry (1990) found a linear decrement between I'" and NDVI. in SEBAL, the
NDV! has been selected to describe the general effect of vegetation on land surface
flux densities (see Figure 6.1).

g (9C)
0.40 ~ June 1988 £
L. » September 1989 "
020 b CZ =0.0032 r&9+ 0.0062 (57
#2 =076 »
T n=26 *
0.20
0.10 -
0.00 !
0.0 0.1 0.2 03 04 05
avg
o

Fig. 8.7  Correlation between a factor ¢, (Eq. 6.9) and the daytime average hemispherical surface
reflectance r,™ on the basis of field measurements at different types of sebkha collected
during the summer and auviumn of 1988 and 1989 respectively in the Qatlara Depression
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Since data on G,/Q’in partially and completely vegetated surfaces were not routinely
meaasured by the present author, Figure 6.8 is included based on measurements from
Clothier et al. (1986), Choudhury et al. (1987), Kustas and Daughtry (1990) and van
Qevelen (1991} (see Table 6.5). The best fit of the data shown in Figure 6.8 is:

I = 0.30 [1-0.88 (NDVD] () (6.13)

Tabie 6.5 References of studies on the G/CY ratio for partially closed canopies used fo generate
Figure 6.8. ND = Normalized Difference, LAl = Leaf Area Index

Source Study area Land cover Vegetation Soil moisture Julian day
number

Clothier et al, 1986 Phoenix, AZ Alfaifa/stubble ND 0.10-0.35 260-360

Choudhury et al., 1987 Phoenix, AZ Bare/wheat LA! - 8-71

Kustas and Phoenix, AZ Bare/alfalfa/cotton NDO, NDVI 0.03-0.25 162-165

Daughtry, 1980

Oevelen, van, 1991 Beltsvile, MD  Bare/soybeans NDVI 0.10-0.25 190-265

Figure 6.8 proves that the scatter in experimental T-values increases at decreasing NDVI,
pinpointing the necessity to improve the description of T for sparse canopies. I, within
the envelope of Figure 6.8 is gradually more influenced by I'" when the soil cover

re) + Van Oevelen g
0.50 - - © Kustas and Daughtry £
= +« Choudhury et al.

. 2 Clothier et at.

0.40 - - .

- o .
0.30

B o
0.20 -

- T =030[1-0.98{NDVI]
010 - R2=061

- n=35
0.00 | | | | | | | I

00 01 02 03 04 05 06 07 08 09 10

NDVI (9

Fig. 6.8  Soil heat / net radiation flux density ratio, T, data for a variaefy of surface lypes and soil
cover derived from the references listed in Table 6.5 to establish relationships between
the extinction factor T versus the vegetation index NDV/
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Table 6.6 Principal land use lypes related to the soil heat /net radiation flux density ratio sub-study
conducted within the Central West Super site HAPEX SAHEL

Date Site Land use and attached symbol

03/09/1992 Degraded Herbs (A), Laterite-1 (B), Laterite-2 (C), Degraded bush (D), Millet
bushland (E}

05/09/1992 Fallow Cleared bush {F), Bush/grassland (G), Sandplain (H), Oid Millet (1)
bush/grasstand

08/09/1992 Fallow Cleared bush (J), Bush/grassland (K), Bush-grass (L), Sandplain

bush/grassland (M), Old millet (N}

decreases. The diversity in T {which can partly be explained by soil background
interferences) can be accounted for by combining Egs. (6.8), (6.12) and (6.13) leading
to the final equation used in SEBAL:

r:ﬂ (0.0032r,™7 +0.0062 r2%%) [1-0.978 (NDVI)Y (6.14)

fy

Eq. (6.14) was svaluated with independent field data selected from HAPEX Sahel. The
I'values at the Central West supersite centered around Fandou Beri village (2°33'E,
13°13" N) were intensively observed on three different days. The principal land use types
are specified in Table 6.6. The daytime average I, ,-values are presented in Figure 6.9.

I-rrnaast.rre«:' o
H j: 3 sept. A Herbs
L * 1:1° " B. Laterite - 1
0.35 C. Laterite - 2
D. Degraded bush
Millet

5 sept. F Cleared bush
G. Bush / grassland
H. Sandplain

0.25 I Old millet

8 sept. J. Cleared bush
K. Bush / grassland
L. Bush / grassland
M, Sandpiain

0.15 N. Old millet

1 ! |
0.25 0.35

rpredicted )

Fig. 6.9  Diagram of the daytime averaged soil heat / net radiation flux densily ratio " in Niger
calculated by means of Eq. (6.14), i.e. ‘predicted’, against field measurements.
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Considering the wide diffsrences in climate, soil and vegetation between Niger and Egypt,
an encouraging result (I(RMSE) = 0.04) was obtained. Nevertheless, Figure 6.9 suggests
a bias effect, emphasizing that the 0.0032 and 0.0062 calibration constants need to be
refined when applied to other study areas.

6.5 Surface temperature vs. hemispherical surface reflectance: T (r,)
relationship

6.5.1 Soil physical explanation

Since surface wetness 6, affects both r, and T, an interrelationship between r, and T,
can be expected as well. The interest in such a T(r,) relationship is that r, and T, are
both components of the surface energy balance (and detectable from remote sensing
data) which provides the opportunity to analytically relate them to each other and extract
in that way additional information on large area aerodynamic properties (Menenti ef af,,
1989b; Bastiaanssen, 1991). The effect of 8, on r, will be explained first, then the impact
of 6, on T, The coupling between r, and T, and its significance for large-scale
aerodynamic parameters will be explained afterwards.

The r,(6,) relationship

if the sail is wet, its reflectance is lower than when it is dry (Graser and van Bavel, 1982).
Figure 6.10 demonstrates the daytime averaged 6,-values for a range of soil types
sampled from various spots in the Qattara Depression. The regression equation (R? =
0.67) reads as:

" = 0.02-0.089 In 8, (-) (6.15)

Ea. (6.15) applies to 0.01<6,<0.18 cm® cm™®. Deviations from the regression line in Figure
6.10 were attributed to variation in soil bulk properties. Figure 6.10 further demonstrates
that under wet conditions, hemispherical surface reflectance is a factor 2 to 3 less than
under dry conditions. This implies that Q" must change significantly when going from
wet to dry or dry to wet surfaces. Furthermore from the r(6) coupling outlined in Section
3.2.2, it may be expected that ths reflective behaviour through r,(6,) is related to the
partitioning between H and AE.
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Fig. 6.10 Correlation between daylime averaged broad-band hemispherical surface reflectance,
" (Eq. 8.11), and surface soil water content, B,, for a mixture of sebkha types in the
Qattara Depression

The Ty0,) relationship

The effect of 6, on T, is somewhat more entangled because T, is modulated by various
other factors besides 6, (see Eq. 3.37). Mechanistic simulation modsls can be used to
demonstrate the 7,(6,) behaviour for selected hydro-meteorological situations. The
EVADES model has been used to derive the T,(0,) relationship for a fimited number
of constant matric pressure heads, h,, at different depths:

Run | : Sandy soil, h,=-10cm 100 cm depth;
Run il : Clay soil, h_,=-10cm 100 cm depth;
Run Il : Sandy soil, A, =-10cm 200 ¢m depth;
Run IV : Clay soil, h,=-10cm 200 cm depth;
Run V : Sandy soil, A, =-1000 cm 200 cm depth;

m

Run V| : Clay soil, h,=-10cm 50 cm depth.
Independent of the sandy or clay soil type and the lower boundaries (Dirichlet condition)
chosen, constant z,,, and kB ! surface characteristics have been considered for all six
runs. The temperature at the lower boundary was held constant at 25 "C day and night.
The climatological conditions measured in the Qaitara Depression were used to specify
the atmospheric demand. Table 6.7 shows the daily minima and maxima of 7, U, vand
K in September 1989. To create the possibility of extracting (8, T, ;) strings occurring
at the same time and similar conditions in the overlying atmosphere, the diurnal cycles
of T, U, uand K* were held similar for the six runs and the 14-day simulation period
of each run. The initialization of all 8{(z) profiles {except run V and VI} was done
according to the equilibrium soil water content profile h,, = -h,. The soil temperature
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profile T{2) was initially set to an iso-thermal 25°C profile. The initialization of the soil
vapour concentration profile p (z) was done by assuming equilibrium with locat 6 and
7, values, applying Eq. (2.28). Run V and VI were made in addition to Run | to IV to
demonstrate the T,(8,) shape in extreme dry and wet cases, respectively. The soil
physical data based on laboratory measurements are specified by means of the van
Genuchten parameters 0, 0_,, o, n, | and k_,, {van Genuchten, 1980) and added to Table
6.7. The r,(8) relationship shown in Figure 6.10 was used in EVADES for the radiative
coupling between surface wetness and net shortwave radiation, K.

Table 6.7 Specifications for the input dala for the numerical experiment with the EVADES model to
explore the coupling beiween soif moisiure, surface tamperature and hemispherical
surface reflectance for dry and wet surfaces. The metsorological paramelers are
measured at a height of 2.0 meires

Run 8, 0, a n I ke, T, u u K
emem®)  {em™) () ¢ {em d") *(C) ) (ms’)  (Wm?H

min max min max min max min max

1 0.043 0.347 0.022 2.13 -1.37 0.96 16-35 0.2-08 2-3 0-815

Il 0.000 0.496 0.120 1.22 -6.48 9.12 15-35 0.2-08 23 0-815

n 0.043 0.347 0.022 213 -1.37 0.96 15-35 0.2-08 23 0-815

v 0.000 0.496 0.120 1.22 -6.48 9.12 15-35 0.2-08 2-3 0-815

A 0.000 0.347 0.022 3.50 +0.50 9.60 15-35 0208 2-3 0-815

A Q.000 0.530 0.022 1.60 -7.50 5.00 15-35 0.2-08 23 0-815
day 180-194 Zyn = 0.01m Zp/Zon = 10 latitude 30°30° N

First, T,, r, and 0, were computed for 14 sequential days under the conditions described
above. Thereafter, all instantaneous T,,,,8, 12% hour values were extracted from the
simulations and treated as if they all happened simuitaneously in 6+ 14 parallel reservoirs
(weather conditions are equal). Figure 6.11A demonstrates the simulated T,{0,)
relationship proving that soil water content controls 7,. A drawback of the T, (8,)
relationship is that the shape of the function changes continously throughout the day
according to the unsteady character of T,(f). Hence, T,(0) expressions are strictly location
and time-dependent and cannot be used to compile a map of soil moisture.

The T,(r,) relationship

Combination of T,(8,) and r,(8,), suggests a correlation among T, and r, which is
illustrated in Figure 6.11B. The advantage of Figure 6.11B is that it can be compiled
from all platforms with synergistic visible and thermal infared channels. Obviously, T,
increases with r, until moisture is depleted and a critical matric pressure head is reached.
Remaining seil moisture is retained at low pressure head and T, will be controlled by
other factors.
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Fig. 6.11 (Part A) The shape of the T,®,) relationship simulated with the EVADES model for run |
te VI considering different bare soils exposed to various moisture conditions. (Part B)
The T,(r,) relationship combines ryB,) and T,{8,). (Part C) The evaporative fraction A is
compared with surface temperature T, (Part D) Evaporative fraction A and
hemispherical surface reflectance r,

According to Figure 6.11B, a positive correlation exhibits between T, and r,on wet to
intermediatety dry land (r,<0.20 8,>0.05 cm® em™®, T,<45°C). Figure 6.11C and 6.11D
have been added to illustrate how T, and r, affects energy partioning in terms of A. An
evaporative fraction of A~1 turns to appear at r,<0.08, 6,>0.35 cm® cm™ and T,<33 °C.
These land surface elements are wet surfaces where water vapour is released at a rate
according to the atmospheric demand and 87, is confined to a minimum. A downward
sensibie heat flux density is produced to the ground if evaporation cools down the air
temperature, i.e. 'advection entrainment' (McNaughton, 1976). Kalma and Jupp (1990),
Gay and Bemhofer (1991} and Wang et al. {1994b) showed by taking measurements
above wet surfaces under arid conditions that during daytime T, can exceed T, by
several degrees. Except at the edges between wet and dry surfaces (Blyth et al., 1993},
this enhancement of A however rarely exceeds 1.2. A general statement of A = 1.0 at
wet surface is therefore a proper first approximation.

119



When land dries out, both r, and T increase. Values for A = 0 were found in Figure 6.11
if r,>0.25, 8,<0.03 and T,>52°C. Although these values have an indicative value only,
it is demonstrated that the extremes in A can be appraised on the basis of the T,(r,)
relationship. It may therefore be tentatively concluded that the availability of T, and r,
information of land surfaces with extremes in hydrological conditions can be applied to
allocate spots with A = 0 and A = 1 geographically. This statement will be justified later
and may be crucial for detecting extremes in regional surface energy balances (sub-
areas with H = 0; AE = 0). its potential will be demonstrated for Egypt and Spain in
Chapter 8.

The slope of the (7,,,r;) datapoints depicted in Figure 6.11B was predicted by the physical
laws of the EVADES model. The d,r, slope can be expiored to determine and area-
effective resistance r”. Namely coupling of the radiation and energy balance yields:

K'-rK'+L* = Gy+H-AE (Wm?) (6.16)
which after expressing in r, gives:

r = %(KHL*—GO—H—?LE) (-} (6.17)

Differentiation of Eq. (6.17) with respect to T, gives the coupling between the slope of
the T,(r,) relationship and how surface fiux density changes at regional scale with surface
temperature {Bastiaanssen, 1981):

3,po = %(aEL*-anGO-anH—aan) (K- (6.18)

The hyperbolic trend of the T(r,) relationship noticed in Figure 6.11B can now be
physically interpreted from Eq. (6.18) because d,f, varies with the first derivatives of
the surface flux densities. Although the magnitude of d,,L*, 95, G,, 9nH and d,AE change
with land wetness, land cover and land use, their signs are fixed. The value for 1,
remains positive as long as:

18,L*-0,G,~3,Hl > 3, AEl (W m= K™ (6.19)

Because dr, is positive at wet and negative at dry surfaces, [d AEl at wet surfaces
must be relatively small. Because o7, is mainly governed by 3 ,AE, the positive slape
between r, and T, is referred to as the 'evaporation controlled branch’ of the T,(r,)
relationship. The negative dr, slope can he referred to as the 'radiation controlled
branch’ of the T,(r.) relationship because the decrement of Q'-G, for a fixed interval r,
(which forces T, to fall at constant AE) is stronger than the decrement of AE (which
forces T, to rise at constant Q-G,). The value for 19,AE] can be illustrated by means
of Figure 6.12 being based on the data shown in Figure 6.11B. Figure 6.11 has shown
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that a negative slope of 9,1, arises at approximately T, = 45°C which implies that ld ;A £l
is larger than the left hand side of Eq. (6.19). According to Figure 6.12, 10,,AEl#0 at T,
= 45°C and has a fairly constant slope until AE = 0. Consequently o ,AE = O if
evaporation is eliminated, i.e. AE = 0. Since Figure 6.12 demonstrates that d ,AE is not
necessarily zero at 7", T, is not a perfect determinant for allocating dry land surfacss.
Additional insights can be gained from Figure 6.11D, which shows that A decreases at
increasing reflectance r,. Hence, d,AE = 0 occurs from elements with a high temperature
and a high hemispherical surface reflectance. The surface reflectance at which d,AE
= 0 holds true, can be mathematically found as the reflectance to which the negative
linearized slope between T, and r, is associated. At this negative 'radiation-controiled
branch’, Eq. (6.18) turns into;

3.p, = %(anL‘—anGU—anH) K (6.20)

127F 612
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Fig. 6.12 Areal pattern of latent heat flux density, LE as a function of surface temperature, T,
based on run | to VI depicted in Figure 6.11

The vantage point of Eq. (6.20) is that 9,,H can be approximated from the relative easily
measurable parameters r, and T, (if a negative slope between r, and T, is observed).
Solutions for 9,G, and d,,L.* are simple and will be addressed in Chapter 7. As a first
approximation, we may consider.
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3.H=~P% wmzk (6.21)
R

which enables us to assess the areal effective aerodynamic resistance r3” for dry land
surface elements fulfilling the condition d,AE ~ 0. The method proposed to obtain r2”
was validated from a few patches in the Qattara Depresssion using local
observations at pockets of dry soil whereafter Eq (6.21) was inferred to quantify 7.
Together with local measurements of @, G,, T, and T,, Hwas calculated using 73", After
calculating LE as the balance residue, a comparison with AE-values obtained with the
Bowen-ratio surface energy balance method was mads. As shown in Figure 6.13, the
agreement is quite good and the deviations are within the error range of obtaining AE
by means of the Bowen-ratio surface energy balance technique (being approximately
20 to 30%, Sinclair et al., 1975).

AE (W m3)
300

1275613

Measured values

Catculated values
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180

120

60

15 25 26 30 a1 43 90 102 103
rap M)

Fig. 6.13 Comparison of aclual evaporation in units of latent heat flux densify LE estimated with
Eq. (6.21) and with the Bowen-ratio surface energy balance method for various vaiues of
the aerodynamic resistance, r,,, at Bir Qifar, Qattara Depression

6.5.2 Experimental evidence of regional T,(r,) relationships
Remote sensing research in the last decade has shown that the Ty (r,) relationship is

not just an occasional feature for sebkbha soils in arid regions. Table 6.8 demonstrates
that the dual T,(r,) branches were measured on various scales and for various land
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surface types. The r,-values at 7,;"*" are aise included in Table 6.8 and range between

0.20 to 0.33. Note that these values are not equal to 7™,

A Thematic Mapper image acquired on 7 August, 1986 at the Eastern Qattara
Depression on 9°°h local time will be discussed to explain the T (r,) relationship
measured from space. Colour Plate 1 shows r, while Colour Plate 2 provides the
corresponding areal T,-patterns. The diversity in surface hydrological conditions,
encompassing wet sebkhas and deserts, generates a wide range of (T,,r,) values. The
dry areas (sand dunes and limestone plateaux; groundwater is deep) outside the
depression in the direction of the South, contain the warmest spots with T, = 312 to
320 K and r,=0.22 to 0.30. The coldest land surface elements are inside the depression
where r; = 0.10 and T, = 302 K being marked as marshlands.

A fitting function through the (T, ,)-pixel values of Colour Plates 1 and 2 has been drawn
to describe the overall T (r,) behaviour (Menenti and Bastiaanssen, 1993). The positive
slope between T, and r, applies for r;<0.24 (see Figure 6.14A). Pixels with r,>0.24
belonging to the negative slope are located inside the eolian eroded ridges oriented in
the Southwest direction. The linearized slope of the radiation controlled branch yielded -
0.019 K" which, according to the overall T,(r,} function, occurs at 7" = 0.276. Pixels

Table 6.8 Overview of observed comelalions between hemisperical surfacs reflaciance r, and
surface temperature T,

Source Country  Total area Resolution Positive Negative r,{T,™)
{km?®) (m) or,8T, aroT,

Menenti (1984) Libya 210" 500 yes yes 0.33
Goward et al. (1985) USA 410? 500 no yes 0.20
Gebhardt (1986) Germany 5 10° 20 no yes -
Vukovich {1987) Senegal 6 10° 1000 yes no -
Seguin et al.,(1969) Senegal 1 10° 1000 yes yes 0.30
Menenti ot al. {1989a) Egypt 110’ 5 yes yes 0.23
Cure ot al. (1989) USA 110° 1 yes yas 0.33
Smith and Choudhury (1990a)  USA 5 10° 1000 yes no -
Rosema and Fiselier (1990} Mali 510° 5000 yes yes -
Bastiaanssen (1991) Egypt 810° 120 yes yas 0.31
Pelgrum (1992) Egypt 410° 6000 yes yes 0.2-0.25
Wal, van der (1992) Egypt 8 10° 120 yas yes 0.33
Bastiaanssen et al. (1994a) Spain 2 102_ 20 yes yes 0.28
Bastiaanssen et al. (1994a) Spain 2 10° 20 no yes 0.20
Roerink (1994) Argentina 3 10° 120 yes yes 0.1
Wang et al. (1995) China 11¢0° 120 yes yoes 0.24
Roerink (1995) Niger 110* 120 yes yos 0.29
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Fig. 6.14 Observed relationships between instantaneous surface temperatures, T, and
hemispherical surface reflectances, r, derived from Thematic Mapper measurements.
(Part A) Eastern Qatiara Depression (path/row 178/39 acquired on 7 Augus!, 1986),
{Part B) Western Qattara Depression, (path/row 179/39 acquired on 13 November, 1987}

with 1,>0.276 are situated in the desert where dAE =~ 0 and AE = 0 are acceptable
conditions confirming the proposed procedure to allocate pixels with d,,AE = 0 from
remote sensing determinants.

The pixels situated in sub-grid 13, 14 and 15 at the bottom of the Colour Plates 1 and
2 gave three different sets of (7). Eqgs. (6.20) and (6.21) were applied to determine
the linearized slope a1, of each set and relate it to rS” (Table 6.10). Eq. (6.22) has
been applied to explain the differences in 5 found from 0,1, For the sake of simplicity,
Eq. (6.22) does not consider y, or y,, - corrections and is just meant to demonstrate the
physical significance of 3,7, and how that relates to r3”. A value of kB" = 2.3 has been
applied. The presence of dune ridges in sub-grid 15 explains the lowest ri”-values
noticed as being caused by enhanced surface roughness {see Colour Plates 1 and 2).
Although, in the absence of meso scale field measurements, no evidence exists on the
reliability of these regional effective r5¥-values, the obtained trends between zo,n, and
the relief of sand dunes agrees with the expectations: Higher roughness conincides with
a higher density of dune ridges.

o in(199 In(100

umq Zypy Zom

) (sm7) (6.22)

A classification was carried out for a different Thematic Mapper scene in the Western
Part of the Qattara Depression near Qara oasis using T, and r, as attributes. A number
of eight land clusters were discriminated, with five clusters appearing on the positive
T,(r,) branch and three clusters on the negative T,(r,} branch. Figure 6.14B shows the
standard deviations of T, and r, for each land cluster identified. According to a photo-
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Table 6.10 Asrodynamic behaviour of desert surfaces with different roughnesses as interpreted
fromn surface albedo and surface temperature measurements on August 5, 1986
(See Colour Plates 1 and 2)

Sub-grid Orets [ ovd oo Zom

Colour Plates 1,2

K" (s m”) (ms™) (m)
13 -0.0266 70 10 0.0045
14 -0.0272 68 10 0.0050
15 -0.0312 56 10 0.0170

geological-vegetation map of the area, the sub-grid areas reflect open water {Class 1},
wet sebkha (Class 2), sebkha covered with rippled sand (Class 3), dry sebkha (Class
4) and sandy soft clay (Class 5). The dry land area composes of Qifar sand formation
(Class 6), Moghra limestone formation {Class 7) and gravel plain (Class 8). Pixels with
1,>0.24 represent negative dpr,-values. The linearized siope is remarkably close to the
Eastern Qattara, d,% = -0.053 K. The open water evaporation at Class 1 can be
assumed to take place at the maximum rate, i.e. A = 1.0. The sebkhas of class 210 5
have a reduced evaporation rate in comparison to open water. Classes 6,7 and 8 are
dry desert surfaces fulfilling 3,;AE = 0. The treshhold reflectance where r,”™" = 0.268
applies is suitable for distinguishing sub-areas with 3 ,AE = 0, AE =0 and A = 0 from
the remaining sub-areas.

In conclusion we can state that the T,(r,) relationship provides a unique opportunity
without further ground information to extract the following information:

— the allocation of wet (A = 1) and dry {A = 0) land surface elements without having
access to additional field information (if the area has sufficient hydrological contrast);

— the threshold hemispherical surface reflectance r;"**" above which d,,AE = 0 applies;

— the first derivative of sensible heat flux density versus temperature, d,H for deriving
roY which is an area-effective value;

It will be shown in Chapter 7 how these aspects are merged in SEBAL to derive area-
effective momentum flux densities and land surface energy balances with a minimum
of ground data.

6.6 Near-surface vertical air temperature differences vs. surface
temperature: 8T, (T, relationship

The main difficulty in determining surface energy budgets from satellite based K' and
L" measurements, is a proper estimation of the energy partioning between H and LE.

Chapters 2 and 3 have shown that the number of parameters affecting r,, in one-layer
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schemes is less than r,. and it is for this reason preferred to solve AE after having
estimated H.

Sensible heat flux density is traditionally estimated by inferring T, from remote sensing
data (assuming T, = T, after adjusting kB"), T, and u obtained from synoptic
measurements and the surface roughnesses z,, and z,, based on vegetation heights
and/or land cover type {see Choudhury, 1989 for a review). The evidence that T, can
be treated as T, was given in Section 3.3. The basic question which remains is:

How can the regional distribution of T -dala be determined in the absence or
incompleteness of synoptic stations ?

Approach

Derivation of T, patterns from satellite thermal infrared data was carried out by Chen
et al. (1983) who investigated the capability of geostationary GOES thermal infrared data
to infer T,. A value of R® = 0.76 was found by linear regressing T, vs. 1.5 meter high
shelter T -values. The standard deviation from the regression line was 1.3-2.0°C. Davis
and Tarpley (1983) reported from NOAA temperature data also a standard linear trend
between T, and T, over a large area of North America with standard deviations of 1.6-2.6
K. Horiguchi et al. (1992) did a regression analysis between clusters of 1.5 meter height
T.-values gathered from a meteorological observation network and T, obtained from
geostationary themmal infrared data. Their work brought forward that the error on deriving
T.is=117K

Linear fitting between T, and T, for a number of land surface slements /yields a constant
offset. The offset of a regional T,(T;) relationship theoretically implies that ¢, ~ 1 and
c10 = aTa-sur:
T = 6ly-¢, (C) (6.23)

where i represents a particular land surface element. The linearity between 7, and 7,
posed in Eq. (6.23) may however not be generally applied because &7, is not
constant. For instance, Ottle et al., 1989 showed that 8T, changes because of crop
stress, which basically contradicts a linear T,(7,) relationship such as presented at
Eq.(6.23). Although T,,is certainly not constant, the dynamic range of T, is reduced
compared to the areal variability of 8T, It is therefore preferred to consider 87,
instead of T_;

ST (O (6.24)

For a set of land surface elements, the following perturbation equation can be tentatively
proposed:
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oT,

a-sur-i

=&y, TO-i-c1

2 (0

(6.25)

where ¢,, and c,, are the linear regression coefficients. The perturbation method is
applied to tentatively derive an expression similar to Eq. {6.24), but using an unknown
offset ¢, and slope ¢,,. Perturbations from Eq. (6.24) are small if ¢,,=1.0 and ¢,=T_.
When ¢,, deviates from 1.0, T, can be more generally calculated from ¢,, and ¢,

T =(1-¢)T, +c, (C)

(6.26)

Table 6.11 Field observations performed during HAPEX-SAHEL in Niger at the Central West
Supersite to prove the suggestad linearity between near-surface vertical air
temperature difference, 8T, ,,, and surface temperature, T, at Eq. (6.25).

Day Location Hour n R? Intercept ¢, Slope ¢, T8T,,, =0}
(C) {ce’) g &)
03/09/93 Degraded geo 5 0.93 33.9 1.24 273
bush 10™ 5 0.94 27.6 0.98 28.2
1™ 5 0.08 30.3 1.01 30.0
12% 5 0.98 27.4 0.91 30.1
13% 5 0.98 29.8 0.95 31.3
05/09/93 Fallow bush/ 9% 4 0.89 304 1.08 28.1
grassland 10% 4 0.98 28.3 0.99 286
11% 4 0.99 30.4 1.01 30.1
1250 4 0.99 31.4 0.99 31.7
13% 4 0.98 34.9 1.04 336
14%° 4 095 38.2 1.09 35.0
15% 4 0.99 40.9 1.14 35.9
16% 4 0.99 37.3 1.06 35.2
08/09/93 Fallow bush/ 9% 5 0.97 43.0 1.45 29.7
grassland 10% 5 097 32.7 1.08 30.3
11% 5 0.98 28.4 0.92 30.9
12% 5 0.99 285 0.89 32.0
13% 5 0.99 30.7 0.93 33.0
14% 5 0.99 33.0 0.98 33.7
15% 5 0.99 33.4 0.98 341
16% 5 0.98 35.6 0.98 36.3

127



5-'ra-a'ur (Dc) A Ta (OC) B

10 — _ - _ A 2
| 8T, =-283+0B9T, g/ 332 L T,=2846+0.11 T, ‘et
8 RZ=099 R2=0.54
6 32.8
a4l 32.4
2 - 320
- E
0 .t [ 31.6 I N N N SN NN AN NN N N N
31 33 35 37 39 4 43 31 33 35 37 39 41 43
Ty (°C) T, (°C)
A. Cleared bush B. Bush / grassland C. Bush / grassland D. Sandplain £. Millet

Fig. 8.15 Linearity of air temperature T,, vertical air fomperature differences 87, and surface
temperature T, measured at the West Central super site during HAPEX SAHEL,
September 1992, (Part A) 8T, {T,) relationship, (Part B) T,(T,) relationship

A deeper investigation of the shape of the 87, {7,) relationship is required to check
the generality of Eq. (6.25). in the next section, an attempt will be initiated to study ¢,,
and ¢,, in composite terrain using in-situ observations of 7, .and 87,_,.. Data collected
in Niger, Egypt and China has been used.

Niger

During the Special Observation Period of HAPEX-SAHEL, T, was recorded at 3 m.
elevation at several sites. The surface temperature T, was measured with a handheld
thermal infrared radiometer operating in the 8 to 14 um spectral region and the radiation
temperature T,7 has been corrected for emissivity. 87T, ,, was calculated as the
difference in T, ,and T, . The four to five land units were located on a 2 km transect
and were specified in Table 6.6. The results are presented in Table 6.11. The correlation
coefficient is unexpectedly high for alf readings. The graph presented in Figure 6.15A
indicate 87, (T,) to be basically linear. The regression coefficients were rather similar
with 2 mean intercept being ¢,, = 32.7°C and a mean siope of ¢,, =0.98 'C “C". Hence,
the slope is indeed very close to one which proves the correctness of Eq. (6.25) and
Co= T,

The 8T, (T,) relationship in Figure 6.15A shows more coherence than the T(T7,)
relationship of Figure 6.15B. The 8T,,,(T,) curve fitting also provides the opportunity
to allocate sub-areas where advection entrainment occurs (7, > T, H < 0). These
temperature values have been added in the far right-hand column of Table 6.9. This
trigger value of surface temperature for stable conditions {87, <0) has a diurnal pattern
and ranges between 27 to 36°C.
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Egypt

During the 5" Qattara Depression field expedition, three (87, T,) parallel pairs were
measured continuously with a 5’ sampling interval. The observation height for T, was
200 cm. Figure 6.16 depict the Rvalues between §T,,, and T, for days with
observations bstween 9%° and 18% hours.

The offset in the 8T, { T,) function shows a diurnal pattern (Figure 6.178) whereas the
shape is fairly constant at ¢,,=1.0. The diurnal variation of ¢,, has a trend that is similar
to T (f) with warming up in the morning and a plateau in the afternoon. It can be
concluded that ¢,, is broadly speaking constant with time when strong heat releases
from the land surface occur and the PBL growths. The sudden decrease of ¢,, = 36°C
at 20% hours to ¢,, ~ 20°C at 21% hours is most probably associated with the inversion
of the T(2) profiles. The average slope for the wet saline sebkhas in the Qattara
Depression is ¢,, = 1.09 K K" and the intercept of ¢,, = 37.1 "C. Figure 6.18 shows the
mean slopes and offsets for the days investigated. Although the correlation coefficient
was high, it seems that ¢,, exhibits fluctuations: on September 17, the average gain plus
the standard deviation is almost 1.4 which implies that ¢,, # T,

¥]
R n=79 n=52 n=78 =63 N=74 =75 N=77
1.0 . - -

08
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Fig. 6.16 Mean daytime R of near-surface vertical air temperature differences, 87,,,,, vs. surface
temperature, T, measured at sebkhas in the Qattara Depression, Septerber 1989. The
standard deviation of the average F¥ is indicated
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Fig. 6.17 (Part A) Diumnal variation of the slope ¢,, in the linear relationship between near-surface
vertical air temperature differences 87, and surface temperature T, (Part B) Offset c,,
of the same relationship based on field measurements on 15 September, 1989, Qatlara
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Fig. 6.18 Average and standard deviations of siopes and offsets during daytime at the sebkhas in
the Quatlra Depression , September 1989

China

Data from the HEIFE experiment in Central China (Wang et al., 1994a) has been
considered to analyse the 67, (7,) relationship for landscapes where extremss in
physiography and hydrology exists. The study area encompasses the Gobi desert,
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irrigated oases near the towns of Zhan Ye and Linzhe and mountainous hillslopes (lat
39°N, long. 101°E). The distance between the most far away measurement points was
approximately 50 km. Figure 6.18 shows the observed 87, (T, trends at 11% hours
local time for T,, T,and 37, At this time, the lowest air temperature was T=26'C
while at the hot spots a temperature of 31 °C at the same elevation above the land
surface was already measured. The T,(T,) relationship depicted in Figure 6.18A
expresses much scatter with significant standard deviations from the regression line.
On the contrary, the 87,,,(7;) trend of Figure 6B has a much reduced scatter. The
expected linear trend for the 67, relationship was confirmed for the arid conditions
of the HeiHe basin for several days with an average slope of ¢,, =0.97 "C "C" and an
average offset of ¢,, = 27.8 'C.

The experimental evidence of the 8T, (T,) relationship can be summarized in the
following conclusions:

— The linear 37,.(T,) hypothesis for heterogeneous terrain conditions has been
expernmentally proved and the perturbations from Eq. (6.25) are small, which means
that the slope lies close to one (Niger 0.98, Egypt 1.09, China 0.97) and the offset
equals approximately the area-effective air temperature;

— 8T, can be spatially interpolated using a T;-image if ¢,, and ¢,, for that particular
image and moment of acquisition are determined. If T, can be accurately interpreted
from remote radiances, this implies that T, may be mapped for composite terrain;

— The areal effective air temperature T, at observation height can be found from the

8T,..{(T,) relationship using the general form of Eq. (6.26);

8T.a—sur (oq A Ta (oc) B
30 - 57,,,=-273+0967, B T,=284+00187, g
31 - B
20 - | RZ = 0.02
10 - 29 n=9
ol L
27
-10 | N
-20 1 1 £ | J 25 I ! L L H
10 20 30 40 50 60 10 20 30 40 50 60
T (°0) To (°0)

Fig. 6.19 QObserved behaviour of near-surface vertical air terperature differences, 8T, ,, and
surface temperature, T, in the HeiHg basin with distinct iand surface types such as
desert, vases and mountains along a 50 km transect, 9 July, 1991. (Part A) 8T, (T,)
relationship and (Part B) T(T,) relationship

131



The similar magnitudes of T(8T,,, = 0) in Niger (33.4 'C), the Qattara Depression
{To(8T .. = 0) = 34°C) and a somewhat lower value of the HeiHe basin (T (8T, = 0)
=27.8°C) can be tested with the Priestley and Taylor’s equation. The condition of 87,
= 0 above wet land surfaces according to AE”” can be theorstically calculated for o =
1.26 from:

AET = Q@ -G, (H=0) (Wm?) (6.27)

or

Q'-G, = 1.26(Q"-G)—2 (W m? (6.28)
5.

The solution for Eq. (6.28) is s, = 2.57 mbar K™ which corresponds to a temperature
of T,=31". Note that T, = 31 “C agrees perfectly well with the T,-range between T,
= 27-36 °C derived from the slope of the 6T__,(7T,) descriptive functions. Hence, an
upperbound for the air temperature above wet land surfaces in arid regions is estimated
and vertical advection emerges if the surface temperature is lower as being controlled
by evaporation.

6.7 Concluding remarks

The following simplified relationships were derived and/or experimentally tested before
using them into the SEBAL procedure:;

— 1, (r,) relationship;

— Tu(T..) relationship;

— T (r,, T,,NDVI) refationship;
— T, (r,) relationship;

— 8T, (T,) relationship;

The experimental evidence of these relationships indicate something important: variability
due to complex physical processes can average out to simple relationships.

Net radiation flux density

An accurate determination of r, from r, does not require radiosoundings if the image
is acquired under clear skies with a relatively low level of diffuse radiation. At best, a
series of r-values from dark and bright targets should be made available from in-situ
observations at several 'homogeneous’ land surface targets, whereafter a (non-) linear
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r,—r, transformation can be established. Instead of r,-observations, field measurements
on 1, can also be used since 1, is a suitable basis for obtaining the two-way
transmittance 1, to solve the ry(r) relationship. To ensure realistic land surface
temperatures, it is preferred to perform a similar procedure for T A linear regression
analysis between spectral radiance at the top of the atmosphere and at the land surface
is proposed and has been indicated to perform well.

Soil heat flux density

It was shown that I" can be separated into a proportionality factor '’ and an extinction
factor I™ and that remote sensing data can be used to determine I"'and I'" separately.
Although NDVIis a suitable parameter for areally recognizing attenuation effects, NOVI
is not suitable for predicting I' over sparse canopies and vast terrains with variation in
I"'. Moreover, soil heat storage effects on the I'{#) relationship are more essential in partial
canopies, which needs ample attention when images with different acquistion times are
applied. A new solution was designed which describes ' under sparse canopies
empirically both in space and time, thereby opening the way to applications with low
and high resolution operational satellite systems from which diurnal variations in G, for
large areas can be assessed.

Sensible heat flux density

The key-issus in evaporation estimations with remote sensing data is an adeguate
description of sensible heat flux density. Kustas et al. (1994b) concluded that for remote
sensing studies, the utility of H-mapping is limited by the spatial extrapolation of synoptic
T, and v observations. The problem of u is solved by considering the areal patterns of
u.instead and r3” will be used for that (Chap. 7). The coherence between r, and T, over
composite terrain was explained by field observations in Qattara Depression and a sound
physical interpretation could be given by means of the EVADES model. It was shown
that the radiation-controlled branch of the T(r,) function provides important information
from which pixels with o, AE =~ 0 can be extracted. A zero slope of the first derivative
of AE may be associated to AE = 0. Pairs of T, and r, are therefore suitable for rapidly
distinguishing between dry and wet zones. Areas with r,<0.10 and assigned to low T;-
values showed evaporative fractions in the range A = 1.0. Areas with r,>0.30 assigned
to high T,-vaiues showed A ~ 0. It was concluded that 7,r, over dry land surface
elements can be used to establish an area-effective aerodynamic resistance r” and
that T,,r, measuremenis of undulating terrain in the Western Desert of Egypt agrees
theoretically with variations in surface roughness.

One other serious concermn in H-mapping is the large horizontal variahility of near-surface
air temperature. Strictly speaking, 87, should be estimated for H rather than T,.
Considering the large total number of regression analyses of individual 8T_,,{(7,) data
pairs (Niger: 21, Egypt: 528, China: 9), the conclusion arises that the 8T, (T,) curves
are linear and more universal than expected. Hence, 8T, . can be regionally interpolated
in a simple manner from 7, using linear transformations with an effective slope and offset
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for heterogeneous environments. The differences of 87, = T;-T,, fromthe 67 . =
€,y To-Cy, linear regression model were found to be small in composite terrain which
justifies retrieving the areal average T, from the fitted offset. If 3T, will be derived from
the inversion of H at specific elements where A = 0 and A =~ 1 applies, the need for T,
synoptic data will be eliminated. This approach will hereafter be referred to as the

‘evaporative fraction-vertical air temperature difference’ method.

The correctness of the T,,— Ty, T5— T, conversions using atmospheric and emissivity
corrections and the T, = T, assumption by adjusting k8' becomes to a certain extent
irrelevant because the physical limits of H are internally calibrated by adjusting 87,
in an inverse manner at pixels with a predefined A value. This is a step forward because
the absolute T, value is not longer explicitely needed which implies that kB~ doesn’t need
to be spatially interpreted for heterogenous land surfaces.
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7 SEBAL parameterization for distributed land surface flux
densities

7.1 General schematization

SEBAL solves the surface energy balance (Eq. 1.1) pixel-by-pixel and on an
instantaneous time basis. Net radiation is obtained from distributed hemisphetical surface
reflectance and surface radiation temperature data in combination with spatially variable
zenith angles for the determination of the clear sky incoming shortwave solar radiation.
The incoming longwave radiation is hold areally constant. Soil heat flux density is
obtained from the new empirical soil heat /net radiation flux density fraction derived at
Section 6.4. The area-effective momentum flux density is computed from the area-
effactive aerodynamic resistance for dry iand surface elements using the siope between
surface temperature and surface hemispherical relflectance (Section 6.5). The vertical
near-surface air temperature difference is coupled linearly to surface temperature
(Section 6.6). The vertical difference between two horizontal layers of different air
temperature is obtained by an inversion of the equation for sensible heat transfer at
specific partial areas corresponding with two extreme conditions: One where H= 0 (wet)
and one where LE = 0 (dry]. These partial areas can be allocated by means of the 7,(f;)
relationship. The momentum and sensible heat flux densities are based on the resistance
version of the flux-profile relationships. For each pixel (which may encompass a mixture
of landscape elements), a one-layer resistance scheme for t and H will be applied
(Section 3.3). Finally latent heat flux density is oltained as the residue of the land
surface energy balance.

The land surface flux densities are caiculated in a specific sequential order:

— Net radiation flux densitiy, Q'{x,y) Section 7.3
— Soil heat flux density, G,(x,y) Section 7.4
— Momentum flux density, 1(x,y) Section 7.5
— Sensible heat flux density, H(x,y) Section 7.6
— Latent heat flux density, AE(x,y) Section 7.7

The (x,y) notation denotes that a certain parameter is variable in the horizontal space
domain with a resolution equal to the size of a pixel. If the {x,y) notation is not specifically
mentioned, that particular parameter is takan spatially constant. Since SEBAL aims to
solve local flux densities in order to make a comparison with in-situ flux densities and
soil water content feasible, the height for z_, will be kept small being approximately 10%
of the pixel size (Eq. 3.40). Because horizontal advection of heat is not included in Eq.
{1.1), the physical processes can only be realistically schematized to be strictly vertical
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if and z = Z_, is kept adjacent to the land surface (Figure 7.1). Blending of flux density
profiles is schematized to begin at z= z,,. At the blending height (z=z,), horizontai flux
densities have smoothed at-surface variability of wind speed, air potential temperature
and humidity. Consequently, the flow domain between z=z,, and 2=z, should have a
two-dimensional character (Figure 7.1). The area-effective momentum flux density t at
height 2=z, is taken as the momentum flux density from dry land surface elements, 2
so that 1 = . The momentum flux density T should be disaggregated into local vertical
momentum flux densities between height z=z,,, and 2=z, After having achieved this
(Section 7.5), vertical H(x,y) flux densities will be calculated on the basis of t(x.y),
surface roughness z,,(x,y}, aerodynamic resistance r,, (x,y) and 8T__,{x,y) {(Section 7.6).

7

Fig. 7.1  S8EBAL schematization of momentum, heat and vapour flow in the surface iayar for two
neighbouring pixels, | and ii

Table 7.1 summarizes SEBAL's calculation scheme. The right-hand side of Table 7.1
establishes the link to the data strings s, to s,, of all hydro-meteoroiogical parameters
listed in Table 6.1. The relationships investigated in-depth from Table 6.2 are indicated
by their Section number.

The incorporation of the Monin-Obukhov similarity hypothesis makes the estimation of
Hix,y) and t(x,y) more comptex due to the implicit character of Hand u. being included
in L (see Eq. 2.68). Three iterative procedures therefore need to be worked out:

— lteration |  : regional T flux density for ¢. and L
— lteration Il : local 1{x,y) flux density for w.ix,y) in L(xy)
— lteration Il : local 1(x,y) and H{x,y) flux densityfor w.(x,y) and H(x.,y} in L{x,y)
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Table 7.1 Summary of the SEBAL calculalion scheme. The bold parameters in the column input

data have lo be made available from supplementary sourcas

Computation step and deseription Equaticn Variable/ Input data String
constant
Retrisval procadures
1. Spectral radiances, K yoafh), L™ 71 Xy DN
2. Solar declination, & 72 - J
3. Solar angle hour, w, 7.3 X t'long
4. Solar zenith angle, o,, 7.5 Xy 8, o, Int
5. Earth-sun distance, d, 7.6 - J
6. In-band planetary reflectance, r(b} 7.7 Xy K 1oul®), d,K“,,,(b),
7. Planctary refiectance, r, 79 Xy r.{b),c(b)
B. Hemispherical surface reflectance, r, 6.4 Xy Mo Tew OF Iy s,, Section 6.2
9. Normalized Difference Vegetation Index,  7.10 X,y (k)
NDVI
10. Shoriwave clear sky transmittance, 1,,, 7.1 - Tor Tow OF Ty
11. Apparent emisstvity, £, 7.14 - Tor®
12. Incoming longwave radiation, i 7.15 - e T, S,
13. Themmal infrared surface emissivity, g; 7.16 Xy NDVI 8y
14, Surface temperature, T, 719 xy ’lfb)’r‘a}m‘b) or s, Section6.3
T L,7(0)
Net radiation flux density
15. Incomning global radiation, K* 7.20 Xy Tl r0n 85
16. Ouigeing longwave radiation, L 7.21 . £ T
17. Net radiation, & 28 Xy KL
Soil heat flux density
18. Soil heat net radiation flux gdensity ratio, T  6.14 XY Toilo:NDVI 8, 8,, Section
8.4
19. Soil heat flux density, G, 7.22 Xy ra
Momentum flux density
20. Roughness momentum, Z,, 7.27 Xy NDVLh, LAl or 8,
zf)n
21. Roughness heat, z,, _ 7.28 Xy z,,, kB’ 8
22, Effective roughness heat, z, 7.31 - Zpo To Ty
23. Longwave radiation-tamperature, 0L79T,  7.36 - e T
24, 5oil heat flux density-temperature, dG/0T, 7.38 - T..G,
25. Reflectance-temperature, dryfo 7, 7.4 - Tola Saction 6.5
26. Aen;c;dynamic resistance above dry fand, 7.44 - Orfor drpk ™ IGhy PG,
rlh-B
27. f;;\sible heat flux density above dry land, 7.45 - Q.G
28. Effactive Monin Obukhov length, L% 7.46 - HY T3 T, 2,007, 3 H
29. Effective wind speed, vi{z,,) 7.49 - Yo' Zog U
30. Friction velocity, . 7.51 Xy HZ b Zo N 8.
31, Momentum flux density 1 7.53 Xy u., P
Senasibla haeat flux denaity
32. Aerogynamic resistance, fu,.. 7.55 xy e ZepiWom
33. Surface to air temperaiure difference, 7.58 X,y T0 Q' Galin sy 8, Section 6.6
8Ty
34. Sensible heat flux density, H 7.59 Xy 8T g lonsur PeCp
35. Monin Obukhov length, L 7.60 y w, ToHH -
Latent heat flux density
36. Latont heat flux density, AE 7.61 xy Q.G H
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Fig. 7.2 Integration height for near-surface turbulent fiux densities z,, for pixels with different
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lteration | applies totatz= Zp. Iteration Il is necessary to let u.{x,y) imbedded in v _(x,y)
equilibrate with 1(x,y) between z=z,, and z=z_ . lteration ||| establishes local H{x,y) flux
densities with H{x,y) implictly present in y,{x,y). A further explanation of thess iterations
will be given in the appropriate Sections.

According to the theory provided in Figure 3.8, z,,, can be pixel dependent. Since u. is
not known in advance, z,, cannot be computed locally at the primary phase of the
computation procedure so that z,,, should be initially kept similar for all pixels {Figure
7.2) and based on the minimum of all z, . values considering a minimum v. value and
X as half a pixel size. The integration limit z,, therefore differs for pixels with different
dimensions.

7.2 Determination of surface radiative properties

Step 1. Spectral radiances in the visible and infrared regions, K' roalh, L roaltyy
Remotely measured spectral radiances in the visible and near-infrared, K' ;,,{A), and
thermal infrared LTTOAO\.) range are represented in binary digital satellite image products
by means of Digital Numbers, DN, which are radiance values in arbitrary units. In the
case of LANDSAT Thematic Mapper, to convert DN values to radiances, a simple linear
interpolation is applied (Markham and Barker, 1987):
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C..—C
i C

-2 -1 -1 71
SeE DN(xy) (Wm?2sr'um™) (7.1)

1
KTOA(;\')x,y = Cia

where K'.,,(A) (Wm? sr'' um™} is the bi-directional spectral radiance at the sensor and
¢, and ¢, are the calibration parameters with ¢,; being the spectral radiance at DN=0
and ¢,, the spectral radiance at DN=255. The values for ¢,, and ¢,, vary for each
reflectance band. The calibration of the spectrally emitted radiance LTTOA(?L) and DN is
non-inear.

Step 2. Solar declination, &

The solar declination, 8, is the angular height of the sun above the astronomical
equatorial plane. 8 changes throughout the year according to {e.g. Duffis and Beckman,
1980):

& = 0.409 +sin(0.0172/-1.39) (rad) (7.2)

where Jis the Julian day number (January 1 is day 1).

Step 3. Solar angle hour, w,(x)
The longitude dependent solar angle hour, m,(x), reads as:

coa(x)=rc[’(") ;2} (rad) (7.3)

1

where #(x) (decimal hours) is the local longitude time which can be obtained from the
Greenwich Mean Time ' at 0° longitude according to the following correction:

f(x) = t +minf60+long(x)% h) (7.4)

where long (rad) is the longitude.
Step 4. Solar zenith angle, ¢,.(x.y)
The solar zenith angle is the angle between a line normal to a particular point at a

horizontal land surface and a line through the solar centre. Igbal (1983} gave a simplified
goniometric function to describe ¢,

cos,_ (x,¥) =sin(d) sin[ /at(y)] +cos(8) cos| laf)) |cos[w (¥}] (rad) (7.5)
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where /at (rad) is the latitude. The combination of Eqgs. (7.2) to (7.5) can be used to
determine, besides ¢,.(x,y), the timings of sunset and sunrise, the maximum number
of sunshine hours and maximum zenith angle for any horizontal surface and any selected
moment.

Step 5. Earth-Sun distance, d,

The earth-sun distance changes because of the elliptical orbit of the earth around the
sun. Accordingly, the solar radiation is affected by a variable path. The earth-sun
distance reaches its minimum value at the beginning of January while the beginning of
June is marked by the farthest distance among these celestial bodies. The motion of
the earth-sun distance can be approximated by the function:

d, = 1+0.0167sin[ 2%/ "985
365

(7.6)

where d, (-} is the relative Earth-Sun distance in astronomical units (AUs). The absolute
value of 1 AU is 1.496 = 10° km.

Step 6. In-band spectral clear sky shortwave hemispherical planetary reflectance,
ro(b)x.y)

Values for in-band spectral reflectance r(b) can be computed from incoming and
outgoing in-band radiances at the top of the atmosphere. In SEBAL, the nature of the
reflecting surface is assumed to be isotropic (Lambertian reflector for azimuth and zenith
effects), as models for the bi-directional reflectance without a detailed surface description
at the regional scale cannot be applied. The in-band outgoing radiance KTTOA(b) was
obtained by multiplying K roald) from computation step 1 by its bandwidth b. Integration
of K'(b) over zenith and azimuth angles gives the hemispherical radiance, ©K o,(b),
which yields the in-band hemispherical reflectance at the top of the atmosphere as:

T
r(b)xy) = M (7.7}
Kroalb)
and
1
K#OA(b) = sto(b)cos(q)su)(x‘y) (W m_z) (78)

2
E

where K*__{(b) (W m?) is the mean in-band solar exo-atmospheric irradiance undisturbed
by the atmosphere at ¢,,=0". The value of Wexo(b) used in Eq. (7.8) is corrected for the
sensor spectral response for consistency with K ,,(b).
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Step 7. Integrated clear sky shortwave hemispherical planetary reflectance, r(x.y)
The spectrally integrated planetary reflectance, r,, is derived by performing a narrow-band
to broad-band integration covering all reflectance bands in the visible and near-infrared
region. The results should be approximately similar to o,f'”ﬁ,()u)dl. The weighing factor,
o(b) accounts for the uneven distribution of K‘*m(l) in spectral bands of a specific sensor:

X

) dx=§ aBb)y () (7.9)

rp(x’y) =

f=]

where n represents the total number of spectral bands / of the radiometer defined in
the 0.3 and 3.0 um zone. The sum of the weighing factors Y e(b), should be equal to
one. Because of the inclusion of a wider spectral range, measurements with larger band
widths are generally preferred to assess r,(x,y). For example Pinty et al (1985) argued
that METEOSAT measurements of r(b) in the 0.4-1.1 um are rather suitable for
assessing .

Step 8. Integraied clear sky shortwave hemispherical strface refleciance, r{x,y)
The opportunity to determine r, from satellite observations in the visible and near-infrared
range derives from the fact that under clear sky conditions r, and r, are evidently linked
(Figure 6.3). SEBAL computes r, according to the retrieval procedure depicted in Figure
7.3. Alternative ways of quantifying r, are included. The choice of solution depends on
the amount and quality of available ground data. If r, is measured at a few specific land
surface elements in the study area, 1, can be obtained by combining r, from remote
sensing measurements and r, from these in-situ measurements. If 1., is measured, r,

r, for each pixel | | K in-situ | or | r in-situ—l |r,(J for selected pixelﬂ

"
Sy

wen

rp for each pixel

Fig. 7.3  Afternative procedures for converting the hemispherical planetary refleclance, r, into
hemispherical surface reflectance r, on the basis of Eq. (6.4)

can be derived from r, and 1_, directly. Because it ensures realistic 1, values, it is
preferred to the practical r(r)) procedure which corrects for several effects.

Chapter 6 has shown that for low diffuse radiation levels and minor scattering effects
from land surface elements, r, may be linearly related to r
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r-r,
=22 (6.4)

it
Tew

Step 9. Normalized Difference Vegetation index, NDVi(x.y)

Because chlorophyll has a strong spectral absorption in the visible region at 0.475 and
0.65 um (Tucker, 1986), land surface spectral reflectances r,{A) provide information on
the presence of chlorophyli and thus on surface vegetation conditions. This information
can be utilized to compute the NDV/ for each pixel (x,y} from the radiances in the red
and infrared channels as:

r(infrared)(x,y) - r,(red)(x,y)

NDVI(x.y) = r(infrared)(x.y) + r,(red)(x,y)

(- (7.10)

Vegetation indices such as the NDV/ respond to the density of plant canopies, colour
and the different stages of soil wetness and cultivation practices (Huete and Warrick,
1990). NDVI becomes meaningless where there are sparse canopies and bare seil
conditions. Huete and Tucker (1991) showed that ND Vi values for bare soil lie generaily
between 0.05-0.3. Because of the variable optical properties of the soil, a strict range
for bare soils cannot be given.

Step 10. Area-effective shortwave atmospheric clear sky transmission factor, 1,,,
The atmospheric clear sky transmission factor 1, is established by the attenuation of
KLTDA along its path. In the absence of data on K* or degree of cloudiness to find t,,
from local measurements, the two-way transmittance t_, of Eq. (6.6) is suggested as
a solution to determine t,,. The latter solution is only feasible if 1., was derived from
a limited number of r, measurents at step 8:

_{m5=[me-gT ) (7.11)

sw swW I, ( X, y)

Step 11. Area-effective apparent emissivity of the atmosphere, €',

Atmospheric thermal radiation from water vapour, aerosols, CO, and O, is emitted both
in an upward and downward direction (Eq. 6.5). Aimospheric water vapour and aerosols
also play an important role in the establishment of the shortwave transmittance discussed
in the previous computation step. It was therefore atiempted to interrelate the apparant
emissivity at 2.0 elevation £’,and 1,,. Bastiaanssen (1988b) used data from the Qattara
Depression of field expeditions 2,3 and 4 (Table 4.2) to relate €, to 1.5° The
formulations applied were:
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17

fKi(t)dr

0 = 1:'— () (7.12)
[Krouttat
avg _ _ 5 Q _'<5+L1T _ (7.13)
A Z o (-)

where n (-) represents the number of observations performed during 8%° A.M. and 5%
P.M. and T, is measured at 2.0 m. height. The integration limits in Eq. (7.12) are sunrise
and sunset. The following strictly empirical relationship was established:

£, ™=1.08(-Im2)°= () (7.14)
The permitted range to which 1.08 and 0.265 apply is t.7°=0.55 to 0.82.

Step 12. At-surface incoming longwave radiation, L

The vaiue for L' can be estimated from e’ and T, In this stage of the computation,
T, has not yet been quantified. However, T, can be inferred from climatic records and
denoted further as T,.

L'=¢, *%6T," (W m™ (7.15)

If field measurements of L' are available beforehand, it is recommended to use I
directly, rather than Eq. (7.15).

Step 13. Broad-band thermal infrared surface emissivity, £,(x,y)

Van de Griend and Owe (1993) used an emissivity box together with radiometers to
measure simultanecusly NDVI and g, in the savannah environment of Botswana. A
broad-band emissivity g, for the 8 to 14 um spectral range could be predicted by means
of NOAA-AVHRR's NDVJ spectral definitions according to the following empirical type
of function:

g,(x,y) = 1.009+0.047InNDVI(x,y) (-) (7.16)

The application of Eq. {7.16) is restricted to measurements conducted in the range of
NDV!=0.16-0.74. Eq. (7.16) has also been tested with data from the Tomelloso super
site in EFEDA. Owe (1992) concluded that the regression coefficients do not need
adaption. It should be noted that Eq. (7.16) is not valid for water bodies with a low NDV/
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and high emissivity (¢,=0.99 to 1.0). Since g, changes with wavelength, Eq. (7.16) cannot
be applied to other wavelengths such as is required by ¢, in Eq. (6.5).

Step 14. Land surface temperature, Tyx,y)
The relationship between LT,a,,,(b) and LTTDA(b) for a homogeneous atmosphere reads
as:

Lioab), = T(DO)Landb),, *Lamlb) (W m2) (7.17)

where L', (b) comprises ,, L,(T,)” and L, of Eq. (6.5). L,{T,)*,, values necessary
to solve T, are cbtained from an inversion of Eq. (6.5):

7 1
b)), — LoD , 7.18
Lx(n)i‘;: [ Lroal )x,y zm( )] -1 *E,JL: 811 (W m,z) ( )

l 7,(b)
whereafter T (x,y) can be obtained by inversion of the Planck function:
b | ©at”
1060 = [L*‘T°”‘*] (K) (7.19)
015

where ¢, and ¢, are wavelength-dependent conversion constants. Wukelic et al. (1989)
demonstrated that if non-local and non-coincident radiosounding data were used to derive
the unknown t,(b} and LTam(b) parameters in Eq. (7.17), the error might approach (or
even exceed) the error made if no correction of L',,(b) is made at all. The absence
of accurate data on the atmospheric composition to compute LTa,m(b) and 1,(b) at the
moment of satellite overpass must be considered a norm, rather than an exception. It
is therefore proposed in SEBAL to derive t,(b) and Lfm(b) from field observations of
T, applying Planck’s law which enables the computation of LT,E,,J(b) at a few specific land
surface elements simultaneously with narrow band LTTOA(b) satellite measurements of
the same targets. A curve fitting according to Eq. (7.17) can then be established. It
shouid be noted that 7, is obtained from in-situ thermal infrared radiometers which
usualiy have spectral characteristics that are different from the remotely operation
radiometers. Comparison of radiances with different spectral definitions can be prevented
by correcting the surface temperature 7, of the in-situ measurements with g, in the band
of the remote radiometer. In the 8 to 14 um spectral range, Eq. (7.16) may be applied.
If this minimal field investigation on some T, (x,y) pairs for practical reasons cannot be
met, it is suggested to calibrate 1,(b) and Lim(b) from large open water bodies with a
known temperature (g, = 1.0).
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7.3 Net radiation flux density

Step 15. Incoming global radiation, K‘L(x,y)
The integrated radiation over the entire solar spectrum that reaches a horizontal flat land
surface can be calculated as:

K%Y = Kroal))T,, (W m?) (7.20)

The areal variation of K‘LTOA(x,y), being a spectrally integrated form of K‘LTOA(b) in Eq. (7.8),
only has practical significance if the area under consideration is sufficiently large such
that spatial variation of cos ¢,, is evident. 1, is estimated as described under Eq. (7.11).

Step 16. Outgoing longwave radiation, L' (x,y)
According to the law of Stefan Boltzmann (Eq. 2.4), the total area under the Planck curve
for a given temperature T, JL,(T)dA, is proportional to T*:

L'xy) = [L(Nah = eo(xNTolxy) (W m?) (7:21)
where g, can be taken from Eq. (7.16).

Step 17. Net radiation, Q'(x,y)
The four components of radiation described in the previous computation steps must be
combined to yield Q'

Q*(6)) =K 063 - KMoy + L -LT{x ) (2.8)

where K‘L(x,y), n{xy) and LT(x,y) are determined with a spatial resolution of one pixei.
Eq. (2.8) implies that L" is constant over the image.

7.4 Soil heat flux density

Step 18. Soil heat /net radiation flux densily ratio, T(x,y)

Since @ -G, represents the available energy for H and AE, mapping of Q -G, has to be
done prior to estimating H and AE. The ratio of soil heat /net radiation flux density, T,
is estimated according to Eq. {6.14):

T
(

4]

r(f) (0.0032 r,"?+0.0062 r*??) [1-0.978 (NDVh*| (6.14)
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where T, is expressed in "C.

Step 19. Soil heat flux density, G(x,y)
After independent estimation of T(x,y} and Q'(x,y), it is feasible to map G, pixelwise:

Gy(xy) = T(xNQ (xy) (W m?) (7.22)

Since @ decreases with increasing r,, and I' increases with increasing "%, the spatial
variation of G, in heterogeneous land surfaces will tend to level off, Significant differences
in G, only occurs when sites with low T, high NDVI are altemnated with sites that have
a high T ,low NDVI, e.g. warm pockets of bare soil and cold agricultural fields. The
physical explanation for a uniform G, pattern on the basis of Eq. (3.14) is that wet land
with a relatively high A_-value (say 1.5 W m™ K™') usually has a low near-surface vertical
soil temperature gradient, V,T,, since T, is controlled by evaporation. At dry lands where
A'is low (say 0.5 W m™ K™, V. T, for both cases will for both cases then tend to be large
since the surface is not cooled down by evaporation. The product of A,’and V T, will then
tend to become similar in the two cases.

7.5 Momentum flux density

in SEBAL the height z=z, will be used toc compute the area-average momentum flux
density from the bulk aerodynamic resistance to heat transport r,,’? (see computation
steps 26 and 29 for more details). The area-average momentum flux density is defined
as:

<t> - % Ha)da, (N m? (7.23)

A

and will be estimated in SEBAL as an area-effective flux density:

<> =1 = Pa Ys (N m™3 (7.24)

k8 - (7.25)
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h
where ‘:,FB will be determined from the slope between T, and r, (see Eq. 6.22). The

disaggregation of T into 1(x,y), is complicated by the fact that the flux density layer above
heterogeneous land surfaces will be perturbated by lateral exchanges (see Figure 7.1)
and per definition not reach 2=z, (. is only constant with height for z<z,_). The latter
implies that, neither u nor w. is constant with height between z, <z<z.. More precisely,
I...s €an be defined by splitting r,,,, 5(x,y) into two segments: One with a local w.(x,y) valid

for z<z_, and a 'regionalized’ uv.’ between z,, and z,:
am XY} = —-——q’"’(z"”””dz + f ¢.m(zﬁ"L)dz (s m™) (7.26)
Zonm k”.(X,,V)Z . ku:z

Figure 7.4A was compiled to demonstrate the relative contribution of the second term
on the right-hand side of Eq. (7.26) on r,_, (x.y). Typical integration limits are z,,=5 m
(10% of a Thematic Mapper 120m wide pixel) and z,=100 m (Mason, 1988). To study
the combination of the first and second term on r,, o(x,y) i.e the effects of the integration
limits, u. = w.’ has been considered (Figure 7.4A). Obviously, r,. 5(X,y) is only rather
sensitive to the second term in Eq. (7.26) for rougher surfaces (Z,,>0.1m). Figure 7.4B
has been drawn to evaluate the hypothesis u’= u. A 50% increase and decrease in
u. has been considered for u.” and the conclusion can be drawn that especially w’<u.
needs ample attention. The latter implies that the second term in Eq. (7.26) is only crucial
for the dis-aggregation of 1 for rough surfaces and low friction velocities.

Although not physically correct, a possible way to describe 1’ is by assuming that w.(x,y)
is constant with height; With locally variable surface roughnesses z,_.(x,y) neighbouring
uiz)-profiles will then tend to blend and that all local w(2) profiles give the same value
of uat z= z, (Andre and Blondin, 1986). Figure 7.5A illustrates this approach. The u(z)
profiles of Figure 7.56A were computed with the 1D-flux-profile relationship of Eg. (2.79).
For z>z;, u. and z,,, apply. Consequently, a kink in the wind profile arises at z=z,

147



Upper / Total (-} A Upper/Totai(-} B
0.7 - 09

TR

0.5 times v.
- === 1.0times us

056

0.7 o 15 times vy
05 -
0.5
04 - .
0.3 03 [ ce= o
0.2 I ! | 0.1 i | i
0.001 0.001 0.1 1.0 0.001 0.01 0.1 1.0
Zgm (M) Zom (M)

Fig. 7.4  (Part A) Effects of local surface roughnass on the contribution of the upper air layer
(2,.<z<zg) on the asrodynamic resistance to momenturn transfer belween z,, <z<z, using
Eq. (7.26), (Part B) Effect of the friction velocily between (z_,<z<zg) on the aerodynamic
resistance to momentum ftransfer between z,,<z<z,

Over against that, Fiedler and Panofsky (1972) used a near-surface wind speed, say

wz,,), to define zm,, as that roughness length which produces T correctly. We may
assume that t at z=z, is equal to 1 at z=z_,, with the major difference that at z=z_,,
1 is spatially variable and not blended with the neighbouring flux density. The 1D-flux-
profile relationship of Eq. (2.79) can then also be invoked to decompose 1 into T{x,y)
for z<z,,. Following Fiedler and Panofsky, the wind speed u(z,,) can be applied to find
u{x,y)forz< z sur Figure 7.5B shows the wind profile if (z,,,) and z,,(x,y) are considered
for z<z,,, and @. and z,, for the range z 2 z,,. Consequently, the kink arises now at
z=z,,. This approach is thought to be more consistent because u. only remains constant
with height for z<z_ . The latter solution will be applied in the SEBAL computation steps

that follow.

Step 20. Distributed surface roughness length for momentum transfer, z, (x,y)
It was argued at computation step 9 that classes of vegetation density can be related
to NDVI. Pierce et al. (1992) showed that even LA/ can be obtained from NDV! for
various biome types. Hanan et al. (1991) provided a methodology for retrieving fractional
vegetation cover from NDVL Asrar et al. (1992) showed by means of physical models
that LA/, NDViand groundcover are interrelated. Since z,,./h, changes with LA/ (Section
2.3, Egs. (2.83) to (2.85)), a direct relationship between NDV/J, z,, and h, may be ex-pec-
ted. Hatfisld {1988) confirmed by means of field measurements in cotton with temporal
vegetation density variations that spectral measurements in the red and near-infrared
region can be used to estimate surface roughness z,,, and displacement height d. A
different proof was given by Moran (1990) who used functions relating NIR/red ratic or
NDVlto z,, during an alfalfa growing season. In SEBAL it is without further investigations
assurmed that these relationships can also be applied for heterogenous land surfaces:

148



u(mst)
B g
8 &
[
alk
2
- L4
0 1 ] L1
6 4 -2 0 2 4 [ ] 8
Inz (-} ) Inz ()
-------------- 24, =0.01m;u, =031ms’ e 20 =0.01M 0, =027 ms
Z4n=01m ju, =042ms! Z4n=01m ;u,=043ms’
===z, =05m ;u,=054ms" ===z, =05m ;u,=054ms"

Fig. 7.5  Vertical profiles of horizontal wind speed u(z) above three land surface elements with
different surface roughness, Z,, The assumptions of vertical variations in momenturn
flux density differ. (Part A} u. is constant with height between z,,, and z,: for 2>z, u. is
considered. (Part B) u. is constant with height for z<z,, and for z>z_,, u. is taken

Zom(XY) = exp(c,; +,s NDVIXy)) (m) (7.27)

The aerodynamic effects of sheltering leaves is not very well described by Eq. (7.27)
For conditions of natural vegetation with dispersed shrubs and trees, z,,, depends on
the spacing, shape, size, distribution and density of these obstacles which is too
complicated to relate to NDVI. In the present author's opinion, Eq. (7.27) is therefore
especially useful to describe the role of fractional vegetation cover on surface roughness,
rather tham aiming to solve the roughness for different sparse canopies structures. The
workability of Eq. (7.27) will be tested with EFEDA field data and this is described in
Chapter 8. The impact of Eq. (7.27) on flux densities is demonstrated by means of an
uncertainty analysis in Chapter 9. New techniques for retrieving z,,, and LA/ remotely
by laser beam techniques are in progress (Menenti and Ritchie, 1994) and form a
promising alternative to Eq. {7.27).

At least some data should be made available from in-situ measurements to get ¢,;, and
¢,z calibrated for several field conditions encountered within the study area.
Measurements of z,,, h, and LA/ are especially desirable at the extremes of NDV/
(NDVI  =0.2; NDVI__=0.B) in order to retrieve the study area- dependent ¢,; and c,
coefficients.

149



Step 21. Distributed surface roughness length for heat transfer, z,.(x.y)

The ratio between z,,, and z,, changes with scale and surface type, as described in
Chapter 3. Therefore k8" needs to be calibrated against local T and H-flux densities,
which is hardly feasible except in the HAPEX type of experiments at mesc scale.
However, kB' and 87, are related because T, increases with kB which directly affects
3T, our (0Te=To-T.). In other words, an increased resistance r,, by an increase of k8"
should be compensated by an increased 87, . to maintain a certain H-ilux density. On
similar grounds, Kustas et al. (1988) found that kB" can be related to 8T, and u. They
calibrated kB"' and extrapolated kB'(t) in the time domain using T,(#. Their semi-
operational model for k8" is:

KBy = Coulx )BT, (x3} () (7.28)

where the empirical slope ¢,, remains between 0.13 and 0.17. If no information on kB’
is available, kB'=2.3 may be taken (Choudhury, 1989).

Considering the results of Section 6.6 showing the potential for extrapolating 37, _,.
regionally for a wide range of surface types and climate conditions and the difficulties
of predicting the spatial distribution of kB in complex terrain (Doiman and Blyth, 1995),
it is preferable to calibrate 8T, ,, rather than kB'. Then k8" should be areally fixed and
8T, will be solved pixelwise according to Eq. (6.25).

Hence, the non-uniqueness of kB is a crucial problem for the application of one-layer
resistance parameterization schemes in composite terrain and although T,,=T, is usually
assumed, erroneous H-flux densities will resuit if k8" values are not adjusted to the local
Ton values (Lhomme et al., 1994).

Step 22. Effective surface roughness length for heat transfer, 50,,

The effective roughness length z,, is a value that by using boundary layer similarity
theory over a given landscape structure and topography yields the correct area-average
<H>value which is defined as:

1 -2
<H> = E_A[H(af)da,. (W m3) (7.29)

One possible solution is to inversely derive the effective surface roughness Eo,, from
areally aggregated land surface fiux densities at composite patches using numerical PBL
models (Diak, 1990). A solution with simulation medels is too sophisticated for vast
regions in the absence of data and simpler aggregation rules need to be developed
{Blyth et al., 1993). A logarithmic relationship between r,, and z,, follows immediately
from Eq. (3.4). If flux densities can be lineary averaged and are proportional to
resistance, i.e. H~ r,; ~ In Z,, it is mathematically consistent to obtain z,,
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%, =ewl(Linz, ) (m (7.30)

where n is the number of land surface elements. Noilhan and Lacarrere (1995) used
this logarithmic averaging procedure for the HAPEX-MOBILHY area (Andre et al., 1986)
and applied Eq. (7.30) to obtain grid-square average values for surface roughness. The
comparison of predictions in soil water content and evaporation made by the French
Woeather Service mesoscale medel PERIDOT with local ground values for a 25-day
simulation period was encouraging.

Eq. (7.29) basically explains that local land surface elements with H{x,y) 2 <H> have
a larger contribution to <H> than elements with H(x,y) 2 <H>. Eq. (7.30) does not
account for this effect and all surfaces that are similar in roughness will give the same
contribution to <H> which, considering an heterogeneous energy partitioning, is an over-
simplified concept. Using the opportunity demonstrated in Section 6.6 to retrieve 37,
from T,and the dominant control of 8T, {x,y) on H{x,y), an upgraded version of Eq.
{7.30) is proposed:

Zy = exp{-j;[z": T";.f"'” Nz (XD (M) (7.31)

i=1

0

which assigns more weight to the roughness of warmer land surface elemsnts than to
those elements with a low H value. For this, To(x,y) needs to be areally aggregated to
obtain 7, from all pixels. The aggregation of T,(x,y) should be realized through the spatial
integration of flux density LT(x,y) from the surface radiation balance that is calculated
from Ty {x,y) and g,(x,y) using Stefan Boltzmann’s law:

¥y Ly (7.32)

Ap;_)_lication‘of Eq. (7.32) requires an a priori quantification of Eo. A weighted average
for g, can be obtained from the frequency distribution of g, ; obtained under computation
step 13:
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gg'y = E [o g(x ] (-} (7.33)

where the weighing coefficients «, are frequencies of each g, value.

Step 23. Partial derivative of net longwave radiation with respect to surface
temperature above dry land, oL'BT,

Due to variations in the thermal emittance of the land surface, the variation of net

longwave radiation in composite terrain under clear skies with a constant atmospheric

emittance reads as:

L{xy) = LY-L(xy) (W mP) (7.34)
so that:

oL* _ aL" 2 -

o =9 K- 7.35

3T 3T, (Wm ) { }

Eq. (6.20) requires the quantification of dL* for land surface elements with zero
evaporation; By differentiating Eq. (7.21) we get for areas with o AE = O:

oL _4e%6T® (W m= K (7.36)
a7,

where £, and T, represent area-effective values for land surface elements with zero
evaporation. The allocation of pixeis with zero evaporation will he explained below.

Step 24. Partial derivative of soil heat flux density with respect to surface
temperature above dry land, 0G /0T,

The slope betwsen G, and T; needs to be quantified for Eq. (6.20) as well. This first
derivative of G, with respect to T, is:

G _ds 1 9T wWmz K (7.37)
aT, z  9dT,

Since A,’ and z are unknown for a heterogeneous landscape and 4,7, changes with
z, Eq. (7.37) cannot be solved. Because G, changes rather linearly with T, (Pelgrum
and Bastiaanssen, 1995a; Reerink, 1995), the easiest way is to apply a linear regression
analysis between (G,, T;) data pairs yielding an effective slope ¢,, as:
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GyXY) = Cp+ Gy ToX)) (W m?) (7.38)

The case studies which will be presented in Chapter 8 show that there is indeed a linear
regional relationship between G, and T, which are determined at steps 19 and 14
respectively. If the trend between G, and 7, has a non-linear character, the regression
analysis should be restricted to the high range of 7;-valuss where d,;AE = 0 applies.

Step 25. Partial derivative of hemispherical surface reflectance with respect to
surface temperature above dry land, or /0T,
If the slope dr, can be retrieved from the Ty(r,) relationship with sufficient precision,
the Ty(r,) relationship provides the opportunity to derive r3” (Eq. 6.21). The T,(r,)
relationship can be estimated by means of 3" order polynomial fitting functions
(Bastiaanssen, 1991) from which the 2™ order function for d 1, can be derived:
or, oT,

57 = (50" = (@ 261430,0) T (KT (7.39)
0 0

The hemispherical surface reflectance at which the negative ‘radiation controlled’ T{r,)
branch emerges (it the r,-range permits) can be obtained from 9,7, = 0 and be referred

to as 7,(Ty"™):
Cpp * 20Ty ) +3C,,1{To )2 = 0 (7.40)

The negative linearized siope ¢,,’ for all pixels that fulfil the condition r,>r,( ;") can be
obtained from linear curve fitting of all (T, r,) pixel pairs belonging to this category:

Ty = Cog +Coghy for r, > r(Tg ) (7.41)

where ¢, represents the negative linearized slope at which 9, AE =0, AE = 0 and A
= 0 apply. The threshold reflectance r;”**" associated to ¢, can be obtained according
to:

G = Cip+2C,50 +BCy (R ™Y (7.42)

If rf* i3 determined according to Eq. ( 7.42), pixels with AE = O can be assigned as
f 2 177", A Ty(r,) relationship drawn on the basis of pixel based (T;,r,)-values exhibits
a natural scatter between r, and T,, because T, is in addition to r, also governed by c,,
c, K, €, LY and AE (see Eq. 3.37). A marked improvement in the correlation coefficient
between r, and T, can be accomplished if the average (r,, T;) values of land untis are

considered, rather than individual pixel values {compare also Figs. 6.14A and 6.14B).
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Step 26. Air resistance to heat transport above dry land, r,°7

Menenti et al. (1989b) and Bastiaanssen (1991) used d,Hto find rS” regardless of the
availability of field data. The values for K° (Eq. 7.20), dpl* (Eq. 7.36), 0,,G, (Eq. 7.38)
and dnr, (Eq. 7.41) for dry land surfaces with d,,AE = 0 were quantified as described
above. Substituting these values in Eq. (6.20), yields 9,7

aH _ 9% oL 3G,

- = —_— -2 m2 K 7.43
ai, a7, dT, dT7, W ) 749)

Because the Monin Obukhov length L is a function of temperature, a more physically
correct version of Eq. (6.21) to obtain % reads as:

oH _ PS5, d , 1 2 1
oH _ .o ()T, Wm2KT) (7.44)
o, g, POl i,

Since 9., T, is not considered in Eq. (7.44), it implies that 7, applies to a height such
that TP is not affected by T, i.e. z> z, If no data are available, z for flat land surfaces
can be set to 100 m height, being sufficiently high to assume T, to be regionally constant.
In a later phase, it will be demonstrated with examples that the determination of the area-
effective momentum flux density is rather insensitive to the selection of z,.

Unfortunately, the second term on the right hand side of Eq. (7.44) cannot be solved
analytically. A numerical differentiation is feasible when the Monin Obukhov length L
is solved at different T-values (see Eq. 2.67). Therefore, v, imbedded in r,7% has to
be quantified first. A solution for y, requires estimates of H, as described in the next
computation step.

Although p, in Eq. (7.44) most commonly ranges between 1.15 and 1.25 kg m™ at sea-
level pressures, p, can be calculated for any atmospheric pressure from ideal gas laws
(Eq. 2.48). If climatological mean humidity data to fix p, are applied, the range between
1.15 and 1.25 kg m™ can be substantially narrowed.

Step 27. Sensible heat flux density above dry land, H'”

Without further field investigations, r,>r"**" may be used to establish for which pixels
it may be assessed that AE=0. A simple summation of the surface flux densities is
feasible under restricted physical conditions (Shuttleworth, 1988). Since the landscape
structure in arid zones is often disorganized, the area-effective H-value at these dry land
surface elements ¢an be simply obtained by linearly averaging the distributed H-flux
densities:

H = %{E [Q(x)-Golxpl forr, > ™ (Wm?) (745
=1
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Step 28. Area-effective Monin Obukhov length above dry land, L*
The buoyancy effect above these dry land surface elements can be accounted for by
means of L%

P UENT
kgH ¥

L - for r, > 1™ (m) (7.46)

where 7" represents the mean value of T, and T, ((T;” + T, * 0.5); T, is the
air potential temperature at height z;, The value for T could be estimated from H™
obtalned with Eq. (7.45) and T calculated from L””’for all pixels fulfilling the condition
r,>r"" using the classical ohm-type expression for H:

dry Hd
T, - 1T g (7.47)
PS,

in which r,2% is the value looked for in Eq. (7.44). Since u™ is not known, L of Eq.
(7.46) cannot be solved yet. However, u™ is imbedded in r,2 and L™. lteration | in Fig
7.6 is designed to obtain u™. Holtslag and van Ulden (1983) estimated u. using a similar
numerical procedure but for local 1-flux densities at pastures first at neutral atmospheric
conditions (making y, and v, tentatively zero) whereafter consecutive improvements
in w. could be obtained. The same procedure is followed in the SEBAL scheme. The
first approximation of u. will stem from Eq. (6.21) where 3,1, = 0. Thereafter, L™ can
be computed from the first u. estimation which opens the possibility of solving 97,
Subsequent estimates of u®, L™, y,%, .2, T8 and T need to be made in
successive iterative computation steps until a single u™-value matches d,,H according
to Eq. (7.44) and H" in Eq. (7.45). The input parameters for Iteration | are H*, z¥ and
T3” and they are kept unchanged during lteration | until the calculated value for 3,,H
matches the ‘observed’ value from Eq. (7.44) through remote sensing.

The solution of lteration ! yields an area-effective v value. Since the area-effective
momentum flux densny 1 is approximately similar for wet and dry land surface elements

(some differences due to stability corrections persists), u?=0. is reasonable and T can
be obtained as:

T o=p P (Nm?) (7.48)
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Fig. 7.6  Iteration cycle | of U™ required to let 3, ,H be consistent with H', . and T3 on the
basis of flux-profile relationships for helerogeneous arsas. The value of " is used fo
obtain t.

A brief sensitivity analysis on the effect of chosing different z,-values on 7 can now be
given by repeating computation steps 26 to 28 for 25, 50, 100, 200 and 500 m altitude.
The hypothetical land surfaces are defined as z,,=0.001, 0.01 and 0.20 m, T”=300
K, zo,, ¥=0.001m, z,7%=0.05 m, 9,,H =20 W m"'K"', H=350 W m*?, and p,c,=1155 J m*

K. The selection of z; at which 9, and H,, apply seems to be fairly irrelevant since
the u. and T variations found are negligibile and seems to stabilize when z; = 100 m

Table 7.2 Sensitivity of the area-average momentum-flux densiry:E to changes/errors in the
regionally constant blending height z, for momentum and heat transfer according to the procedure
outlined in computation steps 26 lo 28

Blending u. Lyy sy Ys Ug T

height 2, {m) (ms" {m) (s m") (-} {m s} (Nm®)
25 033 -8.8 541 2.7 28 0.125
50 0.34 -9.5 540 32 31 0.133
100 0.35 9.9 53.9 39 3.2 0.141
200 0.35 -10.2 54.0 4.5 3.2 0.141
500 0.35 -10.5 53.9 53 33 0.141

Step 29. Near-surface area-effective wind speed, u(z,,))

The wind profile expression (Eq. 2.79) can be used to determine the near-surface
windspeed at z=z_,, (Figure 7.5B) using the area-effective momentum flux density and
roughness:

Zsur

T () = = (]

Wzl (msT) (7.49)

m

where u =t The value for EO,,, can be computed in the same manner as was done
for z}” (Eq. 7.30). The quantification of z,, is performed according to the theory

sur
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presented in Section 3.5. The value for y,(z,.L") was determined on the basis of Eq.
(7.50) using a first estimate of H as 50% of H*:

T 3T/
L= _Pf;g;”:) 7; ) (7.50)

A new temperature T" was introduced at this stage to better describe the effective
temperature of the heterogeneous landscape with dry and wet surface elements. 7" was
for this purpose computed as the mean of T, and T, using Eq. (6.26).

Step 30. Distributed friction velocity, u{x,y)

The SEBAL schematization is based on the Fiedler and Panofsky definition of a near-
surface area-effective wind speed, u(z_,). For z<z,,, u. can be disaggregated into u.(x.y)
as:

- 1 Zsur —ur -1 -1
uxy =1 = (Zsu,)[lnzm(x’ 7 Vnlxl"' (m s (7.51)

For each pixel z,,(x,y) was computed from NDVI{x,y} at computation step 20. The
stability correction y,,'(x,y} is based on the following version of Monin-Obukhov iength:

Sl To(x. )
kgH *0.5

Lixy} = (m) (7.52)

where T, {x,y} is included to account for the spatial thermal patterns. Since w.(x,y) is
implicitly present in v, (x.y), improved estimates of w.{x,y) can be made by modifying
v, x,y) with the outcome of Eq. (7.51) and hence an iterative procedure Il is needed
to use Egs. (7.51) and (7.52) (see Figure 7.8).

Step 31. Distributed momentum flux density, t(x,y)
After convergence of the procedure outlined in computation 30, the local momentum
flux densities become:

T(xy) = pUi(xy) (N m?3 (7.53)
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7.6 Sensible heat flux density

Step 32. Distributed air resistance to heat transport, r,, .. (X.y)
Since w.(x,y), Z,,(x.y) and L(x,y) are identified for the air layer between z,,<z<z, , y.(x,y)
can be assessed as:

\ph-sur(x'y) = f;i(zsuﬂL(xsy)) (-) (754)

which can be solved if Eq. (2.90) is used. The resistance for the heat exchange between
soil, plant and atmosphere valid for the layer between z,, and z_ then changes spatially
according to:

1 b4
{In( sur

CAT RN n)-%,sw(x,nl (sm™) (7.55)

rahfsur(x’ y) = ku

Step 33. Near-surface vertical air temperature difference, 3T, _ {xy)

The linearity of the 87, (T,) relationship was experimentally justified in Section 6.5.
Image- dependent regional coefficients forthe 8T, _ ( T,) relationship may be determined
if (87,4, To)-pairs can be estimated for wet and dry surfaces. Pixels with r, > ™" (A
=0)and r, < 0.10, A = 1.0 (see Section 6.5) will for this purpose be applied.

Upper bound of sensible heat flux density: A = 0.0 - H=~ Q-G,

The upper bound of H applies to non-evaporating land surfaces, where H= -G,. The
role of w.(x,y), 2,,{(xy) and y,(x,y) should be incorporated in the establishment of the
regional maximum vertical air temperature difference 87" because rough-dry and
smooth-dry sites may co-exist and have different 37, values. Since for pixels with
> Q (x,y)-Gy(x,y) and r,,..(x,y) are known from respectively computation steps
17, 19 and 32, the formulation of Eq. (7.56) can be applied to find 572%(x,y):

3T (x)) = @ (x,};) CG"(X'Y) LonadXy)  for r, >1"™" z=2,  (°C) (7.56)
a’p

A range of 8 T2(x,y)-values will result from (Eq. 7.56). As a first approximation the 95%
percentile of the distribution of 8 T*(x,y)-values obtained via Eq. (7.56) can act as the
regionally representative §7,” value. If this 95% percentile finally results in negative
AE(x,y) values, when }E:Q'-GD-H is applied later for each pixel, H{x,y) must have been
overestimated and 57,* should be reduced. The 95% level can be adjusted untif less
than 1% of the pixels fulfil the condition AE<Q. The latter procedure is an internal
calibration procedure designed to prevent unrealistic negative AE values arising during
daytime {condensation is not likely to occur).
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Lower bound of sensible heat flux density. A= 10— H=0
Chapter 6 has revealed that the land surface cluster that meets the assumption A=1 can
be characterized by r;<0.10 and minimum T-values. If A=1.0, 87, will tend to zero:

3T =0  forr, <010,z = z,, ('C) (7.57)

Combining the (5T*, T**) and (8T, T2} data pairs displayed in Figure 7.7 creates
the possibility to internally calibrate the 87, (T,) relationship:

8T, ud XV} = €+ CpTolxy} (K) (7.58)

where ¢, presents S T2Y/(TS7-T,") and ¢,= -¢,5" T,™ In this way, the range of H values
is ensured by means of extremes in the (T, r,, A, 87,,) space. Problems originating
from poorly-quantified z,,, kB" and u. values may lead to a mis-estimation of r,, but do
not longer drastically affect H.

87 5.sur (°C)

Max.

127637

Ty (°C)

Fig. 7.7 A new procedure for estimating the near-surface vertical air iemperature difference 8T,
from surface temperature T, using special cases of the evaporative fraction A and the
sensible heat transfer equation, i.e. the evaporative fraction- vertical air temperature
difference’ method.

Hence, kB has either to be tuned with T, remote sensing or with 3T, when kB is
fixed antecendently. The latter approach is followed in SEBAL because 3T, is easier
to extrapolate regionally than k8.

Hence, the whole discussion on the accuracy that can be obtained when deriving T,-7T,
from combined remote sensing and in-situ measurements can be by-passed if 57,
is derived from inversion of the transfer equation for sensible heat flux density in
combination with Eq. (7.58), i.e. the evaporalive fraction-vertical air temperature
difference method.
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Step 34. Sensible heat flux density, H{x,y)

Since the transport resistance r,, . {x,y) and the driving force T, {x,y) are mapped
in computation steps 32 and 33, respectively and care has been taken that the extremes
of H are physically sound, H can be found as:

pﬂcp

I-,(x,Y) ) rah-sur(x’y}

8T, .Axy) (W m3 (7.59)

Step 35. Distributed Monin-Obukhov length

The first estimates of H{x,y) at computation step 34 can be used to improve the first
assessment of the local w.(x,y} and Monin Obukhov length L(x,y) values by replacing
H™0.5 with Hix,y) (Iteration Il and lII, Figure 7.8).

RSN T X ) (7.60)
kgH(x.y)
The example in Table 7.3 shows that the first round of iteration Il of y, will give on

average a 7 % change in H while the 3" iteration gave less than a 1 % change in H.
SEBAL therefore considers only three cycles as a standard option for iteration |11

Lixy) =

Table 7.3 Impact of the distributed sensible heat flux density H on the y,-correction for three
different land surface types which are different in 8T, z.,=5 m and H*"=350 W m®.

1% iteration 3™ iteration
Land LY . Z, u. H LR H o [l H
surface (K} {m} (ms’) (Wm*) - sm’) Wmd) - (s m’) (W m?)
type reference
h) 20 0.001 0.24 175 1.67 96 332 2.21 64 360
2 10 0.01 032 175 1.10 39 296 1.48 36 320
3 1 020 055 175 0.37 13 B9 6.21 13 87
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Fig. 7.8  lterations Il and Il for the inclusion of distributed friction velocities u. and sensible heat
flux densities H in the distributed Monin-Obukhov lengths, L

7.7 Latent heat flux density

Step 36. Latent heat flux density, LE(x,y)
For conditions of zero horizontal advection at z<z_,, AE can be obtained as the residual
of the energy budget theorem:

AE(xY) = Q' (x)-Gy(xy) -Hixy) (Wm2) (7.61)

Altemnatively, it would have been possible to calculate AE on the basis of Eq. {3.40)
because all ingredients for quantifying ¢, and ¢, already have been discussed. It should
yield exactly the same results as Eq. (7.61).

According to the theory presented in Chapter 3, the AE(x,y} values should have a link
with the surface resistance r, of one-layer schemes. The long route in obtaining AE from
Q, G,and Hwas necessary because a direct mapping of actual r.values by altemative
means is currently impossible and r, determines the actual evaporation rate. At this stage
however, r, can be obtained by inversion of Eq. (3.33) (see also Section 5.2}. It is
recommended to do this for a few wet and dry land surface elements in order to check
the consistency between vapour flux density AE, vapour gradient e, [ T,)-e, aerodynamic
resistance r,,, surface resistance r,, and soil water content @ variations. For wet surfaces,
r.should be approximately 0-70 s m™ (Monteith, 1994), whereas for dry surfaces r,>500
s m" holds.
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7.8 Concluding remarks

The research aims stated in Chapter 1 included establishing the semivariograms and
the probability density functions of the various land surface fiux densities and associated
moisture indicators at a scale where natural variations are evident. SEBAL is based on
the flux-profiie relationships in combination with the Monin-Obukhov similarity hypothesis
to correct the non-uniqueness between flux density and gradient in combination with
a surface energy budget, which makes the algorithm generally applicable. Nevertheless,
several intermediate steps have a semi-empiricat character which may be improved in
future if more sophisiticated sensors become operational and more land surface physical
attributes mentioned in Table 1.1 can be measured directly.

The high accuracy of T; to be used in sensibie heat flux density estimations (error <0.5
K: Brutsaert et al., 1993} is no longer required: 8T, . is solved from H, rather than from
T, and T, separated. Although 7, is still needed to spatially interpolate 87, the
standard error of T, becomes to a certain extent irrelevant (it only affects ¢,, and C,,,
not H). Also the role of kB is less critical because the maximum value for H is purely

established by Q'-G, and 8 T will be adapted according to a predefined value for kB ™.

A flow chart version of Table 7.1 is presented in Figure 7.9. The computation step
numbers of the algorithm are indicated in succession for the entire calculation procedure.
Atthe current stage of investigation, it has not been fully explored whether the individual
empirical solutions at specific computation steps are universally applicable or not, The
semi-empirical expressions are of two different types: (i) the ground-to-ground regression
curves with fixed regression coefficients and (i) the image-to-ground regression curves
with coefficients varying from image to image. The relationships of category (i) consists
of:

— £} =f(t,) computation step 11
— g,(x,y) = f (NDVI(x,y)) computation step 13
— I'(x,y) = f (r,(xy}, T,(xy}, NDVi{x,y)} computation step 18

Category (ii) comprises:

— L{xy) = f(r,(%Y), Tou, 1) computation step 8

— Toxy) = F(Toadxy)o v Lo computation step 14
— Z,(x%y) = f{(NDVi(x,y)) computation step 20
— 8T .ulxy) = (To(xy) computation step 33

Although category (ii) is semi-empirical in character, its regression coefficients are
determined for each image and they therefore are not bound to specific land surface
and climate systems to which they are originally derived such as in category (i). The
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application of category (i) therefore requires always due attention and category (ii)
requires except the 8T, (T,) relationship, access to ground data.

The advantage of SEBAL is that in comparison to other flux algorithms less ancillary
ground data are needed. The volume of ground information is significantly reduced in
comparison to for instance Kustas et al., (1994b) who used ground conventional
measurements of u, K, T.. U, z,,, and d from the MONSQOON database to apply their
remote sensing algorithm. The necessity of conventional measurements can be
categorized into ‘'minimal’ and 'desirable’ {Table 7.4). The parameters enumerated as
‘minimal’ should be measured in-situ per se. With 'desirable’ is meant that these data
are not strictly essential for the operation of SEBAL, but can be used if they are
available.

Table 7.4 Necessity of ground measurements for use in the SEBAL package

Computation step Minimal Computation step Dasirable
8 T, OF L, 12 r

12 T, 20 Zy

14 T, 21 kB’

20 h,, LA/

The suggestion to explore the extremes in H first by assigning pixels with A =0 and A
= 1 according to their positition on the T,(r,) relationship whereaifter the dynamic range
of 87, can be established by inversion, is considered to be an improvement in
assessing H. Records with T, are no longer needed and the accuracy of 7, has less
impact on the reliability of H. Moreover, a land use classification to assist the evaporation
mapping (e.g. Thunnissen and Nieuwenhuis, 1985; Sucksdorff and Ottle, 1980), which
is difficult to perform in arid regions because of low scil coverage (e.g. Azzali et al.,

1990}, is not required.
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Fig. 7.9  Flowchart of the SEBAL procedure

The following assumptions are imbedded in the model formulation;

— The (semi-) empirical relationships between ry(r,), To(T.), T(r, NDVI,T,), Ty(ro),
0T, cud To) €°1,), €,(NDVI) and z,, (NDV!) are valid to describe the environmental
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conditions. The latter does not imply that the coefficients in these relationships are
the same for each area, for each acquisition time and for each lsngth scale;

— Pixels with r,<0.10 and a relative low T-value on the T-frequency distribution fulfill
the condition A=1 (which implies 67, = 0);

— Pixels situated on the negative branch of the T,(r,) relationship and r>r"*" have
zero evaporation and fulfill the condition 0 AE = 0, AE=0 and A = 0;

-—- Near-surface horizontal advection between the roughness length and the reference
level z,, chosen adjacent to the land surface can be eliminated from the surface
energy budget if 2z, is restricted to less than 5% of the horizontal pixel size;

— The area-representative momentum flux density above dry and variable moist land
surfaces are approximately similar;

— Area aggregation of land surface flux densities can be done by arithmetic mean
procedures assuming that the edge effect between two land surface types does not
seriously affect the regional representative flux density;

— Atmospheric concentrations of dust, aerosols and gases are well mixed at meso scale
allowing r,, NDVI and T, to be corrected for atmospheric perturbations uniformly;

— The momentum flux density above dry land surfaces at 10% of the PBL height {z=2,)
is horizontally constant and is independent of surface features;

— The Monin-Obukhov similarity hypothesis applies over heterogeneous terrain;

— The surface roughness values for momentum and heat transport 2, and z,, are
lognormally distributed in heterogeneous landscapes;

— Land surfaces behave as Lambertian reflectors;

— Condensation does not occur during daytime, (AE20);

— The displacement height correction factor over large composite surfaces with sparse
canopies is a complex phenomenon but may be ignored if z,,, >> d and flow is semi-
smooth (distance between obstacles > 15 obstacle height);

— The moist air density between the land surface and the reference height z_, is
constant over composite terrain;

In summary, the advantages and disadvantages can be evaluated as:

Advantages

— minimal collateral data required

— physical concept, and therefore applicable for various climates

-— no need for land use classification

— no need to involve data demanding SVAT type of simulation models

— provision of semivariograms and probability density functions of the most relevant
hydro-meteorological parameters involved in one-layer resistance schemes

— method is suitable for all visible, near-infrared and thermal-infrared radiomsters, which
implies that it can be applied at different spatial and temporal resclutions (which does
not mean that a high accuracy is guarranteed for all combinations of scale and
resolution)
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— for high resolution images, the results can be vetified with in-situ flux densities and
local soil water content measurements
— modular approach

Disadvantages

— cloud-free conditions required

— presence of drylands (A=0) and wetlands (A=1) required
— surface roughness is poorly described

— only suitable for flat terrain
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8 Surface flux densities and moisture indicators estimated
with SEBAL: Validation, spatial variability and length scales

8.1 Validation of surface flux densities and moisture indicators

8.1.1 Validation strategy of surface flux densities

Due to the limited areal extent to which the natural variation of flux densities over
heterogeneous land surfaces can be obtained from in-situ measurements, the flux
densities estimated by remote sensing algorithms are usually difficult to validate. The
availability of HAPEX type data however should be considered to be optimal for verifying
the regional surface energy balance estimated from remote sensing data. Field
measurements of turbulent flux densities by means of instrumented towers are
representative for relatively small source areas, i.e. the footprint in the upwind direction
which contributes to the establishment of a certain flux density. The crientation and
length of this feotprint in the upwind direction to which the measured flux density relates
changes with surface parameters such as roughness length, displacement height and
wind variables such as speed and direction (e.g. Itier et al., 1994). Schuepp et al. (1980)
showed analytically that the contribution to the measured flux density from land surface
elements adjacent to the tower is significantly higher than from land surface elements
located at a distance x further away. The cumulative contribution as a function of
distance x upwind to the flux density measurement F . at height z,. reads as:

j F.(x)dx
0 ‘ ua zmﬂﬂs (8. 1 )
——F'WT = exp(- U‘:g o ) ( -}

where x=0 represents the position of the mast and u,,, is the average windspeed of the
u(z) profile between z,, and z__.. to which u. applies (Schuepp et al. 1990):

_ IN(Z ass? ZoM) 1 4252 neas -1 8.2
Uy = U, Tz (ms™) (8.2)

According to Eq. (8.1}, the cumulative flux density increasss in a non-linear fashion with
the distance x to the flux density measurement F,, at x=0and z= z,_,. Unless the
landscape is strictly uniform, the exact orientation of the source areas is crucial for
validating the surface flux density maps based on remote sensing measurements. A
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Fig. 8.1  Muiti-scale validation procedure required for the verification of remote sensing-based
surface flux density maps with different spatial resolutions. The NS001? is a Daedalus
AAD1268 twelve channe! multi-spectral scanner mounted on an aircraft

Table 8.1 Images and their spatial resolution used for flux density mapping in the Castilla Ia
Mancha area during EFEDA. The Universal Transfer Mercator (UTM) coordinates refer
to the upper laft corner of each image

image Super-site Date of Pixel resolution Number of UTM uT™m
acquisiton (m*m) pixels X ¥

Landsat-TM Barrax June 12 30*30 (120M120) 254700 568245.2 4333005.0
Landsat-TM Tomelloso June 12 30730 (120*120) 254700 496408.5 4341615.0
Landsat-TM Rado de Haro June 12 3030 (120*120) 254700 527309.5 4387130.0
Landsat-TM la Mancha June 12 30730 (120*120) 12008668 439280.0 4667395
NS001 Barrax June 29 18.5718.5 669774 5682452 4333005.0
NS001 Tomelloso June 29 18.5*18.5 669774 496408.5 4341615.0
METEQSAT la Mancha June 29 39334109 595 465312.0  43986503.0
METEOSAT Iberia June 29 39334109 506838 -97107.0  4877256.0

comparison of pixel-based flux densities against tower-based flux densities in composite
terrain is only feasible if the pixel size is small compared to the size of the source area
because Eq. (8.1) basically implies that the weighing coefficient is variable within the
footprint and that small sized surface elements should be considered. Consequently,
the validation of low resolution flux density-maps with pixels larger than the footprint,
requires a nested calibration procedure between tower-based flux densities starting from
high resolution flux density maps to low resolution flux density maps (Figure 8.1). Low
resolution flux density maps may not be directly compared against turbulent heat flux
densities measurad in heterogeneous terrain. The latter validation philosophy has been
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followed in this Chapter using data from different remotely operating radiometers.
Different satellite resclutions and acquisition dates have been chesen to compute the
surface flux densities for a range of areas (Table 8.1).

8.1.2 Validation of surface flux densities with NS001 data

Distributed hydro-meteorological parameters

The (semi-) empirical relationships on which SEBAL is based are presented in Table
8.2 with their local regression coefficients. The data reflect the mission NSQO1 flown
during EFADA. The computation steps mentioned in Table 8.2 correspond with the codes
used in Table 7.1. A 5 m level for z_, was selected in this case study whereas the
blending height was z,=100m. The z,,/Z,, ratio was arbitrarily taken to be 10 (kB '=2.3}
and regionally constant.

Table 8.2 Conversion equations used in the SEBAL parameterization for the Tomelioso and Barrax
sub-ragions acquired with NS001 data on 2¢ Juneg, 1891, at 10 21" GMT. The
compulation steps relate to Table 7.1

Computation  Unit Tomeiloso sub-region Barrax sub-region

step

8 rixy - -0.085+1.47r{x.y) -0.085+1.47r(x,1)

13 gy{xy - 1.009+-0.047I[NDVH x, )] 1.009+0.047I[NDVI{x,1)]

14 T} K [ToadX Y0P [Taix)t 0910

15 Kxy) Wm? 1358*0.66*cosd, (x.y)/1.016° 1358*0.66"cosp, [x.y)/1.016°

18 T{xy - Talx,y)irly) [0.32r,™%(x,y}+0.621,"(x,y)] [1-0.98NDVI{x, )] 10°

19 Gyxy, Wm? 49.0+1.23T{x,y} 4142 84T (X))

20 Z{xn m &xp[-5.5+5.8 NDVI{x,y}] exp(-5.2+5.3INDVI X, 1]

21 z,(xy m 0.01%2,,.0x.y) 0.01*Z,,(x.}

25 T (a0 K 262.+305r,~1160r,2+1330r, 285+107,+1917,%-940r°

30 wixy m s’ {{0.41 2.5)" In(5.0/z, (xy)-2.01]}" [(0.41 8.5)" {In[5.0/Z,,,(x,}]-0.43]}"'
I Lixy m 11175 u(x,y) To(x.y)V[k g 151] 1175 wi(x.y) T{x )3k g 167]
32 rplxy) sm’? [0.41 uLey)" (IN[5.0/Z0,(%.¥)]- ¥} [0.41 wlx A" {nf5.0/z,{x. v}
33 3T..ixy) °C -18.0+0.73T,{x.y) -13.3+0.61 Ty{x.y)

The linearized slope dyr, of the ‘radiation controiled’ branch of Figure 8.11A could be
obtained by linear curve fitting of the (77, ;™) data string, being selectsd by means of
rI*" yielding -0.0412 K for Tomelloso and -0.0768 K' for Barrax (Table 8.3). The
average windspeed at the blending height after lteration | outlined at computation steps
26 to 28 became 4.5 m s™' at 100 m elevation. The wind speed extrapolated from the
Staring Centre tower near Casa de las Carrascas using a logarithmic profile with
z,,=0.033 and a measured value of u, ,=2.2 m s™ from the tower yielded u.,=4.5m s”,
which supports the concept of using the ‘radiation controlled’ branch of the 7,(r)
relationship to determine tgand ug. A similar procedure has been applied for the Barrax
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sub-scene. The extremely flat 9,7,=-0.0768 K' slope for Barrax yielded to r,;7=23.2 s
@", which is only feasible when the geostrophic wind speed is high (U,,,=15 m s™ if
Z,,=0.04 m). Radiosoundings at the moment of the NS001 overpass were not availabie
but the wind speed in the Blancarves Viejos area along the Gineta road was 5 m s™
at a height of 1 metre, which confirms a significant momentum flux density at this place
and time of image acquisition.

Table 8.3 Values of the first order derivatives of surface albedo r, and the surface flux densities L',
G,. H, and AE with respect to surface temperature on the dry-lands of the Tomelloso
and Barrax super-sites on 29 June, 1981 at 10 21" GMT

Slope Unit Tomelloso sub-scene Barrax sub-scene
AT, K! -0.0412 -0.0768

aLaT o W m? K’ -6.85 -6.45

IG/AT,™ Wm?K? 1.23 264

IHAT ™ wm?K’ 224 48.1

ANERT, Wm? K 0.0 0.0

Colour Plates 3 and 4 exhibit the spatial structure of LE for the Tomelloso and Barrax
super-sites respectively after applying the equations mentioned in Table 8.2. A validation
is presented in Figure 8.2. A calibration against one or more observed flux densities
was not performed. it was just assumed that low r, and low T, pixels fulfil the condition
A =1and A =0 holds true for r, > ;. This aliocation procedure of 'dry’ and 'wet’ pixels
was repeated for both sub-scenes, A total of 13 individual flux density towers were used
for validation. Most of these control points (10) were situated at 5-15 km east of
Tomellose in the centre of Colour Plate 3. The Barrax data (3) were collected at La
Gineta at 5 km east of the Barrax village.

The in-situ measured H and AE flux densities by the EFEDA participants had different
integration times varying between 5 to 60 minutes so that a direct comparison with
instantanecus SEBAL-flux densities was impossible to perform. To overcome these
temporal inconsistencies, relative flux densities were estimated by means of A values
(Table 8.4) so that the bias forthcoming from different time integrations is excluded. The
original flux density data delivered by the EFEDA community is enumerated in Annex
3.

The turbulent flux densities were measured with eddy correlation, Bowen-ratio and flux
density profile-energy budget methods (Moene, 1992); Expetimental errors on these
measurements have to be taken into account. According to the technigue applied to
measure Hand LE, the A-error stemming from field measurements has been computed
for each tower separately. Error bounds of 5% to the ground-based H-flux densities for
eddy correlation, 10% for profile relationships measurements and 15% for Bowen-ratio’s
were assigned. The estimation of LE resulted in an error of 5% for the eddy correlation
method, 15% for the Bowen-ratio method and 25% for energy budget residuals
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(misinterpretations from Q’, G, and H all affects AE). With this information, the absolute
standard error of A measurements was calculated as:

|A-eror| = 2AE__; gaQEH) (8.3)
AE+H (?\,E+H)2
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Fig. 8.2  Validation of the SEBAL derived evaporative fractions, Agep,,, using NS001 data against
tower measurements of evaporative fractions, A, for 22 June 1991 in Tomelloso and
Barrax at 10 21" GMT. The error bars are indicated according to the values presented in
Table 8.4. The EFEDA participants are indicated by number. The footprint of each flux
density tower is 92.5"92.5 n¥ (after Bastiaanssen et al., 1995a)

where the a(AE+H) error can be approximated according to:

ahE? . 2 (8.4)
M:_)] (AE+H) (W m™)

_ aH 2+
a(AE+H) J[(—-’:f—) (

Each pixel on the upwind trajectory of a tower will leave a flux density signature in the
air moving above it. The allocation of the pixels which needs to be areally aggregated
and the weight of each individual pixel can be computed according to Eq. (8.1). Due
to incomplete field data of the 13 individual stations on June 29, this procedure with pixel-
dependent contributions to the measured flux density (IF,(x)dx/F,,,..) could for this case
unfortunately not be worked out and a more simple approach was followed: Two
rectangular integration regions of (i) 5*5 and (ii) 7*13 pixels were chosen in the upwind
direction and all pixels were given equal weight (i.e. the homogenous area approach).
One times the standard deviation of the flux densities inside the integration regions was
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Table 8.4 Data on evaporative fraction estimated with the SEBAL parameterization and in-situ
towar measurernents collected by various EFEDA participants during the Special
Observation Pariod (see also Figure 8.2). The values betwean brackets are the standard
daviations of the areally integrated atl-pixel values (in the case of SEBAL) or standard
measurement errors caiculatad with Eq. (8.3) (in the case of tower data), 29 June, 1997
at 10 21’ GMT. Flux densily stations 8, 10 and 11 are situated in Barrax, the other
stations in Tomelioso

Filux institution Land use Coordinates  Ground- SEBAL SEBAL

density based

station
UT™ A values 25 pixels 91 pixeis

1 Univ. Wageningen Fallow 508919.50, 0.12 (0.06) ©0.14 (0.0B} 0.17 {0.09)

(Wat) 4333460.00

2 Inst. of Hydrology Vetch 504440.39, 0.21 (0.03) 0.22 {0.04) 0.20 {0.06)
4333523.69

3 Inst. of Hydrology Vineyard 509309.50, 0.31 (0.04) 0.33(0.08) 0.30 (0.13)
4333010.00

4 CNRM-4 Vetch 504089.50, 0.29 {0.15) 0.08 (0.07}) 0.17 (0.24)
4333580.00

5 CNRM-2 Vineyard 506309.50, 043 (0.21) 0.19(0.06) 0.17 {0.07)
4332350.00

6 Univ. Wageningen (Met) Vineyard 506009.50, 0.25(0.03) 0.20(0.11) 0.21 {0.10)
4332290.00

7 SC-DLO Vineyard 505859.50, 0.26 {0.09) 0.21 (0.12) 0.20 (D.11)
4332320.00

8 Univ. Copenhagen® Vineyard 506399.50, 022 {0.03) 0.26 (0.05) 0.25 {(0.06)
4330940.00

9 CNRM-6 Fallow 576989.50, 0.14 (0.07) 0.14(0.05) 0.14 {0.05)
4325240.00

10 Univ. Karlsruhe Maize 575129.50, 0.82 {0.10) 0.72 (0.36) 0.54 (0.44)
4324070.00

11 Univ. Karlsruhe Fallow 575039.50, 0.03 (0.01) 0.02{0.13) 0.09 (0.13)
4324460.00

12 Univ. Reading® Vinayard 509249.50, 0.31 () 0.31 () 031 (-}
4333250.00

13 Univ. Reading” Vetch 504299.50, 0.28 () 0.25 (-) 0.25 (-)
4333580.00

A) data taken at June 28 from Bolle and Streckenbach, 1992

considered to be acceptable and a function of (i) the incorrect treatment of footprint
contributions, (i) the SEBAL error and (iii} the spatial variability.

It was concluded that all the data points in Figure 8.2 lie within the envelope of each

point measurement. When the centre of each error bar is considered, the root mean
square error between A,,. and Ag, for the 13 observation points becomes
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A(RMSE)=0.10. The slope of the fitted line for a squared footprint of 25 pixels was 0.997
(R?=0.79) while the rectangular footprint of 91 pixels induced a clearcut shift in the slope
being 1.488 (R?=0.76). From Table 8.4 we can see that the selection of the size of the
footprint (25 or 91 pixels) mainly has consequences for flux density stations 4 and 10.
The significant deviation from the 1:1 line of station 4 is therefore related to the selection
of the integration pixels (station 4: 25 pixels Agg5,,=0.08, 91 pixels Agega, =0.17). Agepa
of CNRM-2 tends to have a poor performance at station 5 independently of the selected
footprint. The wide error range of A, for station 5 in Figure 8.2 exhibits the difficulties
of mapping AE over dry surfaces using the flux density-profile energy budget method.
The vineyard measurements of stations 6, 7, 8 and 12 reveal that A, lies between
0.22 and 0.31. Since station 5 was separated not further than 1 km from stations 6, 7
and B and vegetation coverage did not differ from the other vineyards, the impression
exists that at station 5 the evaporation rate has been over-estimated (A,,,,=0.43).
Although no generality is ¢laimed, the examples illustrate the tendency to consider small
integration areas when the same weight is given to all pixels (<100 m in horizontal length
scale) for a measurement height of approximately 20 m. Latter statement agrees with
Eq. (8.1) indicating that the main source area is found close to the tower.

8.1.3 Validation of moisture indicators with NS001 data

Besides ground observations of surface flux densities, a soil moisture monitoring program
was executed (Droogers et al., 1993). The energy partitioning in arid conditions relates
primarily to the available soil water storage (see Chap. 5). A comparison between the
four defined moisture indicators B, A, o and r, vs. near-surface soil water content is
therefore a different yardstick that can be used to check the reliability of Colour Plates
3 and 4. Colour Plate 5 iHusirates the A pattemns in Barrax. An overlay of NSO01 pixels
with soil moisture plots can be directly made because footprint calculations are not
needed which theoretically implies that validation can be focussed on onhe single pixel.
Over 46 plots and 15 test fields (some fields were equipped with more plots), soil
moisture was monitored at several standard depths between 5 and 50 cm. Six different
test fields were located in the Tomelloso area (vineyard, vetch, bare soil). The Barrax
area contained nine test fields (maize, fallow, barley, alfalfa). The incorporation of
moisture data in Barrax is especially valuable, since the surface flux densities in Barrax
could only be checked for three locations (see Table 8.4).

The field-averaged moisture conditions at 10 ¢m depth, 8,,, are plotted against the
moisture indicators of that particular field and they compare well (Figure 8.3). Evidently,
r, shows the best relationship with 8,,. This finding can be explained by the dominant
role of r,,, on r_ for partially covered soils and the dependency of r,,,on r, and D;" (see
Table 3.2 and Eq. (3.19)}. The non-linearity between r,, and 6 but also r, and @ for
homogeneous bare soil and homogeneous canopy surfaces, respectively is widely
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known. From Figure 8.3 the conclusion can be drawn that the non-linearity between a
bulk surface resistance r, and soil water content also holds for heferogeneous landscapes
{vineyard, vetch, bare soil, maize, barley and alfalfa at different development stages,
different soil types and different moisture depletion phases merged in one single graph).
The relationship between [ and 9,, is much weaker than for r, and 9,, because 3 only
considers AE, which includes besides r,, also effects from e_, (T,}-e, and r,,. The same
comment applies to A and a which do not depend on e, (T,)-e and r,, either. Surfaces
with variations in e_(T;)-e but which are constant with respect to 0,,, respond with
different AE (and consequently have different o, A and o values) at the same moisture
content, which explains the large scatter in the B(0), A(0) and a(6) relationships.
Furthermore it has to be remarked that g, in Eq. (3.17) and D, in Eq. (3.19} are
seemingly dominant over g, to g; because variation in r, can be attributed to variations
i 9,4

BG) AQ)

B =pR8- 1550y 050 -, _.c2ae158y

1275

RZ = 0.87

6 R2=0.84 0.70
n=13
4 0.50
2 0.30
0 e—mp | 0.10 .l | { |
005 010 015 020 025 03 005 010 015 020 Q.25 0.3
0,5 {em? cm3) By (cm3 em3)
a () < r, (s m-Y) D
1 " ame (25-808, . 1200 ~ r5=e(7°’”-5910)
0.9 [ R2=D389 * \ RZ =093
L 800
C 400
0.1 b ] 1 1 | 0 ¢ |
005 010 0.5 020 025 03 005 010 015 ©0.20 025 0.3
6,0 {cm? em ) 890 (cm3 em-3)

Fig. 8.3  The non-linear frend between the moisture indicators and volumetric soil water content at
10 cm depth (8,,) for Tomellioso and Barrax enclosing a range of surfaces (vineyard,
velch, bare soil, maize, barley, alfalfa} and soils (reddish sandy loam, loamy sand,
limestone) with different soil moisture conditions (0.05 - 0.30 em® ¢cm®). (Part A} Bowen
ratio B, (Part B) evaporative fraction A, (Part C) Priestley and Taylor o, and (Part D) bulk
surfaca resistance r,, 29 June 1991 at 10 21" GMT
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8.1.4 Validation of surface flux densities with Thematic Mapper data

EFEDA’s ultimate goal was to develop techniques to assess the bulk surface energy
balance for a grid square that is typically 100 km = 100 km in size. It therefore remains
necessary to deal with the entire EFEDA area, rather than studying separated fragments
such as was done with the NS001 images and the super-sites in the previous sections.
Terrain elements composed of agricultural crops and natural vegetation which have not
been subjected to intensive research during the SOP should be considered in the
regional surface energy balance. Colour Plate 7 and Figure (4.7) provide the boundaries
of the TM image. The sequations used to transfer the primary remote ssnsing data
obtained from the Thematic Mapper measurements on June 12 into hydro-meteorological
parameters are summarized in Table 8.5. The surface flux density map was validated
against in-situ flux density data (Figure 8.4). Again, 13 flux density towers could be
included in the comparison study, although they were not the same towers as were used
in Figure 8.2. The original flux density data retrieved from the EFEDA flux density
database of June 12 are reported in Annex 4 while a summary is provided in Table 8.6.
The calculation of the footprints of the measured flux densities for the integration of the
pixel-flux densities was done according to the model presented in Eq. (8.1) (Pelgrum
and Bastiaanssen, 1995a). The

Table 8.5 Conversion equations applied in the SEBAL parameterization for tha Castiila la Mancha
region using TM data on 12 June, 1991, at 10 12’ GMT. The computation sleps relate o

Table 7.1

Computation Parameter Unit Equation Unit

step

8 rx.y} - -0.062+1.61r,{x,y}

9 NDVix,y - -0.043+1.008 NDVI™

13 g,00y) - 1.009+0.047InfNDVI(x,y}]

14 T (xy) K [1.05T {x)*-50.3/c]°%

15 Kxy) W m? 1367*0.72* cosp,, (x.y} 0.969

18 Tix.y) - {Tolx W) rx.9)
[0.32r,"{x,y)+0.621,"x.y)}
[1-G.9BNDVF(x,y]] 102

19 Goix,y) W m? -1842.02T{x,y)

20 Zp(Xy) m exp[-6.7+6.4 NDVI(x,y]]

21 Zylx.y) m 0.017z, (xy)

25 Tolxy) 'C 19.2+44. 114341177621

30 u.{xy) ms’ {(0.41 3.2Y" [In[5.0/2,, (x, ], ]}

30 Lix.y} m 11230 P {x¥) T(x Mk g 100]

32 Tansd % ¥) sm’ e efx )] {IN[5.0/zixy)l- v

33 8T o dxy) °C -5.0+0.24 T (x,y)
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Fig. 8.4  Validation of the SEBAL derived evaporative fractions Ages, against tower
measursments of evaporative fractions A, for 12 June 1991 in Castilla la Mancha, at
10 12" GMT, (Landsat Thematic Mapper). The responsible institutes are indicated by
number, are explained in Table 8.6 (after Bastiaanssen et al., 1995a)

total horizontal distance in the upwind direction from which appoximately 100 % of
measured flux density originates was at 1425 m and z,,,,...= 15 m. The required z,,{x.y)
and w.(x,y) values to compute |F,(x)dx/F,,., were taken from the z,, and u.-map as a
result of computation step 20 and 30, repectively.

For reasons being similar as the NS001 study, the evaporative fraction was chosen to
validate SEBAL-flux densities. From the total amount of 13 stations, 4 stations felt outside
the envelope based on one times the standard deviation (68% probability level). As such,
the performance is not as good as it was for the NS001 sub-scenes. The root mean
square error with respect to the centre of the error bar is also much larger
A(RMSE)=0.19. The mean A of all fields equipped with turbulent flux density
measurements was Am,,_o 45 while SEBAL gave A g-,,=0.49 indicating that the overall
SEBAL performance for an snsemble of land units is rather encouraging. Flux density
stations 19 and 21, both located at Rada de Haro deviate the most from the 1:1 linse.
Asega 18 for these station unrealistically large for hillslopes cultivated in matoral and
sunflower. Colour Plate 7 shows that the Rada de Haro super site has a striped pattern
of r.. It is not unlikely that the coordinates of stations 19 and 21 are more inaccurate
than the remaining stations because the present author is not familiar with the field
situation around Rada de Haro and accurate field maps were not available. One plausible
reason of a different nature is a mis-quantification of r,,,,, by SEBAL because z,, in
Table 8.5 is based on the crops grown in the flat Tomellosc and Barrax regions. The
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undulating terrain of Rada de Haro induces however a geographical roughness which
needs to be superimposed on the roughness for vegetation which was not accounted
for. This leads to an underestimation of the actual z,, value, whereafter low H-flux

densities and large AE-flux densities will emerge.

Table 8.6 Daia on evaporative fraction estimated with the SEBAL paramelerization and in-situ

tower measurements coilecied by various EFEDA participants during the Special
Observation Period (see also Figure 8.4). The values between brackets are the allowed
deviations of the area-infagrated SEBAL values or standard measuremernit errors

calculaled with Eq. (8.3) (in case of tower data), Landsat Thematic Mapper 12 June,

1991, at 10 12' GMT, 12 June, 1991. Flux densily stations 1 and 2 were near Barrax,
18,19 and 21 at Rada ds Haro and the remaining stations were set up at the
Tomelloso super-site.

Flux  Institution Land use Coordinates Ground-based SEBAL

density UTM

station

1 Univ. Karlsruhe Maize 575129.50, (.86 (0.10} 0.85 (0.57)
4324070.00

2 Univ. Karlsruhe Fallow 575039.50, 0.19 (0.02) 0.54 (0.23)
4324460.00

5 Univ. Reading Vetch 504299.50, 0.33 (0.11) 0.45 (0.07)
4333580.00

6 Univ. Reading Vineyard 509248.50, 0.39 (0.20) 0.30 (0.22)
4333250.00

8 CNRM-2 Vineyard 506309.50, (.48 (0.25) 0.32 (0.19)
4332350.00

10 CNRM-4 Vetch 504089.50, 0.48 (0.25) 0.51 (0.05)
4333580.00

12 SC-DLO Vineyard 505859.50, 0.24 {0.07) 0.32 {0.10)
4332320.00

13 Univ. Wageningen  Vineyard 506008.50, 0.21 (0.11) 0.34 (0.08)

{Meteorology) 4332290.00
14 Univ. Wageningen  Fallow 508919.50, 0.32 {0.12) 0.32 {0.08)
{Water Resources) 4333460.00

16 Univ. Copenhagen  Vineyard 506399.50, 0.17 {(0.02) 0.31 (0.12)
4330940.00

18 Univ. Berlin Field 2 533189.50, 058 (0.07) 0.56 {0.28)
4380680.00

19 Univ. Bertin Field 3 §33369.50, 0.32 {0.12) 0.68 (0.16)
4380560.00

21 Univ. Copenhagen  Sunfi. 534149.50, 0.27 (0.03) 0.65 (0.13)
4378490.00
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8.1.5 Validation of moisture indicators with Thematic Mapper data

The relationship between soil moisture and soil moisture indicators was again established
using the data of Droogers et al. (1993). The data presented in Figure 8.5 reflect the
Tomelloso and Barrax super-sites. The more intensive regional vegetation activities on
June 12 can be hold responsible for higher A values at the same soil water content as
June 29: More water is extracted from the sub-layers by more intense rooting activities
which enhances A. The obtained results of Figures 8.3 and 8.5 can be summarized as:

— The presence of soil moisture is of overriding importance for the energy partitioning
in composited semi-arid terrain;

— Topsoil water content in sparse canopies can be obtained from visible and infrared
(high and low resolution) images using the concept of moisture indicators and surface
resistance in particular;

— The relationships between moisture indicators and near-surface soil moisture are time
dependent which demands image dependent calibration lines;

— The fractional vegetation coverage affects the r(6) relationship because of water
uptake by roots from deeper layers.

AQ) A resm) B .
1.00 = A=1.16+030in0, 5000 - g
080 RrRP=087 4000 —
0.60 |- 3000
0.40 - 2000 ~
0.20 - 1000 ~
0‘00 1 Il 1 1 1 I 0 1 L n 1 1 f J
0.00 0.10 0.20 0.30 0.00 0.10 0.20 0.30
84 (cm? em'3) 8,0 (cm3 cm3)

Fig. 8.5 . Thematic Mapper based moisture indicators and volumetric soil waler content at 10 cm
depth, 8, across the entire EFEDA grid for a range of surfaces (vineyard, velch, bare
soil, maize, barley, aifafa) and soils with different soil moisture conditions (Part A)
Evaporative fraction A, (Part B) bulk surface resistance r,, 12 Juns, 1997 at 10 12' GMT,
(after Pelgrum and Bastiaanssen, 1995b).

8.1.6 Low resolution observations in Egypt

A general shortcoming of the validation procedures discussed in Sections 8.1 to 8.5 is
that only a small number of selected point observations, which represent a minor fraction
of the total study area, could be involved in the validation study. An alternative way to
obtain regional evaporation rates is by studying the water balance for closed systems
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Colour Plate 1

Colour Plate 2




such as watersheds and deltas. Examples of these closed-basin types of hydrological
studies in Egypt using numerical water balance models are the Qattara Depression
FEMSATS model study performed by Bastiaanssen and Menenti (1990) and the Eastemn
Nile Delta SIWARE model study performed by Abdel Gawad et al. (1991). Since the
latter case study had a more extensive data set with respect to evaporation and to
condense the discussion, only the Nile Delta evaporation wil be discussed shortly
hereafter.

An area situated between longitude 26° - 34" East and latitude 26°-32° North on 5 August
5, 1986 was originally selected to estimate the evaporation of Lower Egypt (Pelgrum,
1992). |t was attempted to solve the surface energy balance at each daytime hour using
METEOSAT- based r, and T, data. The Ty(r,) relationship was investigated by
considering 115"150 large sized pixels encompassing the Nile Delta, Western Desert
and Mediterranean Sea .

70 (0 (0 ’
— — —— 1300 s
............... 1500 2
47 - 47 - _—— — - 1200 5
— S i, -——— 1700
37 37 eI —_——— 180
27 27 -
17 17 | 1 | | |
0 0 0.1 0.2 0.3 0.4 0.5

Fig. 8.6 Course of the fitted T,{r)) characterisitic throughout the day in an area beilween longitude
26°-34° East and iatitude 26°-32" North in Lower Egypt based on METEOSAT
measurements, 5 August, 1986

The typical half-moon shape between T,and r, appears between 10 00’ and 16 00" hour
when the thermal contrast between pixels is most evident (Figure 8.6). At a lower solar
altitude, the T,(r,) lines are less concave and A becomes less than 0.40. The accuracy
of determmlng the linearized o, slope in the early morning and late afternoon to
estimate r,7%, u, and 1 is therefore low. Nevertheless, the SEBAL procedure has been
repeated for each hourly image during daylight (12 images), yielding a set of 12=115+150
instantaneous surface energy balances between 7 00° AM and 6 00’ PM. Time integration
of AE into E,, was achieved by combining all 12 instantaneous AE values for each
individual pixel. The nighttime evaporation was set to zero. The 24 hour SEBAL
evaporation rates obtained from low resolution METEQSAT study were compared with
the 24-hour evaporation figures obtained from the SIWARE water balance simulation
model of the Eastern Nile Delta (Abdel Gawad st al., 1991). The year 1986 was selected
because SIWARE’s water balance has been calibrated against discharge measurements
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in the canal network for this period. The SIWARE model consists of a regional irrigation
and drainage infrastructure and simulates agricultural water management practices within
land elements attached to the surface water network. The actual svaporation is

Pivot irrigation

-~ system

Fig. 8.7  Elements distinguished in the Eastern Nile Delta with indications of the main irrigation
command areas (adapted after Abdel Gawad et al, 1991)

calculated for each land use category within each model element. The SIWARE network
in the Eastern Nile Delta distinguishes 82 elements {Figure 8.7). The total gross irrigated
area covered by the 82 elements is about 700,000 ha. A crude distinction was made
between three small command areas in the southern part of the Eastern Nile Delta,
namely Bassoseya, Abu Managa, and Sharqaweya, covering 14% of the gross area.
The remaining 86% of the gross area is covered by Ismaileya, Rayah Tawfiki, and
Mansureya (see Figure 4.4).

Colour Plate 6 shows the E,,-patterns according to SEBAL and SIWARE. Not

surprisingly, the highest SEBAL evaporation rate arose, at Lake Manzalah and its
surrounding swamps (6.0 mm d"). The evaporation from the Mediterranean Sea was
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Latent heat flux density (W m2)
Barrax, 29 June 1991
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Fig. 8.8  The relative deviation of daily evaporation between SIWARE and SEBAL for the six main
irrigation command areas. The numbers represents the (1) Ismaileya, (2) Rayah Tawfiki,
{3) Mansureya, (4) Shargaweya, (5) Bassoseya and (6} Abu Managa area (after
Bastiaanssen et al., 1992)
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Fig. 8.9  Determination of the relative deviation of 24 hour evaporation values aE,/E,, « 100 for
each of the 82 elements of SIWARE on August 5, 1986. The average value tumed out
fo be aE,/E,, + 100% =-8% * 26 % (after Bastiaanssen et al., 1992)

found to be slightly higher (7.0 mm d). At irrigated land with spatial resolutions of 5
by 5 km, the maximum evaporation was found to be 5.1 mm d"'. SIWARE predicted 5.9
mmd"' for element 40 which is adjacent to this place. Both SEBAL and SIWARE showed
remarkably reduced E,, values just North of Cairo (elements 79,81). Again the agreement
is acceptable with values around 5.0 mm d' for SEBAL and from 5.1 to 5.5 mm d"' for
SIWARE. Furthermore, SEBAL showed a significant areal evaporation gradient in the
West-East direction along the desert fringe area from 5.7 mm d”' in the ancient irrigated
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lands to 2.7 mm d' in the desert reclamation areas. SIWARE also shows a change of
5.8 to 2.7 mm d' for this transect.

For the 700.000 ha as a total, daily values of SEBAL appsared to be 5.1 % higher than
the SIWARE predictions. A 5.1 % deviation is within the allowable range of the SIWARE
model accuracy (which is 10% on an annual basis). The validation procedure can be
further down-scaled to the level of a command area (Figure 8.8). The relative error at
the level of command areas aE,/E,, appeared to be surprisingly good with the mean
of the six cases at aE,/E,, * 100% = -8% {SD=6%). Notably Mansureya, Bassoseya
and Abu Managa command areas show a nice agreement. A further down-scaling allows
for extending the comparison study to the level of each element. The average deviations
for the separated elements between SEBAL and SIWARE was 4aE,/E,, * 100% =-8%
(8D = 26%). With the exception of units 15, 19 and 27, the results are encouraging (see
Figure 8.9). The findings for units 15, 19 and 27 could be attributed to a misallocation
of the irrigation water delivery schedule in SIWARE after the summer crops were
harvested and they should actually not have been included in the comparison study.
Hence, the relative error increases when going from composite regions (5.1 %) and
command areas (8% + 6%) to isolated elements (8% = 26%).

8.2 Spatial variability

8.2.1 Spatial variability of surface hemispherical reflectance, vegetation
index and surface temperature

During the NS0OO1 mission, visible and infrared measurements were taken at flighing
altitude. Two pilot areas were chosen by the present author from the original E-F flight
line illustrated in Figure 4.7, covering the super-sites with intensive field measurements
in Tomelloso and Barrax. Table 8.7 shows the extent of ground data which has been
consulted to interpret the NS001 spectral data into radiative properties of the land
surface.

A consequence of irrigation practices in the Barrax region is a patchy type of agriculture
with rainfed and irrigated parcels intermixed. The presence of wet-land farming (r,=0.10
to 0.20, NDVI=0.40 to 0.77) and dry-land farming (r,=0.25 to 0.35, NDVI=0.26 to 0.40)
is evident on Figures 8.10A and 8.10B. The occurrence of r, values in the range
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Table 8.7 In-situ measurementis collected from the Tomelloso and Barrax super-sites used in the
SEBAL paramelerization for the NS0O1 flight on 29 June, 1991.

Symbol Unit Tomelloso Barrax Source
T - 0.66 - SC-DLO
T, . 0.91 - SC-DLO
L W m? 470 - SC-DLO
Iy W m* 621 - Various
Iy - 0.20,0.22,0.28,0.30 0.06,0.16 Bolle and Streckenbach.,92
h cm 20,48,58,59 60,76,80,82,86 Bolie and Streckenbach.,92
A B
Frequency (%) Freguency (%)
3.0 - 10 - 2
25| gL
20 6
15+
1.0 - 4
05| ‘ 2
0.0 ! 0
0 0.1 0.2 0.3 0.1 0.3 0.5 0.7
ro (-} NDVI ()
C
Frequency (%)
12 -
10 -
8 -
6 -
4 -
SR |
0
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T °0)

Fig. 8.10 NS001-based frequancy distributions of (Part A} hemispherical surface reflectance r,
(Part B) NDVI and (Part C) surface temperature T, measurernents of the Barrax super
site on 29 June, 1991 at 10 21 GMT.

0.15-0.25 is related to the presence of vegetation with variable fractional cover and
variable moisture deficit conditions. At dry-land patches, 7, was higher than at the
irrigated patches. The tower T,-range coincides with higher NDVI and lower r, values
(Figure 8.11). According to Carlson et al. (1990), the T,(NDV) relationship is crop and
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moisture dependent (see alsc Nemani and Running, 1989). The NDV/was significantly
correlated with T, (R?=0.86). Eq. (3.40) has shown that low T, values occur at intensive
evaporation rates. Therefore Figure 8.11B has a diagnostic value in determining the
canopy contribution to the latent heat flux density.

The Ty(r,) relationship of Barrax has an evident ‘evaporation-controlled’ branch with
reduced T, valuss at low r, values (Figure B.11A). Since pixels fulfilling the condition
, = 0.10 occur, these land surface elements should, according to the theory presented -
in Chapter 6, have a large evaporative fraction (A = 1). The transition from evaporation
to radiation-controlled processes can be mathematically identified from the curve fitting
shown in Figure 8.11A and lies at r,{(d,,7,=0)=0.28. The threshold hemispherical surface
reflectance at which 3,.T, = 0, AE = 0 and A = 0 can be derived as r™=0.30. The latter
value lies close to the r”" values found for the Egyptian deserts (Chapter 6).

The extensive viticuliure practices around Tomelloso show less varation in the NDVI-r,-7
diagrams because the spatial variation in land use, land coverage and soil moisture
status is in this specific area at the start of the summer season less developed
(Bastiaanssen et al., 1994a).

A B
L] Q
507-0_( o 2561991 gg (_C) 2951991 .
T,= 1194107 1 +191 78 + 940 77 T,=46.4 - 34.5 NOVI E
a0 |- 50 -
40 -
30 |-
30 |-
20 -
20 -
10 10 |-
1 1 1 | | . | |
0 0.1 0.2 0.3 0.4 0 025 050 075 1.00
ro (') MDAV (‘)

Fig. 8.11 (Part A) The T,(r,) relationship o indicate wet and dry surfaces. (Part B) The T,(NDVI)
refationship to indicate the contribution of canopies to the regional evaporation, NS001,
Barrax sub-region, 29 June, 19921, 10 21' GMT (after Bastiaanssen et al., 1994a)
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Castilla la Mancha, 12 June 1991
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8.2.2 Length scale of land surface flux densities

The validated A-maps can be explored to study the semi-variograms on energy
partitioning as introduced in Eq. {1.2). A number of 6 transects have besen selected (3
North-South; 3 West-East) for each of the Barrax and Tomelloso NS001 sub-scenes.
An example of the variogram of Barrax is given in Figure 8.12. Table 8.8 summarizes
the sills and ranges of the twelve selected transects. On the basis of Table 8.8, it may
be concluded that the semi-variance at sill-level in Barrax is larger than for Tomelloso,
which can be confirmed from the large dynamic range of A due to more dispersed
agricultural activities (compare Figs. 8.19 and 8.20 further on). Surprisingly, the average
correlation length of Barrax (3293 m) is smaller than the 3900 m found for Tomslloso,
which implies that the geometry of energy partitioning in Barrax is more regular than
for Tomelloso, viz. wet and dry spots are regularly spread over the image. The latter
finding can be verified with the aid of Colour Plates 3 and 4 which show indeed that
some fields with large evaporation rates are located on the Northern part of the
TomeHoso sub-scene and that natural vegetation around the Ruinera area are clustered
in the Southern part. Hence, the correlation length provides a suitable basis for
understanding the effect of shifting from high to low resolution images on the areal
distribution of surface flux densities and moisture indicators as was suggested al Figure
1.3.

Table 8.8 Semi-variogram stalistics on evaporative fraction with 18.5 m baing the smallest
sampling size (resolution NS0C1).

Transect  Sill Range Transect  Sill Range
) (m) - {m)
Tomelloso 1 1.8 107 2500 Barrax 1 1.8 10° 4000
Tomelloso 2 1.2 10° 3000 Barrax 2 2.5 10? 1400
Tomelloso 3 1.3 107 4000 Barrax 3 1.5 107 5000
Tomelloso 4 1.2 10°* 4500 Barrax 4 1.2 107 2000
Tomelloso 5 1.5 107 5500 Barrax 5 1.6 107 2000
Tomelloso 6 1.2 107 4000 Barrax 6 3.0 107 5000
Average 14.10° D 19 10° e
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Fig. 8.12 Semi-variogram on evaporative fraction v,(z) for a transect on the Barrax NSO01 sub-
scene, 29 June, 1991

8.2.3 Multi-resolution land surface flux densities

A description of macro-scale surface energy balances, including the whole Iberian
Peninsula, was obtained by considering NDV/ from NOAA-AVHHR and r,, T, from
METEOSAT. On heterogeneous land surfaces, flux density F, is non-lineariy related to
r, (e.9. Eq. 6.12), NDVI (e.g. Egs. 6.13, 7.27) and 7, (e.g. Egs. 7.21, 7.50).
Consequently, it is not self-evident that the true area-average F can be estimated using
the same remote sensing algerithm applied to ro, NDVI, T,

<IF, oo (A NDVETI)> # By oo (7 NOVL T5 ) (9) (8.5)

The value of F, obtained from r,, NDVI and T, with SEBAL can be validated both on
the scale of one large sized pixel and a set of them. As stated before, the METEQSAT
flux density maps cannot be compared with field measurements directly (pixel size larger
than footprint size, see Table 8.8) and an intercomparison with the NS001 A-map was
made (Figure 8.13). The agreement for Tomeiloso was betier than for Barrax which might
be related to the large semi-variance of A, .. Since T, METEOSAT covers a length
of almost 4 km, each of the 'giant’ pixels of Barrax encompasses an evident spatial
variability (Figure 8.14). Since 4 km exceeds the average correlation length of 3293 m,
Apewcse fOF the Barrax pixels is entirely constant. The larger correlation length of
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Tomelloso that is approximately 4 km (note that it ranges between 2500 to 5500 m for
the differant transects) explains the larger scatter of A, 1. iN Figure 8.13.

Hence, the reliability of a flux density determined from a single METEQSAT pixel varies
with the degree of small-scale variability in land surface processes expressed by means
of the semi-variance (sill level). The lower sili of Tomelloso as compared to Barrax (Table
8.8) explains the better agreement for the Tomelloso super site in Figure 8.13. If a set
of METEOSAT pixels is considered, the error will tend to level off. The six full sized
METEOSAT pixels of June 29 yielded at 10 00' GMT A=0.46 and A=0.19 for Barrax
and Tomelloso whereas NSO01 gave A=0.34 and A=0.21, respectively at approximately
the same moment of acquisition. This reduces the error (dA/A) for Tomelloso to
0.02/0.21=10% and Barrax to 0.12/0.34=35%. A completely different explanation for the
differences noticed between ANSOOLand AMEEM is the difference in areal coverage (see
Figure 8.14). The calculations of Ag,, are based on the full NS001 scenes whereas
the six METEOSAT pixels only cover the latter sub-scene by approximately 70%. In
general it may be stated that the accuracy of SEBAL changes with the semi-variance,
correiation length and the pixel size.

The DLR Falcon 20 aircraft was flown on June 19, 21, 25 and 28 and measured the
turbulent flux densities at cruising altitude. This independent data source was used to
validate a larger set of 595 METEOSAT pixels. The flight pattern on June 28 consisted
of parallel legs to obtain the horizontal variability of the near-surface flux densities at
350 m height across the full EFEDA domain (Jochum et al, 1993a). The average
evaporative fraction calculated according to Eq. (8.12) considering leg ML1, ML2, ML4,
ML6 and ML7 gave A=0.24. A number of 595 METEOSAT pixels for an area of
approximately 85 km » 125 km covering almost the entire EFEDA grid gave an average
of A=0.21. Figure 8.15 illustrates the A-contour map from SEBAL calculations. Although
there is a time span of 17 days between them, the generai shape of Figure 8.15 with
predominant East-Wast gradients can also be recognized on Colour Plate 7. Simulation
results with the Peridot medel, in which the land surface parameterization scheme of
Noilhan and Planton (1989) is incorporated, also gave similar East-West gradients
(Noilhan et al. 1995).

The upper right corner of Figure 8.15 shows gaps in the contour lines caused by clouds.
Since this zone around the Embalse de Alarcon reservoir contributes significantly to <AE>
but could not be included in the spatial integration of AE(x,y) because of clouds, the
actual METEOSAT- based A-value should be slightly higher approaching the Falcon
A=0.24 value rather well (A0 raa0.0 10 0.02). A full comparison on a pixel-by-pixel
basis with the Falcon flux densities could not be established, because the aircraft flew
above the constant flux density layer at an altitude where the land surface flux densities
are perturbed by sea breeze effects,
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Fig. 8.13 Effects of image resolution (NS001 and METEOSAT) on the estimation of evaporative
fraction Awhere T refars fo Tomelloso and B to Barrax pixels, 29 June, 10 21, 1991
(after Bastiaanssen et al,, 1995a)
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Fig. 8.14 Overlay of the METEQSAT and NS001 images (Part A) Tomelloso and (Part B) Barrax
(after Pelgrum and Bastiaanssen, 1995a)
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Fig. 8.15 SEBAL-based contour map of the evaporative fraction A interpreted from METEQOSAT
and NOAA-AVHRR measurements covering the entire EFEDA grid, 29 June, 10 00’
GMT, 1991 (after Bastiaanssen et al., 1995a)

8.3 Space and time integration of surface flux densities and
moisture indicators

8.3.1 Spatial integration in Castilla la Mancha

Whereas ground measurements are especiaily valuable for understanding the temporal
variation of surface flux densities, the benefit of remote sensing lies in its ability to
determine the spatial variation of the surface flux densities. The frequency distributions
of @ and AE could be compiled from the 862 = 777 individual balances for the validated

Tomelloso super site (Figure 8.18).
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Fig. 8.16 Frequency distributions of {(Parf A) net radiation Q" and (Part B} latent heat flux density
AE for Tomelloso based on NS001 measurements on 29 June, 1991 at 10 21’ GMT
{(after Bastiaanssen and Roebeling, 71993).

Since the r,, NDVIand T, data array represents SEBAL's primary data source, the pdfs
of Q G,, H and AE should somehow reflect them: Q@ mainly follows the normal
distribution of r,, G, relates to T, and NDV/and Hreflects T,. As a consequence of the
residue approach, the feature of the AE pdf overlaps the pdf of all primary input data.

If the landscape exhibits disorganized variability on horizontal scales less than 10 km,
the effects of convective transport can be disregarded (Type A, Shuttleworth, 1988).
Under these conditions, surface flux densities can be mathematical averaged. The area-

averaged surface flux densities can be used to find, in an inverse manner, the effective
values of the resistances involved:

<Q'> =..:;)EQ,-‘(x,y) (W m? (8.6)
1

<H> =%£H;x, B Wm? 8.7)
i1
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<AE> :lnﬁxs,.(x, y) (W m?2) (8.8)

T, =(-c)%, ¢, (O (6.26)
Fan-sur =PaS, p% (sm") (8.9)
b 1Y T (mbar ®:10)

f, =pacp(%g)-ﬂ,,_sw sm™ (8.11)
A LA aB ©42)

<Q> +<Gy> <AE> +<H>

With respect to the Tomelloso data, the Q" values appeared to be normally distributed
with a mean value of <Q>=500 W m? and a standard deviation of SD 22 W m?
{Bastiaanssen and Roebeling, 1993). With <r,>=0.22 (see Figure 8.10A) and <K*>=740
W m?2, <L'> becomes -77 W m2. Taking <L'> to be -77 W m2 and L'=470 W m?, it was
feasible to find L' as 547 W m™ being equivalent to T '=40.3 °C. The AE(x,y) values
showed a normal distribution which can be characterized by <AE>=84 W m* and SD=46
W m?. Low AE values relate to harvested cereals and vetch pastures. The Tomelloso
precipitation records during the SOP showed a monthly value of less than 20 mm so
that the at-surface bare soil evaporation AE, had become negligibte. A latent heat flux
density of 84 W m? at 10 21’ GMT yields a daily integrated value of 2.86 MJ m? d”' if
the temporally stable A-approach is used (see Eq. 5.13), which is equal to 1.17 mmd’
at 25°C.

The & patterns of Barrax showed more diversity than those of Tomelioso (Figure 8.17:
<@>=544 W m? SD=15 W m™®). Dry-land in Barrax has however a significant higher
albedo (r,=0.28) than the dry farmed ferro soils of Tomellose (r,=0.23). The lower
reflectance in Tomellose can be explained by the higher concentration of iron
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conglomerates. The Q' classes with the highest frequency are for Tomelloso and Barrax
almost similar and these areas are the traditionally cultivated areas. Consequently, the
available energy (Q"-G,) will be larger in Tomelloso which affects the maximum possible
evaporation rate. The normal distribution of AE(x,y} below 180 W m™ looks similar to
the distribution identified at Tomelloso, revealing that the evaporation statistics of dry-land
farming are to a certain extent similar. Since a large group of pixels aiso contributed
to AE above 180 W m?, the overall evaporation was significantly higher (<AE>= 158 W
m?; SD=136 W m®) as compared to Tomelloso. The <AE>-value can be converted by
means of A into a 24-hour value of 5.37 MJ m™ d"' which is equivalent to 2.20 mm d’'
at 25°C.

The areal distribution of r, is recognized as a means to describe variability in the water
balance of watersheds (e.g. Hofstee et al., 1993). Colour Plate 7 shows the r.-map for
the entire EFEDA grid. The same patchy structure of r, was also mentioned by Brunet
et al. {1994) on the basis of field measurements. Figure 8.18 shows the frequency
distribution of A and r.. The class of pixels with A > 0.6 represents irrigated maize,
wheat, alfalfa and berseem. Figure 8.18B shows that the bulk of the r,-pixels lie between
20-150 s m™' which are favourable conditions for crop growth. According to the definition
of Eq. (8.11), the Barrax area-representative value for r, becomes 468 s m and A=
0.34.

Frequency (%) A Frequency (%) B
5~ 4r E
L Barrax 3t Barrax
AV = 544 W m2 AV =158 Wm?
3k 50 =58 Wm? 5D = 136 W m™
2 -
2 —
. 1
0 ul y il h“l. 1 0 i
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Fig. 8.17 Frequency distribution of (Part A) net radiation flux density Q" and (Part B) iatent heat
fiux density LE for Barrax based on NS00 measurements on 29 June, 1991 at 10 21’
GMT (after Bastiaanssen and Roebeling, 1993)
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The frequency distribution of the moisture indicators for Tomelloso are displayed in Figure
8.19. The traditional rainfed agricultural zones, representing the main part of the area,
have a strongly reduced evaporation for this summer image with 7, ranglng from 200-
2500 s m"'. The Barrax area-effective value for Tomelloso is r,=1541 sm™ and A=0.21.
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Fig. 8.18 Frequency distributions of {Part A) the evaporative fraction A and (Part B} the bulk
surface resistance r, for Barrax-based on 862 » 777 pixels with a size of 18.5 + 18.5 m
each, NS001 (fiight line E-F}, 29 June 1991, at 10 21" GMT
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Fig. 8.19 Frequency distribution of (Part A) the evaporative fraction A and (part B) the bulk surface
resistance r, for Tomelloso based on 862 + 777 pixels with a size of 18.5 + 18.5 n?,
NS001 fligth line E-F, 29 June 1991, at 10 21" GMT
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Fig. 8.20 Frequency distributions of (Part A) the net radiation flux density @ and latent heat flux
density AE (Part B) for the entire EFEDA-grid based on 2668 » 4501 pixels with a size
of 30 ~ 30 m each, TM, 12 June 1991, at 10 12" GMT (after Pelgrum and Bastiaanssen,

1995a)
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Fig. 8.21 (Part A) Frequency distribution of the evaporative fraction A and (Part B) the bulk
surface resislance r, for the entire EFEDA grid, with a resclution of 30 = 30 (120 +
120 m? for thermal infrared), Thematic Mapper, 12 June 1991 at 10 12° GMT, (after
Pelgrurm and Bastiaanssen, 1995a)
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Merging all AE(x,y) pixels of the entire EFEDA grid based on the Thematic Mapper study
of June 12 yields Figure (8.20). Three peaks may be noticed in the AE-pdf, which reflect
the natural areas (170 W m?), the dry-land agriculture (100 W m®) and irrigated
agricultural areas (210 W m?). Intermediate forms of land use lie in the range between
AE=70 to 220 W m® and cause a rather smoothed contribution of local evaporation to
the regicnal evaporation. Figure 8.21 depicts A and r, for the whole EFEDA grid.
Obviously, June 12 shows higher A and lower ¢, values as compared to the NS001 study
on June 29 (Figures 8.18 and 8.19), indicating that a considerably dry-down phenomenon
took place during the SOP. A direct compatison is only feasible for the Barrax and
Tomelloso sub-areas.

Figure 8.22 §hows the diurnal evolution of <AE>, <H> and <A> for the whole EFEDA
areawhere A is established according to Eq. (B.12) using the available H(x,y, 8, AE{x.y.f}
information of the 10 = 595 METEOSAT pixels (10 daytime slots on June 29, 1991).
The latent heat flux density shows a remarkably flat behaviour throughout the course
of day, which was also noted from the individual AE field flux density measurements
at arable sites and vineyards (Bolle et al., 1993). The traject of A between 10 00’ and
15 00' coincides with the time range found for A to behave constant for the Qattara
Depression bare soil conditions (Chap. 5). The area-averaged, time-averaged A,,-value
computed according to Eq. (8.13) became A24-0 21. The latter value is rather similar
to the midday A-value for the same ensemble of pixels (Ae,,_O 21 and A=0.20, see Figure
8.22) which implies that one image acquired in the period between 10 00’ and 15 00
is sufficient to compute 1,524 according to Eq. (8.14}, being a version of Eq. (5.13)
applicable to heterogeneous land surfaces:

S AE (a,t
A, - 21: {30 (8.13)
% AE (a,1) +Zm H (a,t)
(8.14)

AE, =A (G -G,,,) W m2d7)

where n=595 pixels, m=10 image, a; is the areal size of one METEOSAT pixel and {,
is the instantaneous time.

A summary of the flux densities for the areas specified in Table 8.1 is worked out in
Table B.9. The standard deviations show that AE has the largest spatial variability of
all the surface flux densities considered (CV(AE)=0.43 on average). This finding supports
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the comments addressed in the concluding remarks of Chapter 2 emphasizing that
LE(x,y) depends on several bio-physical parameters and of Chapter 3 stating that of
the other surface flux densities, AE is the most difficult term to determine. The CV of
latent heat flux densities changes with pixel resolution (NS001: CV = 0.70, METEOSAT:
CV = (.16 for Tomelloso and Barrax on June 29), which is logical considering the semi-
variogram in Figure 8.5. <AE>g, .. i 2.3 times <AE>;, .., ON average, while
approximately only 35% of the Barrax area is irrigated. Hence, small irregularities in soil
moisture supply immediately affect the regional bulk evaporation rate. A&, ., e iS5 1.8
times AE;,,..0s, ON average. The regional evaporation of the total EFEDA area
(<ALE>=164 W m®) is best represented by the Barrax super site on June 12 (<AE>=192
W m?). The Tomelloso super site is more suitable to reveal the regional situation for
June 29, which emphasizes the fact that the dynamics of land surface flux densities
changes with land use.
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Fig. 8.22 Daily course of (Part A) the latent LE and sensible heat H fiux densities and (Part B)
evaporative fraction for 595 METEQOSAT pixels covering the entire EFEDA grid with an
area of nearly 9,000 km?, 29 June, 1991 (affer Bastiaanssen et al., 1995a).

It should be noted that the arithmetic mean of a smalt sample does not provide a good
estimate of the regional AE. For example the arithmetic mean of the three super site
<AE> values (71, 194, 98 W m™) on the basis of the June 28 METEOSAT measurements
is <AE>=121 W m* while the 595 METEOSAT pixels covering the total EFEDA grid
yields to <A E>=73 W m%. A simple arithmetic mean of all tower flux densities is therefore
a strongly oversimplified approach for obtaining the area-averaged surface flux density
from the SOP flux density database. Pelgrum and Bastiaanssen (1995b) elaborated
different remote sensing techniques to weight the tower flux densities in a more
advanced manner.

Although field measurements in the developing grapes at Tomelloso have shown a slight
increase of AE throughout the SOP, Table 8.9 indicates that AE; is fairly constant

omelioso
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throughout the SOP with <AE>=71, 84, 84 W m* Rada de Haro undergoes a sharp
dry-down between June 12 and 29 (194—98 W m™) while Barrax exhibits a more gradual
dry-down effect (194, 192, 158 W m™®) by man-controlled water supply facilities.

Table 8.9 Area-averaged instantaneous surface flux densities (W m®) calculated for the various
(sub-) regions during EFEDA, June 1991. The values between brackets represent the

standard deviations.

Platform Date Time Symbol Tomelloso Barrax Rado de EFEDA
Haro

™ June 12 10 12 <Q'> 280 (30) 348 (49) 358 (46) 339 (54)
™ June 12 10 12 <G> 69 (5) 66 {8) 65 (5) 66 (5)
™ June 12 10 12 <H> 127 (13) a0 {25) 98 (17} 103 (24)
™ June 12 10 12 <AE> 84 (36) 192 (76) 194 (57) 164 (76)
NS001 June 29 10 21’ Q> 500 (22) 544 (58) - -
NS001 June 29 10 21 <G 105 (3) 83 (12) - -
NSO01 June 29 1021 <H>= 312 (33) 302 (75) - -
NS001 June 29 10 21° <AE> 84 (46) 158 (136) - -
METEOSAT  June 29 10 00 <Q> 468 (14) 497 (8) 470 (12) 464 (16)
METEOSAT  June 29 10 QO <G> 85 (1} 81 (2) 76 (1) 77 (2)
METEOSAT  June 29 10 OO’ <H> 312 (7) 225 (5} 296 (8) 314 (386)
METEQSAT  June 29 10 00° <AE> 71 (21) 194 (4} 98 (33) 73 (49

Figure 8.23 summarizes the temporal integration of energy partitioning by means of A
for the whole EFEDA grid. The work of Bolle et al. (1993) suggested an average energy
partitioning value for the whole EFEDA grid between June 11 to 28 of A,,=0.23.
Comparing this value with the data displayed in Figure 8.23 indicates that the in-situ
flux densities are underestimating the regional patterns in energy partitioning most
probably due to the non-representativeness of the selected sites. The June 19 Falcon
aircraft flight yielded an average evaporative fraction for leg L1, L4 and L8 of A=0.42
(Jochum et al., 1993b) which is consistent with the dry-down phase noticed between
June 12 (A,=0.61) and June 29 (Avrorones=0-19). A double box flux density flight made
on June 20 by the Dornier 128 aircraft estimated A=0.35and a L-pattern flight on June
23 gave A=0.31 falling well in the expected change in meso-scale energy partitioning
(Bolle and Streckenbach, 1993). A comprehensive overview of the moisture indicators
is presented in Table 8.10.
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Fig. 8.23 Temporal behaviour of the aggregated evaporative fraction A for the entire 9,000 knf
EFEDA grid according to SEBAL and aircraft flux density measurements made by
Falcon 20 and Dornier 128

Tabie 8.10 Area-effective instantaneous moisture indicators B, A, o, r,, calculated for the various
(sub-) regions during EFEDA, June 1991. Except for the bulk surface resistance r,
(s mi'’), all moisture indicators are dirmensioniess.

Platform Date Time Symbol Tomellose Barrax Rada de EFEDA

Haro

™ June 12 10 12' B 1.561 047 0.51 '0.63

™ June 12 1012 A 0.40 0.68 0.66 0.61

™ June 12 1012 o 0.50 0.86 0.82 0.74

™ June 12 1012 F; 1842 486 432 661

NS001 June 29 10 21 ﬁ 3.7 1.91 - -

NS0D01 June 29 10 21' A 0.21 0.34 - -

NS001 June29 1021 a 0.27 0.45 - -

NS001 June29 1021 , 1541 468 - -

METEOSAT  June 28 10 00’ ﬁ 4.39 1.16 3.02 4.30

METEQSAT  June 29 10 00’ A 0.19 046 025 0.19

METEOSAT  June 29 10 OO o 0.26 0.64 0.34 0.26

METEOSAT  June 29 10 o0 .;':, 1584 308 763 1166

The value for KEFEDA on June 12 was systematically higher (0.61) than observed for the
June 29 METEOSAT studies (0.19). This dry-down phenomenon during June is most
probably a typically recurrent seasonal rootzone moisture depletion effect and may not
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be related to abnormal atmospheric circulation and desertification. Multi-temporal analysis
of NDVIimages confirms that the NDV/in Central Spain decreases during the summer
(Bolle et al., 1993). By the end of spring, the natural vegetation tends to reduce its
stomatal aperture under high summer evaporative demands and soil moisture deficit
conditions. In particular, this can be observed for Rada de Haro =432 — 763 s m’
The ripening and harvest of wheat and barley in Barrax is probably responsible for the
collapse of A=0.68 to A=0.46. Although <AE> for Tomeiloso was found to be quasi-
constant, A decreases from 0.40 to 0.19 because the summer solar exposures increased
Q"-G,. The bulk surface resistance tends to be stabler for Tomelloso (1842—1541 and
1584 s m™') which emphasizes that soil water content remained more or less similar (8,,
is already low on June 12 and rainfall is small). The resistance for Barrax was also fairly
stable (486, 468, 308 s m”) so the Ag,.,, also has to be attributed to some extent to
changes in Q-G, (not entirely however, because AE decreases as well). Hence, A is
suitable to describe the daytime evolution of the surface energy partitioning but is less
suitable to derive the hydrological situation for larger time scales at which the net
available energy changes.

The r(8,,) relationships of Figs. 8.6 and 8.8 were used to infer 8,,-maps from r-maps.
The area-average <6,,> values obtained via 6,,(x,y) are summarized in Table 8.11. The
absence of rainfall causes a significant dry-down in Rada de Haro (0.23—0.07 cm® cm™),
Supplementary irrigation in Barrax is hold responsible for a delayed dry-down (0.22—0.15
em® em™®). The soil moisture extraction by perennials is mainly from 100 cm depth which
explains a relatively constant 6,, value at shallow depth for the Tomelioso sub-region.
The soil moisture behaviour of the entire EFEDA grid changed from 0.16 to 0.10 cm’®
em’® which can be utilized to validate large-scale atmospheric models. Colour Plate 8
shows that r, at macro-scale can be determined which can be applied to verify / initialize
land surface parameterization schemes at this scale.

Table 8.11  Area-representative near-surface soil waler content 8,, calculated for the various
(sub-) regions during EFEDA, June 1991

Platform Soil water content Date Time Tomelloso Barrax Rada de EFEDA
at 10 cm Haro
(cm® em®)
™ 0,4 June 12 1012 0.08 0.22 0.23 0.16
NS0G1 5‘0 June 28 10 21 0.08 0.15
METEOSAT 5,0 June 28 10 OO’ - 0.10 0.07 010

With NOAA/AVHRR and METEOSAT data, the possibility arises to estimate actual
evaporation for the whole Iberian Peninsula, including the shores of the Mediterranean
Sea and the Atlantic Ocean (Figure 8.24). Ten METEQSAT slots with an hourly interval
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Fig. 8.24 Spalial distribution of actual evaporation rates E,, on the Iberian Peninsula and paris of
the surrounding seas, 23 June, 1991 (affer Bastiaanssen st al., 1995a)

acquired on June 29 have been selected and AE was computed for each image and
each pixel by repeated application of SEBAL. A daytime aggregation procedure of the
10 different AE(f)-pairs for each pixel was performed to arrive at the daily actual
evaporation rate. The nighttime latent heat flux density was set to zero. Hoeltslag and
de Bruin (1988} experimentally showed that some evaporation may occur but field
measurements carried out in the Tomelleso vineyard, on June 29 indicated AF=-1.7 W
m?. The area-average daily-total actual evaporation of the pixels situated on land was
established in this manner to be approximately 1.75 mm d".

8.3.2 Lower Egypt

The area-effective energy balance of the whole of Lower Egypt (long: 26-34 E; lat. 26-32
N) was calculated. The numerical error in the closure of the energy budget is 1 to 2%
of @, which is rather acceptable considering the extremes of desert and sea manifested
within the same image. The possibility arises to assess the area-average - daily total
evaporation in the same way as was done for the Iberian Peninsula. The cumulative
amount of vapour release during daytime (6™ and 18”) added up to a value of
J<AE>dt=6.5 MJ m™? (Figure 8.25) which is equivalent to 2.6 mm d"' at 25°C ambient
temperaturs if nighttime latent heat exchanges are ignored. Latent heat flux density may
be negative during nighttime which reduces <E,,> slightly. The cumulative amount of
sensible heat was found to be J<H>dt=7.3 MJ m®. The height of the PBL can be
computed from the daytime evolution of <H>(t} (e.g. Raupach, 1991).

Figure 8.26 demonstrates that B (Cv E=0.14) contains more fluctuation than A (cv
A=0.08). As in the la Mancha case study, A is stable throughout daylight hours. The
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Fig. 8.25 (Part A} Daily evolution of the area-average sensible heat flux density <H> and (Part B)
latent hoat <).E> over Lower Egypt and part of the Mediterranean Sea on 5 August,
1986. The dots denote instantaneous area- average cumuiative surface flux densities
while the line is the best approximation through the points. Part C and D depict the
cumulative values (after Feddes et al., 1293)
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Fig. 8.26 (fart A} Diurnal course of areal effective Bowen-ratio E and (Part B) evaporative fraction
A for a 6207825 knf vast region in Lower Egypt; computed with METEOSAT-based
reflectance and temperature data on 5 August, 1986

A-value became stable after 11% local time and remained as such until 18° hours local
time. Hence, the daytime behaviour of macro-scale A values for land systems can be
as smooth as for micro scale wet desert surfaces (see Figure 6.3). The number of 12
images can be substantially reduced without reducing the accuracy of the integrated
daily flux densities using Eq. (8.14).

8.4 Concluding remarks

The surface flux densities predicted with SEBAL were validated against flux density data
retrieved from the EFEDA database. An accurate intercomparison of flux densities
appears to be complicated by combined effects of measurement errors of the in-situ
flux densities, their footprint, the exact location of the tower {x=0) and the integration
time of the in-situ measurements. Nevertheless, an attempt was made to compare the
evaporative fractions for a number of small footprints. Approximately 85 % of the selected
footprints on June 12 and 29 fall within the error boundaries of the SEBAL and in-situ
flux densities. The root mean square error between tower-based and remote sensing-
based A-data was found to lie between 0.10 to 0.19, depending on the day chosen. The
error is substantially reduced if all the footprints are considered together (aA=0.04,
relative error is 10%) or on the spatial scale at which the bulk aircraft flux densities are
meaningful such as for Castilla la Mancha (1,000,000 ha: aA = 0.01). Moreover, the error
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changes with the spatial sampling resotution: the resuits of a single METEOSAT pixel
in Barrax with a high sill level were poor, whereas the results for the same area but
sampled with NSQ01 were much more satisfactory. The EFEDA case study has indicated
that SEBAL can be used for multi-resolution data sets as long as a number of say 20
pixels can be averaged. Large-scale field experiments should pay attention to an exact
determination of the foolprint orientation and length in order to calculate the fractional
contribution of land surface elements to the total flux density measured by towers at
a given slevation.

A regional validation study on 700,000 ha of irrigated land in the Eastern Nile Delta
revealed that the remote sensing parameterization of dial (24-hour) evaporation was
within the confidence limits of the calibrated SIWARE regional water balance model.
By downscaling from 100 km (all SIWARE element) to a few km (one SIWARE element),
likewise the Spanish case study, the A-teviation increases. At the level of an irrigation
unit, the deviation was 8% on average, which is still fairly acceptable.

Muli-temporal SEBAL studies demonstrated that a considerable change in energy
partitioning occurred during EFEDA’s SOP in June 1991 (Tomelloso A=0.40—A=0.19;
Barrax A=0.68—A=0.46; Rada de Haro A=0.60—A=0.25) which could not be understood
from the limited in-situ flux densities measurements. The changes in energy partitioning
could be attributed to changes in net available energy Q-G, and soil moisture 8,,
{Tomelloso 0.08—0.08 cm® cm™®; Barrax 0.22—0.15 cm® em™®, Rado de Haro 0.23—-0.09
cm® cm™®). The mapping of near-surface soil moisture can best done by utilizing r, data.
The regression functions between r, and @,, are however time and resolution-dependent.

To by-pass the problems associated with averaging of resistances to coarser scales
(Eq. 8.9) which requires the involvement of e_,,, or Priestley and Taylor a-parameters,
which requires s,, it was concluded to consider flux density ratios like the evaporative
fraction or the classical Jowen ratio.

The evaporative fraction was found to be superior because:

— itis stabler than a, § and r, during daylight hours, even at heterogeneous large-scale
land surfaces such as the EFEDA grid and Lower Egypt (CV = 0.20); this implies
that one midday image of surface reflectance and surface temperature suffices to
compute the daily evaporation;

— it is retrievable from remote sensing algorithms, field flux density measurements,
aircraft flux density measurements and model simulations, creating a suitable
environment for intercomparison of the different A values;

— it is easy to aggregate to coarser scales;

Intercomparison of energy partitioning for larger time frames (weekly and longer) can
best be achieved with r.. The bulk surface resistance both theoretically (Egs. 3.17 and
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3.18) and practically (Figs. 8.6 and 8.8) reflects best the hydrological situation. The
regional distributed patterns of surface hemispherical reflectance, surface temperature,
NDVI, emissivity, solar radiation, surface roughness, near-surface vertical air temperature
difference, friction velocity, Monin-Obukhov length, aerodynamic resistance and bulk
surface resistance could be obtained through the (semi-) empirical steps included in the
SEBAL parameterization. Although programs such as EFEDA were not sufficient to
assess the reliability of these intermediate products, the pdfs of these products may
contribute to stochastic-dynamic model appreaches (e.g. Avissar, 1991; Famiglietti and
Wood, 1994).

The ultimate thermal-infrared remote sensing results are in direct contrast with the FIFE
investigations (Hall et al., 1982). It was concluded that substitution of T,-T, by 87,
and the inversion of 87,_, from H" improves the potential of using thermal infrared
remote sensing for environmental studies. Especially it has been demonstrated that the
To(r,) relationship of heterogeneous land scapes allows the allocation of dry and wet
areas with specific solutions of the surface energy balance: Land surface elements with
r,<0.10 and a relative low T, value may be considered to fulfil A = 1.0, Although SEBAL
has some empirical steps to estimate hydro-metecrological parameters such as surface
roughness length for momentum, this does not hamper the flux density estimations.
Hence, SEBAL seems to be a reasonable trade-off between physical complexity and
data demand with respect to availability of in-situ measurements.

It may finally be concluded that the design of large-scale field surveys with the aim of
establishing regional evaporation should be made after processing existing satellite
images. Then the usefulness of field work on the H-AE patterns can be improved by
installing towers at crucial points in the Hand AE frequency distributions (average, 10%
tails etc.) which facilitates the validation of remote sensing based flux density maps and
the monitoring of bulk energy partitioning.
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9 Parameter variability and impact on surface flux densities
and moisture indicators

9.1 Approach

Surface flux densities and moisture indicators obtained by applying the 36-step SEBAL
procedure comprise deficiencies and failures on (i) radiometer calibration, {ii) atmospheric
correction, (ili) empirical relationships, (iv) spatial variability of hydro-metearological
parameters (v) simplified energy budgets, etc. The various model parameters of SEBAL
are, without exception, all directly or indirectly estimated from spectral radiances and
therefore associated with more or less uncertainty and resuits should be termed
‘estimations’. The effects of parameter variability on these estimations have not been
addressed so far. Chapter 8 has given indications of the deviation of SEBAL flux
densities if a sample window is considered. This chapter is meant to describe the role
of parareter variability on the SEBAL estimation more intensively following the concepts
given by Bastiaanssen et al. (1994b). The following approaches will be applied:

— Sensitivity. A numerical estimation of the first derivative of a certain model parameter
on a certain output parameter. All relevant model parameters will be considered one
by one, while keeping the other parameters constant according to the values for the
reference situation. The relative importance of each independent model parameter
on the surface flux densities and meisture indicators will appear from this analysis.
The discussion of the model output variables will be restricted to H, AE, A and r..
Section 9.3 addresses the sensitivity study;

— Uncertainty. A numerical estimation of the combined effect of exposing all relevant
model parameters simultaneously to a predefined stochastic deviation; This gives
the pdf of the deviation of estimated H, AE, A and r-values from the mean value.
To this end, a Monte Carlo simulation approach is applied. Section 9.4 addresses
the uncertainty study;

A number of 4 dependent SEBAL output variables H, LE, A, r,, for a homogeneous land
surface will be considered which is more generally expressed as Y, with k=1,2,...4, Each
Y, is related through the SEBAL model to the independent variabies x, with i=1,2,...12:

Y =f{x,..x..x) (8.1)
The sensitivity describes the effect of a change dx of x; on Y. The relative sensitivity
can be expressed as dY,/dx. A set of reference input parameters of x, called r, can

be determined from accurate field estimations rather than from remote sensing
estimations which give as a result the reference value of Y, hereafter called R,
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R =f{r-1..1p) (9.2)

R, can in the case of H and AE also be measured directly, which does not require the
involvement of r. The latter does not hold however for A and r.. For natural land surfaces
with spatial variation in surface energy hudgets, the spatially distributed random variables
are given for = 1,2,...20 land use types:

1Y v Yer-Yizo) (9.3)

kvar

which after areal integration of j = 1,20 land surface clusters leads to:

0

1 2
Ze !A Y da, (8.4)

and if C, represents the reference value of Z,, it can be defined as:

1 20
Ce=— {A R, da; (8.5)

where C, can for instance be obtained from aircraft flux densities directly or areal
integration of H and A to obtain H and AE. It should be noted that the integration of
A and r, for obtaining Z and C, should be established alternatively by means of Eqgs.
{8.12) and (8.11) respectively and that C, and C_ cannot be measured directly. An
overview of a three-dimensional array of model parameters (x), modei output {Y,) and
land surface types is illustrated in Figure 9.1.

H /
okt d e [T | T | 2 T ou, BT, |NDVI
AE
A
re Aggregation
/ Desert
Rice

Fig. 8.1  Design of a parameter variability study for homogensous (desert and rice) and
heterogeneous land surfaces (aggregation) in terms of the SEBAL maodel input and
output parameters
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The main interest is to find to which extent Y, and Z, are realistically estimated by
SEBAL and how the (Y,-A,) and (Z,-C,) deviations behave. A large number of
repetitions of Y, and Z, estimations are necessary to perform a probability analysis. One
of the important conditions is that the number of realizations should be large enough
for the statistics to become constant. For H, AE, A and r,, 3000 samples in the case
study followed hereafter appeared to be necessary: The mean value and standard
deviation became stable when more samples were taken. The simulation method
described above is generally known as a Monte-Carlo method.

The R, and C, values should be obtained using accurate turbulent flux density
measurements (in-situ for A, aircraft for C,). In the absence of these data (for instance
when Y, =r, or C,=r, which cannot be measured) or if no reference measurements are
available, model results are used and the accuracy analysis becomes an uncertainty
analysis. The results of Section 9.4 should therefore not be conceived as the attainable
accuracy. Then the overall deviation of Y, for a homogeneous land surface from the
arithmetic mean of Y,, Y n.. €8N be explored to calculate the cumulative probability
density function of the absolute deviations. If a total of m random samples are taken,
the error of estimates S, for a patch can be calculated with:

1 (9.6)
m i

and the same evaluation applies for heterogenous regional landscapes with jland surface
elements:

S- (8.7)

-]

(Zk—Ck)"’

M3

1
m

The input parameters x, to x, are assumed to be independent and the error for each
parameter can be considered separately.

9.2 Physical characteristics of the selected land surfaces

Land surface conditions

Satellite radiances acquired from the Landsat Thematic Mapper overpassing the Nile
Delta on 27 July, 1987 were used to perform the parameter variability analysis and its
effect on the surface flux densities and moisture indicators. The study with the reference
data was performed by van der Wal (1992). The position of the TM image is indicated
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in Figure 4.4. The area is characterized by large clusters of irrigated and desert land.
Because of the need to expand Egypt's agricultural production, desert reclamation
schemes are underway and partly in operation along the desert fringes. An example
of the reference calculated distributed surface energy balance terms is provided in Colour
Plate 9. This study area was selected because it encompasses a wide diversity in
hydrological, agricultural and meteorological conditions.

The datapoints on the Ty(r,} and T,(NDV) relationships of Figure 9.2 represent the
average values of 20 sub-grid areas identified by a clustering technique using r,, NOVI
and T, as attributes. The numerical assignment of r,, T, and NDV!I for each sub-grid
is shown in Annex 5. The T} relationship indicates that a wide range of land
wetnesses is present. Class 1 of the (T,,r,) relationship represents the open water bodies
of Lake Bitter, the Suez Canal and the Nile river. The low T, values of class 3 are
observed in the green rice areas east of Mansureya. Class 5 and 6 are the intensively
cultivated lands along the 31°N latitude. Classes 10, 11 and 12 represent the irrigation
districts just north of Cairo, where maize is the dominant crop. Not surprisingly, the desert
showed the highest r; values (Classes 19-20) being located on the ‘radiation controlled’
branch of the Ty(r) relationship. Figure 9.2B shows that, except class 1, T, is mainly
controlled by the density of crops. The area-average surface flux densities and moisture
indicators can be obtained after linear averaging of the flux densities of the 20 separated
land use clusters. Since the areal size of each cluster is irrelevant for the parameter
variability study, it is assumed that all 20 clusters are equal in occurrence (Figure 9.3).
The geographical position is also irrelevant for Z,. The clusters in Figure 9.3 are therefore
presented in a sequential order rather than according their geographical position and
areal size. The values for A and r were obtained using equations (8.6) to (8.12).

Wet and dry homogeneous land units: unit 3 (rice} and unit 20 {desert} respectively,
were selected to study the effects of x-model parameter uncertainty on Y,. The SEBAL
output of the reference run, Y, without considering any parameter variability, is
presented in Table 9.1. The aggregated values for all 20 land units Z, to Z, are displayed
under the header 'aggregated’. The arsal constant parameters used to compile Table
9.1 are displayed in Table 9.2,

2186




7 (°0

47 —

42 -

37

[T

[ &
L ]
1 5
32 2_/'
3 4 T,=344-87357,+819.87-1389.2 7

T {°0)

127¢ o2b

50—
14
1§15 oy
45 - o2
20
AN
Mg e
40 i~
?
35 | Ta = 31.5 +70 NDVI - 96 NDVIE
1 R?=0386
n=20
L 2
3
30 L1111 1 4
0.0 0.2 0.4 0.6

¢ m=097
n =20
27 I I SO N T B
0.05 0.15 0.25 0.35

o -}

Fig. 9.2

van der Wal 1992) and (Part B) the T, (NDVI) relationship
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Schematic representation of the 20 land use clusters in the Eastem Nile Delia and
adjacent Eastern Desert distinguished on the basis of hemispherical surface reflectance

r, NDVI and surface temperature T,

(Part A) The T,{r,) relationship of the Eastemn Nile Della and Eastern Desert obtained
frorm TM measurements on path/row 176/39; 176/140, acquired on July 27, 1987 (after
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Table 8.1 Surface flux densities and moisture indicators as computed with SEBAL for
homogeneous rice and desert areas respectively, as well as the aggregated behaviour of
all 20 units, indicated as 'Aggregated’. The large surface resistance is related to the low
latent heat flux density and does not have an infinite value because the latent heat flux
density in desert unit no. 20 is not enfirely zero (AE20)

Parameter Unit Rice Desert Aggregated
Yo Y, yAid

Sensible heat Hux density W m? 27 224 235

Latent heat flux density W m? 623 10 202

Surface resistance sm’ 61 12351 415

Evaporative fraction - 0.96 0.04 0.46

Table 9.2 Values of hydro-meteorological parameters applied for analysis of the surface flux
densities in the Eastern Nile Delta and Eastern Dasert. A link to the computation steps
and the equations used is included

Computation step Equation Symbol Unit Reference value
2. 7.2 8 rad 0.334
5. 76 d, AU 1.015
8. 6.6 I, - 0.046
10. 7.1 Tg" - 0.83
12. 7.15 Lt W m? 310
14. 7.17 T, (b} - 1.12
21. - kB’ - 23
26. 2.48 PaC, Jm?K! 1178
28. 7.47 Tos ‘C 22.7
- 3.33 e(z) mbar 20.5

According to the 'evaporative fraction-vertical air temperature difference’ method, out
of all land clusters two extremes should always be selected to quantify 3 T2 and 8§ T2%.
The open water bodies of sub-grid 1 are assumed to meet the condition A=1.0 {£,=0.056).
Given the conditions of negligible H values, the near-surface vertical air temperature
difference (5 7,"=0.0 *C) under all circumstances of possible parameter variabilities was
assigned to Lake Bitter. The assessment of 3T has to be tuned with the (Q-G,) and
( Ty r.)-data of the desert pixels that have an albedo iarger than r/”*". Sub-grid area
18 was assigned as the area with A=0.0. Inherent to the parameterization chosen, A
of units 1 and 18 are fixed, independent of the variability of other SEBAL model

parameters.
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9.3 Sensitivity analysis of surface flux densities and moisture
indicators

The 12-dimensional parameter string s, to s,, of Eq. (6.1) controls the pixel-dependent
surface energy budget. Since SEBAL substitutes T for A’, and T, and the Monin Obukhov
length L and w. do not need to be studied separately as L=fu.), the sensitivity analysis
on surface flux densities and moisture indicators can be reduced from 12 to 10 parameter
strings. Although NDV/ is not a direct hydro-meteorological parameter in the SEBAL
procedure (but is included in the description of z,,, €, and I'), NDVI was added to the
sensitivity analysis to better understand the importance of correctly accounting for the
effects of atmospheric interferences on NDVI.

The sensitivity analysis is based on a fixed 25% change in the 11 model parameters
{x) with respect to their values of the standard run, while keeping all other parameters
unchanged. Care has been taken to ensure that the 25% change does not exceed the
physical limits of its x- parameters. For instance, it is very unlikely that 1.,>0.95 occurs.
The results are presented in Figure 9.4, where the relative sensitivities are illustrated
as fractional differences:

Y.-Ye

£ () (9.8)
Ye

The results of the fixed 25% increase of x; are shown first, whereatfter for the same x;
and Y, the results of a 25% decrease in x; are presented. The results are presented Y-
wise and only for =3 (rice) and /=20 (desert). Figure 9.5 demonstrates Z, for all 20
clusters.
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Results of the sensitivity analysis of selected surface fiux densities and moisture
indicators for the homageneous rice area (=3} with 25% positive (first bar} and 25%
negative (second bar} changes of SEBAL model parameters x, (Part A) Sensible heat

flux density H, (Part B) latent heat flux density LE, (Part C) evaporative fraction A and
(Part D) surface resistance, i,
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negative (seccond bar) changes of SEBAL model parameters x,. (Part A) Sensible heat
flux density H, (Part B} latent heat flux densily AE, {Part C) evaporative fraction A and
(Part D) surface resistance, r,
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Fig. 9.6  Results of the sensitivity analysis of selected surface flux densitias and moisture

indicators for the aggregated Eastern Nile Delta and Easlern Desert (g = 20) with
25% positive (first bar) and negative (second bar} changes of SEBAL model parameters
X. (Part A) Sensible heat flux density H, (Parnt B) latent heat flux density AE, (Part C)
evaporative fraction A and (Part D} surface resistance, r,

Figure 9.4 shows that AE,, is fairly insensitive for all x,variables. This finding can be
explained by the appearance of large Y values for rice. Hence some absolute AE
deviations yield small fractional differences. On the other hand, Y* for the desert unit
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resuits into large fractional differences. The opposite is true for H, which implies that
Hcan be less accurately calculated for wet land surfaces. Since A, (F3) and A, (F1)
do not differ much, the forced scaling of A,,,,=1.0 does lead automatically to very stable
A, values, independent of the magnitude in x. The same comment applies to the desert
surface. Apparently, changes in the relative magnitude of surface resistance, r,, are larger
than for A, because small changes in T, affect the saturated vapour pressure at the 'Big-
Cavity' in a strongly non-linear manner. Furthermors, K' was recognized to be a sensitive
parameter for AE and r, in rice crops.

Figure 9.5B shows that under desert conditions, His rather insensititive to x. The values
of the primary remote sensing parameters, r,, NDV/ and T, turned out to be the most
sensitive algorithm parameters in assessing H. As compared to r,, A is in general less
sensitive to variations of the model parameters under desert conditions.

The aggregated response of the 20 identified land clusters described by Z, reveals a
rather even partitioning between Hand AE (A—O 486). Figure 9.6 illustrates that, Hand
r, show higher relative sensitivities than AE and A. As was also observed for rice and
desert r, is the most sensitive to T Since SEBAL uses &7, rather than T,-T,, the
sensitivity of Hto T is not high with encouraging prospects for the capability to assess
H from thermal mfrared images. Some impact of T, on H remains, because a surface
with higher temperature emits more radiation, with consequently less energy available
for H at a constant evaporative fraction. Although several sensitivity studies on the
roughness length for momentum / heat ratio k8" have demonstrated that the succes
on H-mapping depends primarily on kB, Figs. 9.4 to 9.6 indicate that the variable 37, _,
and constant kB approach in SEBAL eliminates the crucial role of kB': The fractional

difference for kB’ was low in all cases.

9.4 Uncertainty analysis of surface flux densities and moisture
indicators

For the uncertainty analysis, the random deviation of the SEBAL model parameters x,
is assumed to be normally distributed: The range of x-values is characterized by the
mean value and the standard deviation is a pre-fixed percentage of the mean. Using
large sets of the randomly distributed independent x-parameters, the output for Y, can
be computed by Monte Carlo simulation. Table 9.4 presents an example of the
considered x,..x,, mean values and standard deviation for rice {/=3). To estimate the
variability of each x-parameter, all standard deviations were set at 5% of the reference
parameter value. The possible deviations of the independent variables x, should be
estimated individually, but such in-depth field investigation was neither performed in the
Qattara Depression, nor in EFEDA.
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The Monte Carlo simulation can be used to get a better idea of the effects of
simultaneous model parameter variability and how this variability propagates into
deviations of flux densities and moisture indicators. The question posed is: What is the
probability of exceeding a certain deviation? To calculate the pdf for Y, ,, Y, 5, and Z,
m=3000 repetitions = n=10 parameters = g=20 locations = 12*10° random values are
generated. The pdf of the £, is shown in Figure 9.7. <AE> was computed according
to the procedure outlined in Eq. (9.4). The pdf has the shape of a normal distribution
(mean 247 W m™®, median 245 W m), being to a relevant extent a consequence of
assuming normal distributions on x, .

Table 9.4 Variability in hydro-metecorological-parameters used in SEBAL for the rice unit in the
Eastern Nile Deita (j=3)

Parameter Symbol Unit Mean Gy Min. Max.
string (3o, (30,
s A - 0.113 0.006 0.095 0.131
s, Lt W m* 310 16 291 320
5 € 0.99 0.05 0.84 1.0
s, [ ‘C 319 1.6 27.1 36.7
s, K Wm? 1019 51 866 1172
s, r - 0.10 0.005 0.085 0.115
s Zom m 0.13 0.007 0.109 0.151
Sy k8" - 23 0.12 1.9 2.7

X u. m g” 0.89 0.04 077 1.01
S0 8T, .. C 0.02 0.001 0.017 0.023

The pdfs of the distribution of the differences |Y,-Y,*""| are presented in Figs. 9.8 to
9.10. Obviously, His most reliably estimated at a mixture of land surfaces with a relative
deviation of 34% at a 95% confidence level (26,). Also the latent heat flux densities can
be estimated best for heterogeneous land surfaces (33% deviation for rice, 350%
deviation for desert and 22% deviation for all surfaces at a 95% probability levei). Hence,
there is a persistent tendency towards averaging out of deviations that occur at
homogeneous surface units when considering heterogeneous land surfaces. The same
conclusion can be drawn for A and .. On the basis of Figure 9.10, it may be concluded
that the most reliable parameter expressing the energy pariitioning for heterogeneous
surfaces according to the formulation of the SEBAL procedure is A.
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Fig. 9.8  Probability distribution function of the relative deviation from the mean model oulput
obtained after a Monte Carlo simulation of surface energy balances in rice. (Part A)
sensible heat flux density H, (Part B) latent heat fiux densily AE, (Part C) evaporalive
fraction A and {Part D) surface resistance, r,

225




Fig.

226

Cumulative frequency (%)

A B

TET

Cumulative frequency (%)

100 — 100
80 - 80 -
60 - 60
40 40 -
20 20
0 i L i I J 1 1 i ! i ; I
c.0 0.2 04 06 o8 1.0 0 1 2 3 a 5 6 7
Relative error {-) Relative error (-}
C D
Cumuiative frequency {%} Cumulative frequency (%)
100 - 100
80 ~ 80 +
60 60 -
40 - 40
20 20 |
! ! : : I | ) i ] | 1 i i
0 5 10 15 20 25 30 4 5 10 15 20 25 30 35
Relative error {-) Relative error (-)
8.9  Probability distribution function of the rejative deviation from the mean model output

obtained after a Monte Carlo simulation of surface energy balances in desert. (Part A)
sensible heat flux density H, (Pant B} latent heat flux density AE, (Part C) evaporative
fraction A and (Part D) surface resistance, r,.



A B

Cumuiative frequency (%) Cumulative frequency (%) .
100 - 100
80 80
60 60
40 40
20 20
0 [ | | 1 1 0 | | | | |
0.0 02 04 06 08 10 0.0 0.1 0.2 03 04 05
Relative error {-) Relative error (-}
C D
Cumulative frequency (%) Cumulative frequency (%)
100 100 -
80 80 —
60 60 -
40 40 —
20 20
0 L 1 L ) 0 i 1 1 ! 1 i
0.0 0.1 0.2 03 0.4 00 01 02 03 04 05 06 0.7
Relative error {-) Relative error (-)

Fig. 8.10 Probabifity distribution function of the relalive deviation from the mean model oufput
obtained after a Monte Carlo simulation of surface energy balances in the Entire Eastern
Nile Delta and Eastern Desent. (Part A) sensible heat flux density H, (Part B) latent heat
flux density AE, (Part C) evaporative fraction A and (Part D) surfaca resistance, r,.

9.5 Concluding remarks

The range over which LE was explored in the Eastern Nile Delta and Eastern Desert
was rather large (desert, sebkha, irrigated agriculture) and therefore statements for wet,
dry and mixed land surface types could be given. As compared to r,, A is in general
less sensitive to variations in SEBAL model parameters. The value for r, seems to be
especially sensitive to 7, which determines e,,,in a highly non-linear way (see Eq. 2.29).
The uncertainty analysis confirmed the results of the sensitivity analysis by recognizing
a higher probability level of exceeding a certain error for A than for r.. In general it can
be concluded that AE can only be accurately estimated over wet surfaces and H over
dry surfaces (if a correct pixel resolution in relation to the correlation length and semi-
variance is chosen). Since AE over dry surfaces can not be obtained accurately using
the residue surface energy budget approach, it is recommended that alternative
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procedures based on the concept of calculating AE from r, (Eq. 3.33) are investigated.
Remarkable is that the sensitivity to T, and kB in conventional remote sensing flux
density algerithms has been entirely eliminated by means of the ‘evaporative fraction-
vertical air temperature difference’ method.

The advantage of remote sensing data, especially high resolution data, is that a number
of samples (i.e. pixels) can be used to obtain estimates at lower resolutions with smaller
random errors. The estimation of surface flux densities and moisture indicators can be
performed by averaging out the random error over a limited number of pixels (say 20),
at the cost of a poorer resolution. This comment applies also to heterogeneous land
surfaces: The uncertainty analysis revealed that the relative deviations in AE, A en r,
becomes less when moving from homogeneous to hetergeneous land surfaces. This
was also noted in the validation studies of Egypt and Spain: The error averages out when
several irrigation districts and patches are considered simultanecusly. Section 8.1 has
shown that, the root mean square error with field measurements at patch level yielded
A(RMSE) =~ 0.10 to 0.19 (relative error ~ 30%) and at regional level comprising 10 to
13 patches was aA=0.04, which at A = 0.40 is equal to a relative error of 10%.
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10 Conclusions

Diurnal evolution of moisture indicators

— Heterogeneity of surface energy partitioning for short time spells can be expressed
as the slope between semi-variance and lag distance of the evaporative fraction, i.e.
latent heat flux density / net available energy fraction (Section 1.1);

— Evaporation of heterogeneous land surfaces can among others be described by
means of a bulk surface resistance to account for soil moisture deficit. This bulk
surface resistance can be analytically coupled to canopy and bare soil resistance
which have a physical meaning (Section 3.3);

— Small pores retain water in the liquid phase down o very low pressure heads
requiring a multi-phase flow theory to describe the bare soil evaporation process and
to formulate the resistance to bare soil evaporation correctly (Section 2.2);

— The resistance to bare soil evaporation has a distinct diumal fluctuation that is related
to fast changing atmospheric moisture gradients and slow changing soil moisture
gradients (Section 5.5),

— The evaporative fraction of homogeneous bare soils between 10% and 16% local time
is fairly constant (CV=0.19, n = 86) (Section 5.4);

— The evaporative fraction of meso-scale heterogeneous land surfaces encompassing
desert, sea and agricultural land is temporally stable during daytime (CV=0.20)
{Section 8.3);

— The sensible heat/net radiation flux density ratic behaves temporally stable during
daytime which can be explained by the narrow time shift between air heating and
land surface heating by solar radiation (Section 5.4};

— The convex soil heat/net radiation, concave latent heat/net radiation and constant
sensible heat/net radiation flux density ratios causes preserved evaporative fractions
during daytime, also at extended bare soil surfaces (Section 5.4);

— Since net available energy is for manifotd climate conditions a suitable proxy for
potential evaporation, the evaporative fraction is a good indicator for relative
evaporation (Section 5.6).

Land surface radiative properties measured by remote sensing

— Vertical land surface flux densities are characterized by a relationship between
horizontal terrain properties and state conditions at one hand and vertical length
scales for the integration of the eddy diffusivities at the other hand. This aspect needs
consideration if the remotely sensed surface with a given horizontal sampling
resolution, are applied to estimate local flux-profile relationships (Section 3.5);
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— Under non-turbid conditions, hemispherical surface reflectance may be determined
from the single observation planstary reflectance and the overall atmospheric
transmittance in the shortwave range (Section 6.2);

— Remote sensing estimates of the surface energy balance terms in composite terrain
can hardly be validated for a single high resolution pixei: The strength of the sources
of the in-situ measured flux densities is variable and the total footprint encompasses
usually several pixels (Section 8.1);

— Radiative properties of low resolution pixels reflecting composite terrain are not
necessarily suitable for the estimation of local flux-profile relationships. The flux
density of a small ensemble of low resolution pixels obtained by linear averaging
reduces the uncertainty of the estimated surfacs flux densities substantially {(Section
8.2).

Surface energy balance modelling aspecis

— The convex soil heat/net radiation fiux density ratio can be described by means of
the diurnal trend of the surface temperature/surface hemispherical reflectance ratio;

— The relationship between surface temperature and hemispherical surface reflectance
for regions with a wide contrast in hydrological conditions, provides the opportunity
to allocate sub-areas (one or more pixels) with a zero evaporative fraction and sub-
areas with an evaporative fraction of 1 (Sections 6.5 and 7.6);

— The vertical near-surface air temperature difference can be obtained from inversion
of the sensible heat flux density for specific sub-areas where the evaporative fraction
is 0 and 1 and air temperature measurements are not needed to achieve this (Section
7.6);

— Regional near-surface air temperature differences can be estimated in a distributed
manner using surface temperature maps (being corrected for emissivity effects) from
a linear relationship between surface temperature and near-surface vertical air
temperature (Section 6.6);

— The evaporative fraction-vertical air temperature difference method ensures that the
sensitivity of various model parameters and kB’ especially to the surface energy
balance is strongly reduced (Sections 7.6 and 9.2);

— The area-effective friction velocity can be estimated from those pixels where the slope
between surface temperature and hemispherical surface reflectance is negative
(Section 7.5);

— The necessity of ground data to execute the Surface Energy Balance Algorithm for
Land (SEBAL) is reduced to a rninimum: Ground data on atmospheric shortwave
transmittance, surface temperature and surface roughness for momentum transfer
remain however required (Section 7.8);

— The accuracy of a certain surface flux density and moisture indicator estimated by
SEBAL is a function of (i) the degree of heterogeneity, (ii} the correlation length, {iii)
the spatial resclution, (iv} the spatial scale and (v) the prevailing soil moisture
conditions (Section 8.2);
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— Parameter variability studies have indicated that uncertainty associated to the
evaporative fraction is less than to the bulk surface resistance if both are estimated
by SEBAL (Section 9.3);

— Despite the empirical character on certain computation steps and the ignorance of
calibration with in-situ flux densities, the validation of SEBAL for EFEDA indicates
a relative error in evaporative fraction of 20%, 10% and 1% at a scale of 1 km, 5
km and 100 km respectively. Hence, if a larger set of pixels is considered, the error
averages out (Section 8.1). The same comment applies to uncertainty of the model
predictions: the uncertainty of SEBAL output at a fixed probability level for
homogeneous areas is larger than for heterogeneous areas (Section 9.4)

SEBAL can be used to:

— Study probability density functions and semi-variograms of several common hydro-
meteorological parameters and the retrieval of their area-effective values;

— Initialize and validate large-area land surface parameterization schemes;

— Derive area-effective soil physical properties applying inversion techniques;

— Monitor long term land surface energy patitioning for detection of possible land
degradation such as water logging, desertification and salinization;

— Improve the performance of irrigation water supply by comparing actual water use
with actual water supply at different spatial scales;

— Support regional crop yield forecast models using distributed and crop wise averaged
evaporation rates;

— Study air pollution processes being related to sensible heat flux densities;

— Design and allocate pilot areas in regional hydrologica! field studies.
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Annex 1 Solar radiation and near-surface vertical air temperature

difference observations in the Qattara Depression
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Site 3, 19 June 1988
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Annex 2 Calibration of EVADES simulations
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Annex 3 EFEDA heat flux densities, June 29, 1991

Table A3.1: The error range of the energy fluxes are given between brackets (W m™).

Fiux Flux  EFEDA partner Land use Ground SEBAL SEBAL
station based 25 pixels 91 pixels
o 1 Univ. Wageningen {Wat}  Fallow 411 496 (4) 484 (7)
o 2 Inst. of Hydrology Vetch 452 523 (4) 524 (4)
a 3 Inst. of Hydrology Vineyard 448 499 (7) 513 (17)
) 4 CNRM-4 Vetch 505 502 (5) 518 (19)
Q 5 CNRM-2 Vineyard 498 490 (8) 484 (10)
Q 6 Univ. Wageningen {Met) Vineyard 488 487 (7) 490 (12)
@ 7 Staring Centre Vineyard 482 480 (7) 487 (10)
@ 8 Univ. Copenhagen Vineyard 500 508 {7) 498 (12)
o 9 CNRM-B Fallow 563 514 (3) 505 (12)
a 10 Univ. Karlsruhe Maize 620 643 (3) 596 (39)
o 11 Univ. Karisruhe Fallow 4 508 (7) 523 (15)
H 1 Univ. Wageningen (Wat)  Fallow 263 (26) 332 (20) 311 (19)
H 2 inst. of Hydrology Vetch 196 {(10) 326 (B) 332 (5)
H 3 Inst. of Hydrology Vineyard 232 (12) 266 (9) 282 (13)
H 4 CNRM-4 Vetch 228 (23) 363 (10} 338 (15)
H 5 CNAM-2 Vineyard 198 {20) 310 (8) 312 (4)
H 6 Univ. Wageningen (Met)  Vineyard 239 (12) 306 (15) 306 (6)
H 7 Staring Centre Vineyard 235 (35) 304 (15) 306 (8)
H 8 Univ. Copenhagen” Vineyard 290 (15) 298 (6) 296 (6)
H 9 CNRAM-6 Fallow 415 (42} 361 (7) 352 (2)
H 10 Univ. Karlsruhe Maize 107 (5) 161 (11) 242 (3)
H 1 Univ. Karisruhe Fallow 292 (15) 401 (9) 390 (3)
AE 1 Univ, Wageningen (Wat)  Fallow 35(8) 56 (15) 65 (16)
AE 2 Inst. of Hydrology Vetch 53 (3) 9 (9) 84 (13)
AE 3 Inst. of Hydrology Vineyard 13 (5) 131 (16} 123 (25)
AE 4 CNRM-4 Vetch 95 (23) 3(13) 71 {49)
AE 5 CNRM-2 Vineyard 152 (36) 75 (12) 66 {13)
AE 6 Univ. Wageningen (Met) Vineyard 8 (4) 76 (2) 79 (19)
AE 7 Staring Centre Vineyard 83 (12) 8 (22) 77 {21)
AE 8 Univ, Copenhagen” Vineyard 83 (4 16 (1) a7 (12)
AE 9 CNRM-6 Fallow 67 (16) 57 (1) 59 (1)
AE 1 Univ. Karisruhe Maize 491 (25) 411 (12) 279 (114}
AE, 1 Univ. Karlsruhe Fallow 10 (1) 10 (27) 37 27
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Table A3.1; General characieristics of the equiped sites.

Station  EFEDA pariner Land use integration Method-H Method-AE
number time {min.}
1 Univ. Wageningen (Wat) Fallow 30 sigma-T, fowen-ratio Powen-ratio
2 Inst. of Hydrology Vetch 60 eddy eddy
3 Inst. of Hydrology Vineyard &0 eddy eddy
4 CNRM-4 Vetch 30 2 level profiles residue
5 CNRM-2 Vineyard 30 2 level profiles residue
3] Univ. Wageningen (Met} Vineyard 10 eddy, sigma-T, profile profile, residue
7 Staring Centre Vineyard 5 Bowen-ratio idem
interchange
8 Univ. Copenhagen Vineyard 10 eddy eddy
g CNRM-6 Fallow 30 2 tevel profiles residue
10 Univ. Karlsruhe Maize 10 eddy, 6 level profiles eddy
11 Univ. Karlsruhe Fallow 10 eddy. 6 level profiles  eddy
12 Univ. Reading Vineyard 5 6 level profiles, sigma- residue
T
13 Univ. Reading Vatch 5 5 level profiles, sigma- PBowen-ratio

T
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Annex 5 Radiative land surface properties of the main land use

categories in the Eastern Nile Delta and Eastern Desert

Sub-grid 7, A A T, NDVI
) () ('C) (‘Cc) 9]

1 0.076 0.056 25.8 3338 0.1
2 0.124 0.113 372 38.0 0.75
3 0.124 0.113 31.1 319 0.70
4 0.144 0.137 308 Nz 0.68
5 0.152 0.146 234 342 0.63
& 0.161 0.158 35.0 366 0.1
7 0.191 0.194 36.7 383 0.58
8 0.186 0.188 38.5 40.1 0.54
) 0.202 0.207 40.0 118 051
10 0.215 0.223 40.4 428 0.48
11 0.228 0.239 41.1 435 0.45
12 0.241 0.254 M7 44.1 0.41
13 0.252 0.268 48 448 0.38
14 0.264 0.282 423 455 0.35
15 0.274 0.294 421 45.3 0.33
16 0.283 0.305 M. 452 0.31
17 0.202 0.316 4.0 451 0.30
18 0.306 0.322 40.8 448 0.29
19 0.325 0.355 410 45.1 0.28
20 0.360 0.397 407 447 0.27
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List of frequently used symbols

Some of the symbols used in a few consecutive equations falling outside the mean line
of argument, are defined in the text only.

Symbot Interpretation Unit

A total area m?

a sub-area m?

a,’ soll apparent thermal diffusivity m? g’

b bandwith um
Cih,) differential soil water capacity m’

[ entity variable
c, soil specific heat Jkg' K'
c, air specific heat at constant pressure Jkg' K’
C, water specific heat Jkg' K
D, air molecular diffusion m? g’

D, soil iso-thermal molecular vapour diffusivity m?s’
o effective soil vapour diffusivity m? s’

Df Fick soil vapour diffusivity m? s’

D¥ Knudsen soil vapour diffusivity m? s’

D, soil iso-thermal liquid diffusivity m? s’
D total soll fiquid diffusivity m? g"
D,y soil thermal liquid diffusivity m? ¢! K
D, drainage rate meg’

d zero-plane displacement m

d, Earth-Sun distance AU

E actual evaporation rate kg m® g"
£, open water evaporation rate kgm® g’
E evaporation rate of intercepted water kg m® s’
E actual surface soil evaporation rate kg m? s’
E, potential evaporation rate kg m® s
E.. actual soil evaporation rate kg m? s’
E.. substrate evaporation rate kg m? s’
E, potential soil evaparation rate kg m? s’
E, actual canopy evaporation rate kg m? s’
E, potential canopy evaporation rate kg m* g
E, actual sub-surface soil evaporation rate kgm? g’
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Penman-Monteith evaporation rate
Priestley & Taylor evaporation rate
daily integrated evaporation rate (24 hours)

water vapour pressure
saturated vapour pressre
surface flux density

adhesive farce

s0il heat flux density at the lower side of a slab
surface soil heat flux density
acceleration due to gravity
sensible heat flux density
total pressure head
gravitational head

matric pressure head

osmotic pressure head
pneumatic pressure head
vagetation height

irrigation water supply rate
Day number

near-surface soil heat storage
specific permeability

path radiation flux density

incoming shortwave radiation flux density
outgoing shortwave radiation flux density

global diffuse radiation flux density

in band exo-atmospherical radiation flux density
exo-atmospherical radiation flux density

radiation flux density perpendicular to the Top Of Atmosphere
in-band radiation flux densty perpendicular to the Top Of

Atmosphere
bi-directional spectral radiance at the sensor
net shortwave radiation flux density

eddy viscosity for heat transport

eddy viscosity for momentum transport

addy viscosity for vapour transport

Von Karman's constant

roughness for momentum/eat flux density ratio
unsaturated hydraulic conductivity

saturated hydraulic conducitivity

wm?
W m?

wm? e pm’

m2 5-1

m? g’

m? s’

ms
ms




Monin-Obukov length

incoming longwave radiation flux density

outgoing at-surface longwave radiation flux density
spectral outgoing longwave radiation at top of atmosphere
spectral atmospheric upward emitted radiation

spectral atmospheric downward emitted radiation

spectral radiation leaving the land surface

net longwave radiation flux density

spectral radiance at sensor aperure

spectral radiance intensity

spectral black body radiance

leaf area index

parameter of van Genuchten model
latitude

longitude

mean molecular free path
molecular mass

matric flux potential

normalized difference vegstation index
parameter of van Genuchtan model
precipitation rate

total air pressura

bottom flux density

net radiation flux density

conductive soil heat flux density
convective soil heat flux density
total soil heat flux density

total vapour flux density

Fick’s vapour flux density
Knudsen’s vapour flux density
Darcy’s vapour flux density
turbulent soil air flux density
iso-thermal liquid flux density
thermal liquid flux density

total liquid water density

air specific humidity

humidity scale

hemispherical reflectance of the atmosphere
atmospheric reflectance of diffuse radiation

rad

kg rmoi”

m?. s-‘l

ms
mbar
msg
W m?

wWm?

wm?

W m*

kg m?s
kg m? s’
kgm?s’
kgm?s’
kg m* s’
ms
ms

1

ms
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offective pore radius
directional planetary reflectance
hemispherical surface reflectance at the land surface

aerodynamic rasistance o heat transport
aerodynamic resistance to momentum transport
aercdynamic resistance to vapour transport
runoff rate of surface water

universal gas constant

canopy resistance

bulk surface resistance

surface resistance to total bare soil evaporation
s0il resistance to heat transport

soil resistance to water vapour transport

soil resistance to water liguid transport
stomatal resistance to water vapour transport

degree of saturation

sink/source of heat

sink/source of water vapour

sink/source of liquid water

slope of the saturation vapour pressure curve in air
fractional soil coverage

temperature

air temperature

air potential temperature

soil temperature

radiation temperature at sensor aperture
heat source temperature

aerodynamic surface temperature
surface temperature

surface radiation temperature
temperature scale

Greenwich Mean Time
local time

relative humidity
horizontal wind veiocity
friction velocity

tlaminar air flow velocity
turbulent air flow velocity
molecular speed

sm
sm
sm
ms
J mol* K
sm
sm
sm
sm
sm
sm
sm

wm?®
kg m® s
-1

mbar K'

ARARARARXRXRARRXERARA

> T

ms
ms
ms
ms’
ms




=

1zi

1w R R

soil water storage

distance

height

depth

blending height

effactive depth of zone of vaporization

depth to groundwater table

effective depth of zone with quasi constant liquid flow
near-surface height

aerodynamical roughness length for momentum transport
aerodynamical roughness length for heat transport
aerodynamical roughness length for water vapour transport

parameter of the Priestley and Taylor model
parameter of van the Genuchten model

Bowen ratio

G/Q’ ratio

proportionality factor in G,/Q’ ratio

extinction factor in Gy/Q' ratio

psychrometric constant

solar declination

near-surface vertical air temperature difference
spectral emissivity

apparent thermal infrared emissivity of atmosphere at ground

lavel

effectiva thermal infrared emissivity of atmosphere at ground
level

surface emissivity

dynamic viscosity of air

Monin - Obukhov’s stability correction parameter
volumetric soil water content

residual soil water content

saturated soil water content

surface soil water content

soil water content at depth z,

latent heat of vaporization

wavelength

latent heat flux density

macroscopic soil thermal conductivity
apparent macroscopic soil thermal conductivity
evaporative fraction

kinematic viscosity

3 33333333333

mbar K"
rad
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P.C, air heat capacity Jm’ K!

PsCs soil heat capactity Jm? K
PuCo water heat capacity Jm? K
Pa moist air density kg m?
Py dry air density kg m*
s soil dry bulk density kg m®
Pu water density kg m*®
Py vapour density kg m*®
o Stefan Boltzmann constant W m?K*
Oa surface tension of water against air N m’

T momentum flux density N m?
Tow atmospheric shortwave transmittance -

(W two-way atmospheric shortwave transmittance -

1, spectral atmospheric transmittance -

. Monin-Obukhov tunction for atmospheric momentumn transport -

o, Monin-Obukhov function for atmospheric heat transport -

@, Monin-Obukhov function for atmospheric vapour transport -

[ sun zenith angle rad

L azimuth angte rad

W, angle of contact rad

¥, stability correction for atmospheric heat transport -

Yo stability correction for atmospheric momentum transport -

v, stability corraction for atmospheric vapour transport -

® weighing coefficient -

o, angular frequancy rad s
ae waler vapour pressure saturation deficit mbar

~ proportional reprasentation
= more or less equal to
symbol area-effective value

<gymbol> area-average value
symbol *  process effective value
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LIST OF ACRONYMS

AV Average

AVHRR Advanced Very High Resolution Radiometer
BATS Biosphere - Atmosphere Transfer Scheme
BCRS Netherands Remote Sensing Board

CNRM Centre National de la Recharche Météorologique
cv Cosfficient of Variation

cwsl Crop Water Stress Index

pLo Dienst Landbouwkundig Onderzoek

DN Digital Number

ECHIVAL European international project on Climatic and Hydrological Interactions between Vegetation,
Atmosphere and Land surfaces

ECMWF  Europsan Centre for Medium range Weather Forecasts

EFEDA Echival First field Experiment in Desertification threatened Area

ERA Elementary Representative Area

EVADES EVAporation in DESearts

FIFE First ISLSCP Field Experiment

GEWEX Global Energy and Water Cycle Experiment

GMT Greenwich Mean Time

HAPEX Hydrological and Atmospharic Pilot Experiments
IAHS International Association for Hydrological Sciences

ICASVR Intemational Commitiee on Atmosphere-Soil-Vegetation Relations
ISLSCP Intemational Satellite Land Surface Climatology Project

LAl Leaf Area Index

MOBILHY Modélisation du Bitan Hydrique

NASA National Aeronautics and Space Administration
ND Normalized Difterence

NDVI Normalized Difference Vegetation Index

NIR Near-infraRed

NOAA National Oceanic and Atmospheric Administration
PBL Planetary Boundary Layer

REV Representative Elemantary Volume

SAR Synthetic Aperture Radar

§C Staring Centrum

SC-DLO  DLO Winand Staring Centre

8D Standard Deviation

SEBAL Surface Energy Balance Algorithm for Land

SEBI Surface Energy Balance Index

SiB Simple Biosphers model

SIWARE  Slmulation of Water managment in the Arab Republic of Egypt
SOP Special Observation Period

SVAT Soil Vegetation Atmosphere Transfer

SWATRE  Soil Water and Actual Transpiration Rate Extended
TIR Thermal-InfraRed

™ Thematic Mapper

TOA Top Of Atmosphere

UTM Universal Transfer Mercator

VIS VISible

WDl Water Deficit index
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Samenvatting

De tosnemende belangstelling voor sen duurzame leeforngeving heeft het aantal
regionale milieu- en hydrologiestudies sterk vergroot. Meteorologische studies naar weer
en klimaat worden zelfs uitgevoerd op sub-continentale en mondiale schaal. In al deze
studies speelt de wisselwerking tussen land en atmosfeer een essentiéle rol. Ofschoon
het niet aan de fysische kennis ontbreekt om het verdampingsproces te beschrijven
en om de intensiteit voor homogene gebieden te berekenen, is de kwantificering van
de gemiddelde verdamping voor een heterogeen landopperviak op regionale schaal
inclusief het vaststellen van de ruimtelijke spreiding in verdamping, nog vrij onzeker,
Dit kan worden toegeschreven aan de ruimtelijke spreiding van de bodemeigenschappen,
de variatie in het landgebruik, een ongelijke bodembedekking en de verschillen in bodem-
vocht.

Landopperviakie-eigenschappen kunnen met behulp van satellisten op grote schaal
en met een vaste regeimaat worden gemeten. Deze remote-sensing-stralingsmetingen
hebben bstrekking op de fysische condities van het aardopperviak en verdamping kan
via vertaalfuncties (algoritmes) worden geschat. Reeds bestaande algoritmes zijn vaak
ontwikkeld voor specifieke vormen van landgebruik. in (semi-) aride gebieden is de
geometrie van de landschapselementen onregelmatig en is een classificatie van het
landgebruik daardoor moeilijk uit te voeren. Voor een implementatie van remote-sensing
algoritmes zijn aanvullende gegevens over de lokale hydro-meteorologische condities
nodig. Dit is moeilijk te realiseren voor uitgestrekte heterogene gebieden waar weinig
hydro-meteoroiogische meetgegevens verzameld worden.

Om aan de genoemde bezwaren tegemoet te komen, is in deze dissertatie het Surface
Energy Balance Algorithm for Land (SEBAL) model ontwikkeld. Dit model heeft geen
standaard synoptische metearologische waarnemingen nodig. Wel is het noodzakelijk
op enkele plaatsen metingen van oppertviakte-temperatuur, transmissiviteit van de
atmosfeer en schatting van de terreinruwheden ter beschikking te hebben. SEBAL
karakteriseert elk beeldslement met een waarde voor de opperviakte-albedo, de
vegetatie-index en de opperviakte-temperatuur. Elk beeldelement van een
satelliestopname wordt vervolgens als een homogeen object beschouwd. De daarbij
behorende micro-meteorologische wetmatigheden voor verticaal warmte- en
vochttransport worden achtereenvolgens toegepast. Sattelietmetingen met verschillen
in afmetingen van de individuele beeldelementen kunnen worden gebruikt, zodat er een
mogelijkheid ontstaat om voor verschillende ruimtelijke schalen en voor verschillende
frequenties de verdamping te schatten.

Er is een nieuwe parameterizatie ontworpen voor de beschrijving van de dagelijkse gang
in de bodemwarmtestrcom. Dezs remote-sensing paramsterizatie karakteriseert de
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fysische condities van de kale bodem met behulp van opperviakte-temperatuur en
opperviakte-albedo. Voor de voelbare warmtestroom is gekozen voor een inverse
berekening van de regionale spreiding in verticale luchtternperatuurverschillen omdat
het karteren van de absolute waardes van oppervlakte-temperatuur en luchttemperatuur
op afzonderlijke wijze een permanente bron van teleurstelling is. Het afleiden van de
verticale verschillen in luchttemperatuur uit het desbetreffende studiegebied zonder
meetgegevens kan worden gerealiseerd door de voelbare warmtestroom voor
landeenheden met een opperviakte-albedo kleiner dan 0-10% en esn lage opperviakte-
temperatuur te verwaarlozen. Voor landeenheden met een opperviakte albedo groter
dan 0,30 en een hoge opperviakte-temperatuur kan de latente warmtestroom worden
verwaarloosd. Hiermee worden de extremen in voelbare warmtestroom a priori
gekwantificeerd. De helling tussen de opperviakie-albedo en opperviakte-temperatuur
is een maat voor de overdrachtsweerstand van de voelbare warmtestroom.

Het SEBAL concept is getest voor zowel verschillende landgebruikseenheden (woestijn,
oase, geirrigeerde landbouw, regenathankelijke landbouw, natuuriijke vegetatie) als op
verschillende schalen in Egypte en Spanje (1 t/m 1000 km). De modelresultaten zijn
getoetst op een ruimteschaal tussen 1 km en 100 km. Bij een verdampingsfractie van
0,5 (latente warmtestroom/netto beschikbare energie} treedt voor een heterogeen gebied
een fout van ongeveer 20% op bij een schaal van 1 km. Deze fout neemt af bij een
toename van de gebiedsgrootte: Op een schaal van 100 km was in het geval van Spanje
de fout ongevesr 5%. En dergelijke relatie tussen schaal en afwijking van de schattingen
is ook voor Egypte geconstateerd. Het is aangetoond dat de fout in het algemeen
verandert met de mate van heterogeniteit in de verdampingsprocessen, de correlatie-
lengte van de verdamping, de afmetingen van een enkel beeldelement, de horizontale
schaal waarop de verdamping dient te worden geschat en de vochtigheidscondities van
het landopperviak. De te verwachten fout verschilt dus met de keuze van resolutie in
relatie tot de horizontale schaal waarvoor de schattingen dienen te worden gemaakt
en deze aspecten verdienen aandacht bij de keuze van het beeldmateriaal.

De geschatte momentane warmtestromingen kunnen worden geinterpreteerd naar
vochtindicatoren. In deze dissertatie wordt aangetoond dat de verdampingsfractie tussen
10% en 16% uur lokale tijd voor zowel homogene als heterogene landoppervlaktes niet
meer dan 20% varieert, waardoor tijdsintegraties van fluxdichtheden kunnen worden
verwezenlijkt. Bovendien is aangetoond dat de verdampingsfractie (ten opzichte van
een verdampingsweerstand) relatief ongevoelig is voor afwijkingen in de
modelparameters. De fysische betekenis van een verdampingsweerstand van een
heterogeen opperviak is met behulp van een verklaring van de kale bodemweerstand
voor verdamping en bodembedekking aangetoond. De ruimtelijke patronen kwamen
volgens de theorie voor het mestgebied in Spanje goed overeen met de op een
onathankelijke manier gemeten bodemvochtpatronen. Omdat de verdampingsweerstand
slechts in geringe mate op veranderingen van de netto beschikbare energie reageert
(in tegenstelling tot verdampingsfractie), is de weerstand geschikt om de hydrologische
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toestand van een heterogeen landopperviak voor een langere tijdsduur {(week, maand,
jaar) te beschrijven.

Met de ontwikkelde methode in deze dissertatie kunnen simulatiemodelien voor hydrolo-
gie, meteorologie, irngatiewaterbeheer en landinventarisatie waar regionale verdamping
een belangrijke rol speelt, worden verbeterd. Doordat het werkelijk watergebruik op
regionale schaal kan worden uitgerekend, ontstaat een mogelijkheid in combinatie met
informatie over wateraanvoer en neerslag, het waterbeheer van het landelijke gebied
te verbeteren.
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