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Abstract: Field-based soil moisture measurements are cumbersome. Remote sensing techniques based on active or passive microwe
data have limitations. This paper presents and validates a new method based on land surface energy balances using remotely sensed op
data(including thermal infrared which allows field and landscape-scale mapping of soil moisture depth-averaged through the root zone
of existing vegetation. Root zone depth can be variable when crops are emerging. The pixel-wise “evaporative fratioof latent

heat flux to net available energig related to volumetric soil moisture through a standard regression curve that is independent of soil and
vegetation type. Validation with measured root zone soil moisture in cropped soils in Mexico and Pakistan has a root mean square errc
of 0.05 cnicm 3 the error is less than 0.07 émm 2 in 90% of cases. Consequently, soil moisture data should be presented in class
intervals of 0.05 cricm 3. The utility of this method is demonstrated at the field scale using multitemporal thematic mapper imagery for
irrigated areas near Cortazar in Mexico, and for river basin-scale water resources distribution in Pakistan. The potential limitation is the
presence of clouds and the time lag between consecutive images with field-scale resolution. With the falling price of optical satellite
imagery, this technique should gain wider acceptance with river basin planners, watershed managers, and irrigation and drainag
engineers.
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Introduction 2001, an emerging tool for integrated water management deci-
sion making in river basins. Although the need for integrated

Soil moisture is a key hydrologic parameter linked to water avail- water resources management is recognized and is currently being
ability, land surface evapotranspiration, runoff generation, promoted, itis highly questionable whether sufficient data exist or
groundwater recharge, and irrigation scheduling among other pro-can effectively be collected at the watershed or river basin level to
cesses. Knowledge of the actual soil moisture conditions signifi- actually operationalize integrated management.
cantly helps in quantifying a range of hydrological processes and Data scarcity is more the rule than the exception for hydro-
indicates where water is physically present in watersheds andlogical studies and modeling applications alik&rnold et al.
river basins. The deviation between actual and desirable values 0fl993; Refsgaard 1997Upper catchments in river basins gener-
soil moisture is critical for the water resources management ally act as runoff-generating areas. Knowledge of the spatial pat-
decision-making process. Wetlands should be wet to conserve naterns of soil moisture is of immense importance to understand
tive vegetation and habitats, agricultural soils should be suffi- how much water is stored and captured in uplands as a means to
ciently drained to prevent waterlogging and control salinity, while partition water retained upstream, runoff available to downstream
irrigation may be necessary to supplement soil moisture when users, and recharge of groundwater. Flood prediction, including
root water uptake is below the limit that results in crop yield information on the spatial extent of inundation, discharge, and
reductions. timing of the flood peak, and duration of recession, is critically

Water conservation and management strategies require infor-dependent on soil moisture data. Similarly, changes in soil mois-
mation on the use and flow paths of water. Soil moisture patternsture at the land—atmosphere boundary are of critical importance
can help in the delineation of hydronomic zor(@olden et al. to the parametrization of weather prediction and climate models

(Oki et al. 1999; Walker and Houser 2001
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Table 1. Overview of Remote Sensing Techniques to Estimate Soil

Moisture Based on Different Parts of Electromagnetic Spectrum

Digital Elevation

Model *

Spectrum Advantage Disadvantage
Passive « All weather  Soil moisture only Net Radiation
microwave conditions technique retrievable fl‘i:igs‘z;‘““ge :
from the top layer \ -
and for.light Soil Heat Flux
vegetation Indices
* Good physical « Large pixel size
basis from satellites Wind Speed +
« Aircraft Z;ffef:fff,"""i"" o
acquisitions Evapotranspiration evaporation points
are expensive
Active « All weather * Moisture estimates
gzrs)wave conditions technique ?:j;i::sy surface Fig. 1. Schem.atic summary of surface_e_nergy balance a]gorithm for
. i land computational process for determining evapotranspiraéifiar
* Good physical « Aircraft based Morse et al. 200D
basis measurements have
a penetration depth
limited to a few
decimeters radar is that large archives of high-resolution data exist and con-
« Satellite based tinue to be collected operationally, e.g., landsat thematic mapper
measurements are (TM) imagery since 1982, and advanced space-borne thermal
expensive emission and reflection radiomet@&STER) since 2000. The in-
novative elements of this method ai@) the derivation of soil
Visible * Simple to * Cloud free moisture content, depth-averaged throughout the root zone of
operate conditions standing vegetation with high spatial resoluti@® mx30 m) and
required broad coveragémultiple kn?); (2) multitemporal coverage over
* Applicable at a * Strong vegetative or crop growth cycle§3) the use of routinely avail-
range of spatial empirical able satellite imagery; an@#) the low costs of data acquisition
and temporal scales character and processinge.g., ASTER imagery is currently distributed for
Thermal « Provides an « Cloud free U.S.$55 per scene by the U.S. Geological Survey Center
infrared integrated soil moisture value conditions
for the root zone required o . . )
- Good physical « Depth of the Existing Remote Sensing Soil Moisture Models
basis root zone is ) ) ) ) ) )
- Applicable at a variable across The basis for microwave remote sensing of soil _m0|stu1_re is the
range of spatial and an image strong dependence of the soil's dielectric properties on its mois-

temporal scales
* Cost effective
technique

ture content. The contrast between the dielectric constant of water
and that of dry soil is great; soil moisture is thus clearly mani-
fested through the dielectric properties. Microwave techniques
have the strong advantage of being able to penetrate clouds,
which is extremely useful in humid regions and at higher latitudes

hydrological, environmental and agricultural applications, as with frequently cloud covered skies. Operational microwave tech-
mentioned however, require information on the root zone soil nologies from remote platforms have wavelengths in the range of
moisture content, which coincides with approximately the first a few centimeters to a few decimeté€; L, P bands are equiva-
meter of soil depth at a resolution of one hectare or finer and overlent to 5.6, 21, and 68 cm or 5.3, 1.4, 0.438 GHz, respectively
wide spatial scales. This requires the pixel dimension to be lessDue to these limited wavelengths, microwave techniques can only
than 100 m, and limits the selection of satellite platforms to those provide estimates of the near-surface soil moisture content, i.e.,
that collect data at high spatial resolution. Conventionally, high- the upper few centimeters of the soil profile.g., Engman and
resolution soil moisture studies are based on synthetic apertureChauhan 1995; Njoku and Entekhabi 1996; Jackson 1997
radar (SAR) measurementée.g., Moran et al. 2002 At present Soil moisture estimates can be obtained with airborne passive
(December 2002 there are only two operational SAR-based sat- radiometers for soil depths between 0 and 10(erg., Schmugge
ellite producing images with th€ band(RadarSat and EnviSat 1999. Under denser vegetation, the effect of leaf water content
these are of limited utility for soil moisture applicatiorisee becomes dominant and the technique is therefore more suitable
below and are relatively expensive. The situation will likely for sparse vegetation cover. The shallow depth of 10 cm is insuf-
change in the future when more SAR systems are launched. ficient to obtain root zone soil water storage, as many crops root
This paper attempts to semioperationally assess the root zoneup to 100 cm deep or more, and the soil moisture conditions over
soil moisture content using optical imagery. The method devel- these depths behave essentially independently from the near-
oped and validated here for irrigated conditions in central Mexico surface soil moisture. Another clear limitation of this technique is
and Pakistan could be applied to other land and soil moisture that special airborne missions must be organized, given that spa-
regimes. The advantage of using optical imagery as opposed toceborne microwave radiometers have a resolution varying be-
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. A=0421In0+1.284 available on satellite platforms. In general, the limitation of mi-
crowave methods is that they cannot be used to estimate soil
moisture in the root zone under lush green vegetation, such as in

o
®

b
IS

4 Mediterranean crops

< . . . ey
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of vegetated surfaces for the determination of subsurface soil
moisture. Mahfouf(1991) used a data assimilation technique to
infer surface soil moisture from the surface energy balance and
temperature observations. Li and Islah®99 worked on a simi-
lar technique. Despite the fact that substantial effort has been
made to describe crop water stress using surface temperature as
Fig. 2. Exponential relationship between volumetric soil moisture the primary variablée.qg., Jackson et al. 1977; 1981; Moran et al.
and evaporative fraction obtained from experimental data collected in 1994, quantitative assessments of soil moisture using crop water
Kansas first international satellite land surface climatology project stress parameters as intermediate variables are not common. The
field experiment and Spain ECHIVAL field experiment in converse is, however, often applied in agro-hydrological studies
densification-threatened areas where soil moisture is used to reduce potential evapotranspiration
to actual evapotranspiratioie.g., Belmans et al. 1983; Wagenet
and Hutson 1996; Allen 2000; Sarwar et al. 2000n similar
tween 50 and 150 km. The need to pay for special flights with grounds, it can be argued that the difference in actual and poten-
passive radiometers to allow data acquisition at roughly 50 m tial evapotranspiration is caused by soil water stress. Further, the
resolution makes frequent moisture surveying on an operationalmoisture that is transported to allow transpiration through the
basis infeasible and unaffordable. canopy originates throughout the vegetative root zone, typically
Active radar transmits an electromagnetic pulse that is direc- one meter for most fully established irrigated crops. However, the
tionally scattered and reflected off rough surfaces. Multiple fre- actual root zone depth will depend on the stage of crop or veg-
quency and polarization observations are required to simulta- etative development and could be less than 1 m. Mature forest
neously retrieve small-scale roughness and dielectric propertiesSystems may on the contrary root much deeper and can go up to
The 20-30 m spatial resolution of active microwave sensors in a few meters. Thus, it is critical to emphasize that comparison of
the form of radars aboard the European remote send&Rp remotely sensed estimates of actual and potential evapotranspira-
satellite, Japan Earth resourc€lfERS satellite, RadarSat, and tion should be suitable to infer root zone soil moisture.
EnviSat is very good. The ERS and JERS satellites are, however, On the basis of the extensive availability of Landsat imagery
no longer operational. Promising results for bare soils are re- with its associated thermal infrared measurements and favorable
ported by for instance Su et L1997 and Mancini et al(1999. spatial resolution of 30 mM60-120 m in the thermal infrared
The C-band wavelength of 5.6 cm used by these sensors is insuf-band, a soil moisture module related to the surface energy bal-
ficient to penetrate the vegetation layer and the backscatter coefance will be further elaborated. The primary requirement is an
ficient is significantly affected by surface roughnésiaby and adequate description of the surface energy balance prevailing
Elachi 1990; Verhoest et al. 1998; Hoeben and Troch 20B6n- under actual environmental conditions. This approach, based on
erally, the application o€-band SAR images is only suitable for the principle that the partitioning of surface heat fluxes is an
“light vegetation”. Van Oevelen(1999 demonstrated that by indication of soil moisture conditions, is not new. Earlier achieve-
combining airborne active microwave radar measurements with ments were reported by Davies and All€i®73 for agricultural
68 cm waves(P band, it is possible to estimate soil moisture soils in Canada, de Bruifl983 for pastures in The Netherlands,
integrated over a layer of 17 cm depth; however, this is still and Owe and van de Grierld990 for semiarid watersheds in
considered shallow. Moreover, this solution requires expensive Botswana. All these studies are based on the Priestley—Taylor
aircraft operation because tfeband radar is not operationally ~parameter to describe actual evaporation under water stressed
conditions as a function of soil moisture content. Kustas et al.
(1999 worked on establishing a relationship between surface en-

Table 2. Soil Characteristics, Moisture Ranges, and Vegetation Types €rgy partitioning(they used the Bowen ratio for thaand near-

Used to Determine Evaporative Fraction—Soil Moisture Relationship surface soil moisture maps generated from passive microwave
Shown in Fig. 2 data collected during the Washita watershed in Oklahoma. Table 1

summarizes the practical feasibility of using various spectra to
estimate soil moisture.

0.2 4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
Absolute soil moisture, 0 (v/v)

Soil moisture Sensor
range depth
Location Soil type (cm*cm™9) (cm)  Vegetation/crop types

Kansas  Alluvial  0.08-0.49 2.5 Ungrazed grassland ~ Soil Moisture Estimates from Surface Energy

prairie, and Balance Algorithm for Land
USA loe . .

ss The surface energy balance algorithm for [a{8EBAL) is an
Kansas Alluvial 0.08-0.43 25 Grazed grassland image-processing model comprised of 25 computational steps that
prairie, and calculates the actual and potential evapotranspiratih and
USA loess other energy exchanges at the earth’s surface using digital image

data collected by Landsat or other remote-sensing satellites mea-
suring visible, near-infrared and thermal infrared radiation. Sur-
face energy balance algorithm for land algorithms compute a
complete radiation and energy balance for the surface along with

Castillala Loamy 0.06-0.32 10-50 Vineyard, barley,
Mancha, sand wheat, maize, alfalfa
Spain

328 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE / SEPTEMBER/OCTOBER 2003



0.50

——— Table 3. Thematic Mapper Image Acquisition Dates for Surface En-
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i e ergy Balance Algorithm for Land Soil Moisture Determinations in
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Fig. 3. Soil moisture(% v/v) measured in field by frequency domain
radiometer(Pakistan and capacitance prol§®lexico), and estimated
from evaporative fraction using E9). In Pakistan evaporative frac-  frared radiances. All computations are made specific to each pixel
tion was measured in situ; in Mexico, evaporative fraction was de- in the image. Iterative predictions of sensible heat are improved
rived from thematic mapper measuremeris=62). using atmospheric stability corrections based on Monin—Obukhov
similarity. Endpoints forH within a satellite image are bounded
by known evaporative conditions at key reference points. These
heat fluxes and resistances for momentum, heat and water vaporeference points include pixels having little or no evaporation.
transport. Evapotranspiration is computed as a component of theSpecific solutions of Eq(1) applies to recently burned areas
energy balance on a pixel-by-pixel basis. Whereag.&3 based (whereH~R,—G), desert areas having depleted soil water (
on an energy balance residual term, k1 based on a minimum  ~R,—G), fallow land that has not received rainfalH¢- R,
surface resistance that is a function of leaf area index and reduc-—G), shallow water bodiesH~0), and well irrigated fields
tion terms for ambient heat and water vapor stress. A general(whereH~0 so that\E~R,,— G). Evapotranspiration is finally
schematic of the SEBAL process is illustrated in Fig. 1. Detailed calculated from\ E by dividing by the latent heat of vaporization,
discussions are outside the scope of this publication; readers arex. Applications of SEBAL are presented in Bastiaanssen et al.
referred to Bastiaanssen et @998 and Bastiaanss&2000 for (2000; Morse et al(2000; Allen et al.(2001); Bastiaanssen and
a complete description of SEBAL. Bandara(200J); and Bastiaanssen et #2002

The SEBAL procedure consists of a suite of equations that A first approximation of volumetric soil moisture is obtained
solve the complete energy balance using a statistical relationship between moisture and the evapora-

NE=R,—G—H B tive fraction of latent heafhet radiation minus soil heat flux

This relationship between energy partitioning and soil moisture
where\ E=latent heat fluxthe energy used to evaporate water for two large-scale field campaigns dedicated to soil moisture—
R,=net radiation at the surfaceG=soil heat flux; and

evaporation—biomass interactions, first international satellite land
H=sensible heat flux to the aiR, is computed for each pixel surface climatology project field experimenFIFE) and
using albedo and transmittances computed from short wave band$£CHIVAL field experiment in densification-threatened areas
and using long wave emission computed from the thermal band.(EFEDA), is demonstrated in Fig. 2. The first international satel-
Soil heat flux is predicted using vegetation indices computed from lite land surface climatology proje¢tSCLCP field experiment
spectral data and net radiation. Sensible heat is calculated fromwas held south of Manhattan on the Kansas prairie during 1987
several factors: surface temperature and a single wind speed meaand 1989Sellers et al. 1992and aimed at developing models for
surement at the ground, and estimated surface roughness anthnd—surface—atmosphere interactions on regional and global
surface-to-air temperature differences predicted from thermal in- scales. In a paper by Smith et &.992, in situ measured heat
fluxes and soil moisture data from FIFE were presented; these
data are included in Fig. 2. The data were collected from 22
surface flux stations at 20 sites during four intensive field cam-
paigns conducted during 1987. The dominant land use was grass-
& land and the soil types were essentially alluvial or e@@&e Table
2). Soil moisture was obtained by means of gravimetric measure-
8% ments at 2.5 cm depth. The prairie contained a stratification of
8 grazed and ungrazed sites where the root depth is considered to be
very shallow.
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Fig. 4. Probability of exceeding certain deviation in soil moisture
content(absolute valugbased on validation data shown in Fig. 3
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A field campaign with similar goals, i.e., the ECHIVAL
EFEDA project, was held in Castilla la Mancli@entral Spain
during the summer of 199(Bolle et al. 1993 This Mediterra-
nean landscape contained rainfedheyard, barley, wheatand
irrigated crops(maize, alfalfa. Surface fluxes and soil moisture
were measured in the rainfed agricultural landscape around
Tomelloso i=6) and in pivot irrigated fields in Barraxn(
=9). Various international research centers and universities were
part of the effort. Most surface fluxes were measured by eddy-
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dry areas, an evaporative fraction of orté~0) applies to satu-

rated surfaces such as water bodies, water logged land, wetlands,
— etc. This implies that the degree of moisture saturation reaches
unity (6/85,=1.0) and that the actual soil moistuéeshould be
equal to the soil porosity, i.eff=04,. Extrapolation of the re-
gression curve shown in Fig. 2 t4=1.0, shows tha® =0,
=0.51cni cm™ 3. Such an estimate is in good agreement with the
wet soils in the Kansas prairiessee Table 2 Extrapolation to
A=0.0 reveals thab=0.05 cnicm 2 which is the average re-
sidual moisture content.

Normalizing soil moisture by rearranging the data in Fig. 2
between Qoven dry and 1(full saturation allows the empirical
function to be applied to a wider range of soil types as it excludes
soil specific limits such as saturated soil water content and dry
bulk density. The following relationship is then derived:

A=NE/(NE+H)=a+bIn(8/04y @)

or
Fig. 5. Mexico study area showing thematic mapper image overlap

0/6s.=exp{(A—a)/b} 3)

covariance systems, and some flux stations were equipped with a\l/vherea andb=curve-fitting parameters=1.0 (for normalized

Bowen ratio or scintillometer system. Some research groups mea—SOII moisturg; and b=0.421. The accuracy of this relationship

sured latent heat flux directly from the eddy covariance while has_ bgen va}lldated furthe.r with data collected from irrigated
other groups used the eddy covariance to measure sensible hesﬂla'ns in Pakistan and Mexico.
flux and compute latent heat flux as a residual tesimilar to Eq.
(1)] or obtained it from the Bowen ratio values. More information
on the measurement techniques and the agreement with SEBAL-S0il Moisture Validation in Pakistan and Mexico
derived energy balance terms can be found in Pelgrum and Bas-
tiaansser{1996. Time domain reflectometers and neutron probes pakistan
were installed at 18 individual plots in Tomelloso and 28 plots in
Barrax (Droogers et al. 1993 Sensor readings were calibrated The validation of Eq(3) is carried out in the Rechna Doab area
against gravimetric soil moisture measurements. The depth of theof the Indus Basin irrigation system. The Rechna Doab is the
sensors varied with the type of crop; for deeper rooting crops, the interfluvial area between the Chenab and Ravi Rivers and con-
sensors were installed at greater depth. However, the rocky subtains mainly alluvial soils. It is one of the oldest and most inten-
soil did not permit the installation of moisture senso¢os the sively developed irrigated areas of Punjab, Pakistan. The major
development of active rootsleeper than 50 cm. The relationship crops are rice, cotton, sugarcane and forage crops dominating in
between evaporative fraction and soil moisture was originally de- the summer seasoftkharif), and wheat and forage in winter
rived by Bastiaanssen et dl1997 using the validated evapora- (rabi). Two sites—Pindi Bhattian and Faisalabad—have been se-
tive fraction data from SEBAL and the in situ measured soil lected for conducting field measurements on surface energy bal-
moisture data. The data from FIFE and EFEDA form the basis for ance partitioning and soil moisture.
Table 2 and Fig. 2. The source of soil moisture measurements in  The Pindi Bhattian experimental site is at the Soil Salinity
the creation and validation of the relationship originates from Research Institute, which is located on the north—western border
different depths, but this is in agreement with the depth-dependentof Rechna Doal§73° 20 50.2' E, 31° 52 34.2' N). The site is
root water extraction of standing vegetation. For bare soil condi- flat and situated at an altitude of 212 m above sea level. The
tions the moisture content was taken from a depth of 0—10 cm average precipitation is approximately 500 mm yéaf he fields
only. have a rice-wheat rotation. The phreatic surface is approximately
The nonlinear behavior of the evaporative fractit(d) rela- 2 m deep from the soil surface.
tionship demonstrates that little crop water stress exists if the soil  The second site is the experimental field of the Cotton Re-
is near saturation. A value d€=0.8 is generally associated with  search Institute of Ayub Agricultural Research Institute, Faisala-
favorable crop growing conditions without crop water stress. The bad, which is situated in the center of the Rechna D@&s5 2
evaporative fraction lies between 0.8 and 1.0 for absolute soil 49.8' E, 31° 23 26.2' N). The flat area lies at an altitude of 130
moisture ranging between 0.35 and 0.51%cm ™3, respectively. m above sea level. The climate is drier than in Pindi Bhattian with
Except for sandy soils, this moisture range typically reflects field an average annual precipitation of 360 mm. Cotton—wheat rota-
capacity and conditions where plants have little or no soil mois- tions are practiced in this area and the phreatic surface is fairly
ture stress. Similar values were found by Monteny et1897) in deep, approximately 10 m below the surface.
a catchment scale hydrology study in Niger. Hence, wet soil con-  Bowen ratio towers were installed and operated from June 21
ditions in a range between field capacity and full saturation hardly 2000 to March 21 2001, at both experimental plots to measure
affect A and ET; this agrees with the usual schematization that directly the evaporative fractioh. Near-surface atmospheric pro-
ETac—ETyot if moisture is easily availablée.g., Allen et al. 1998 files of temperature, humidity and wind speed were measured. In
Under normal weather conditions, the evaporative fraction this method, the unitless Bowen rafbis determined from the
cannot exceed onéonly under advective conditions this may difference in vapor pressureecand temperatureTdbetween the
occup. According to the energy balance scaling between wet and two observed levels
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Fig. 6. Soil moisture,(a) 11 February 98(b) 22 March 98;(c) 25 October 98{d) 1 November 98{e) 25 March 99; andf) 21 May 99

H o Ta—Ta A M1 )
B=3E"VY oo, (4) NE+H 1+
where y (hPa K )=psychrometric constantT, (K) =air tem- The in situ meteorological measurements of evaporative frac-

perature; an@ (hPa)=vapor pressure, subscripts 1 and 2 indicate tion A have been used to estimate soil moisture content on the
the lower and upper levels, respectively. Fr@nthe evaporative basis of the standard curve provided in Eg). Saturated soil
fraction A can be computed as moisture content$, of 0.35 and 0.41 ciicm ™2 for Faisalabad
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Fig. 7. Frequency distribution of relative soil wetness of irrigated
plots in the 7,300 ha Cortazar, Mexico pilot area

and Pindi Bhattian, respectively, were used for this purpose. Soll

. . N . . 3 i3
moisture content in the root zorjap to 100 cm was monitored Soil Moisture (cm” cm™)
in the field with the help of a theta probe based on the frequency ~ & . = 8-28
domain technique. The theta probe measures the volumetric soll TN 3 0.10

moisture content by measuring changes in the dielectric constant. B <010
The probes were installed at depth increments of 25 cm. The \7

average of the four layers has been computed to obtain a value for 48 ’
the upper 100 cm. Measurements of the root depth in cotton and ' 7 55
wheat revealed that most of the active roots are found in the first ) i

100 cm and that only a very small fraction is deeper.
Fig. 8. Soil moisture content averaged oveabi (winter) season

) based on standard evaporative fraction—soil moisture ditge(3)]
Mexico for entire 16 million ha Indus Basin, Pakistan

The soils in the Lerma-Chapala basin in Mexico are vertisols with

good water holding capacity. The average precipitation at Cor-

tazar is approximately 650 mm yéar irrigation is from canals ther analysis of the Mexico data set. Although soil moisture mea-
and wells. The topography is flat at an elevation of 1,700 m above surements were collected throughout the 1998-1999 winter sea-
mean sea level. Soil moisture at 45 cm depth was measured inson, only data collected on 23 March 1999 could be used as they
fields near Cortaza100° 59 53.8' W, 20° 27 26.3' N) using a were close to the 25 May 1999 overpass date of a TM image used
capacitance probe calibrated for site soils based on previousto compute the evaporative fraction with the SEBAL model.
gravimetric soil moisture measurements. Due to frequent deep Comparisons between evaporative fractions derived from high
irrigation applications, moisture did not vary considerably with resolution TM images and evaporative fraction measurements on
depth. It is assumed that the depth of 45 cm represents the averthe ground have been made before in ChiMang et al. 1995

age value of soil moisture in the root zone. Soil moisture data and SpainPelgrum and Bastiaanssen 19@6nong other places.
were mainly collected from irrigated plots of wheat, alfalfa, and The agreement for desert surfaces, irrigated land, and dryland
to a limited extent, strawberries. Except for strawberries, the ma- agriculture was good with differences between in situ measured
jority of active roots are found in the first 100 cm below the and SEBAL-derived evaporative fractions on the order of 10—
surface. A soil water potential of-300 cm (pF 2.3 coincides 15% on a daily scale, which is also the uncertainty of the ad-
with volumetric soil moisture content of approximately 0.35 vanced eddy-covariance system itself. We therefore believe that
cm®cm 3. Moisture values between 0.30 and 0.453cm 3 the evaporative fraction for Cortazar computed from SEBAL has
occur frequently. The maximum soil moisture content of 0.54 sufficient confidence to derive soil moisture maps. Fig. 3 com-
cm’cm 3 was measured on 25 May 1999, and consequently a soil pares measured values of soil moisture for the layer between 0
porosity of 8,,=0.54 cnf cm 2 has been considered in the fur- and 100 cm with soil moisture indirectly derived from the evapo-

Table 4. Soil Moisture Status of Irrigated Crops for the 7,300 ha Cortazar, Mexico Pilot Area

Mean6/0+ Mean /0 cve Operational range Acceptable range
(=) (=) (=) (%) (%)
Date all fields irrigated fields irrigated fields 0.8<0/64<1.2 0.6<60/64<1.3
11 Feb 98 0.65 0.95 0.29 46 56
22 Mar 98 0.93 0.95 0.31 32 76
25 Oct 98 0.85 0.88 0.27 68 93
21 May 99 0.58 0.69 0.30 21 70

Note: Percentage describes the fraction of pixels falling within the defined range.
aCV is the coefficient of variatioristandard deviation/mean
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rative fraction in Pakistan and Mexico. In Pakistan the evapora- Thermatic mapper imagery was acquired for portions of the
tive fraction was measured in the field, while for Mexico it has basin during consecutive crop seasons in 1998 and 1568
been derived from a Landsat thematic mapper image. The rootTable 3. The particular area of study, located to the west of
mean squaréRMS) error is 0.049 cricm 2 if the standard curve Cortazar towr(Guanajuato stajen the Alto Rio Lerma Irrigation
presented in Eq3) is used and the average measured soil mois- District, lies in the overlap of pass/row numbers 27/46, 28/45, and
ture content is 0.312 chem 3. Hence the overall deviation is  28/46, permitting analysis of soil moisture for six dates over a
0.049/0.31% 100%=15%. 15-month periodsee Fig. 5. Rainfall in Cortazar is unimodally

A comparison of the soil moisture field measurements with the distributed with 88% occurring in the June—September period.
soil moisture determined from the standard curve reveals thatThe primary cropping pattern is wheat/barl@ecember—May
there are no systematic errors present. The performance ¢8Eq. maize/sorghuniJune—October with perennial alfalfa and a mix
is equally good in moderately drp~0.15-0.20 criicm3) and of horticultural crops.
wet soils(§~0.40—0.45 cricm®). The Pindi Bhattian rice fields The six resulting soil moisture imagéBig. 6) clearly show
seem to have the large deviations, but deviations on both sides ofspatial and temporal trends in irrigation application and rainfall.
the 1:1 line are found, which implies that there is no bias present. The 1997 rainy season in the region was approximately 11%
Considering that Eq(3) is based on prairies, vineyards, barley, below average, resulting in low reservoir storage levels and the
and rainfed wheat and validated against irrigated wheat, alfalfa, restriction of canal irrigation. As a result, soil moisture for Feb-
cotton and rice, it is concluded that the effects from vegetation are ruary and March 1998Figs. a and B] was a result of ground-
minimal and that evaporative fraction is a reflection of the true water irrigation, with saturated areas showing up in isolated
status of the actual root zone soil water content. Further, the rangePatches around wells. Figsidand d show the wider distribution
of soil types does not seem to affect the accuracy. The scatter inof (lower valug moisture resulting from the 1998 rains. It is
Fig. 3 can be the result of the combined effect of a number of apparent from the differences in moisture that it rained between
factors including instrument error in measuring soil moisture con- the 25 October 98Fig. 6(c)] and 1 November 98Fig. 6(d)]. It
tent, errors in Bowen ratio measurements, errors in the SEBAL should be noted that irrigation only resumed for the planting of
parameterization of evaporative fraction, vertical variability of Wheatin December where residual moisture was insufficient. The

soil moisture content, crop roots not uniformly present throughout 25 March 99 imageFig. 6e)] shows the combined effect of

the root zone of 100 cm, etc. The deviation is, therefore, not groundwater and canal irrigation and should be contrasted with

necessarily an error of the estimation method, and error shouldthe 22 March 98 imagfFig. 6(b)], which shows only groundwa-

consequently be considered smaller than the deviations presentedfr irrigation. Finally, the 21 May 99 imadéig. &(f)] was taken

in Fig. 4, the deviation probability distribution. after the wheat harveswith the last irrigation applied in early to

Fig. 4 reveals that on average, i.e., 50% of the cases, the abMid April). High moisture areas on this image correspond to crops

solute soil moisture content is off by approximately 0.035 Still under irrigation, particularly alfalfa. _

cmPem 3 or less. In 90% of the cases, the deviation is less than A Soil wetness performance indicator can be defined as the

0.07 cnicm 3. The RMS error of 0.049 ciem 2 corresponds to moisture content relative to field capacity,./6¢, to evaluate

70% probability. For this reason, it is recommended that soil Whether targets in irigation supply are met. Bastiaanssen et al.

moisture estimates from evaporative fraction are presented with a(200% termed this *relative soil wetness” with target values in an

class interval of 0.05 ciem™ 2 rather than in increments of 0.01  oPerational range between 0.8 and 1.2. The soil moisture content
X , . ! ) e _3 _

e cm ™3, Consequently, the accuracy for estimating soil mois- at f|el_d capacity for _Cortazar Wa’?fc 0.35cnt cm ._The sub

ture at field capacity of a sandy soil with.=0.15 cnf cm 2 is area investigated with the 6 TM images specified in Table 3 oc-

dissimlar to a clayey soil with .= 0.30 cn? i:m’3. Hence, direct cupies an area of approximately 7,300 ha. Irrigate'd land was dis-

applications of the soil moisture detection technique presentedcerm':‘d applying a threshold value 8{./8,:>0.5, i.., asfy,

_3 . . . . .
here are less straightforward on eolic soils than on alluvial soils. =0.18cn? cm °, assuming that drier soils are not '”'ga?te.d- The
frequency distribution and summary for four out of the six images

are presented in Fig. 7 and Table 4. If we leave out the 21 May
1999 image, because only alfalfa was irrigated, the average per-

Applications centage of irrigated pixels falling within the operational range
becomes 49%. Due to weather parameters, the relative soil wet-
Irrigation Practices in Mexico ness in October lies more often in the operational range than for

February and March. It is more difficult to keep the soil moisture
Several factors affect crop growth including soil structure, nutri- in the operational range during February and March, and although
ent status, salinity, and farm practices. However, in (owzerg the mean value 06/6,,=0.95 is high, February exhibits also a
rainfall conditions, moisture deficit exerts the most significant significant class of moisture values that are at the lower side. As
limitation on crop growth with the resulting dependence on irri- the mean value is high, there must also be a large class of mois-
gation. Water is delivered either through surface water canals orture values near full saturation. This agrees with earlier studies
from groundwater. Canal irrigation requires appropriate coordina- showing that the relative water supply in the Lerma-Chapala
tion among the irrigation agency, often a water users associationbasin(Kloezen 1999; Scott et al. 199% high, and that ground-
(or other intermediate bodlyand farmer water users. Because water users consume at least as much or more water then canal
moisture adequacy is linked to the reliability of supply, which water users. Basically, the upper tail ends of the frequency distri-
may be limited in large, relatively inflexible canal irrigation sys- bution (see Fig. 8 reveal the groundwater irrigated plots where
tems, farmers tend to apply water—sometimes in excess of soillarge amounts of water are dumped on the fields as the resource is
water holding capacity or crop water demand—when it is avail- not limited. The distribution of March 1998 shows an even
able. Irrigation scheduling based on soil moisture status, not sim-greater bias towards full soil saturation, reflecting heavy overirri-
ply total irrigation application, is an important determinant of gation. Farmers can save significant pumping costs by extracting
crop yields. less groundwater and target irrigation more in the operational
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range of relative soil wetness. The May 1999 image shows thatmately an additional US$2,000 depending on the level of exper-
the study area has dried down@;.=0.58, which is far below tise and local wages. This translates into costs as low as US$0.59
field capacity. This is when the crops have been harvested. per thousand hectares on a single image, or US$2.36 per thousand
hectares for an agricultural seasdour image$. This method can
equally be applied to high resolution ASTER images as well as
NOAA-AVHRR and MODIS images that can be obtained from
the world wide web. The latter category of low resolution images
The second example in this paper comes from Pakistan, whereis more suitable for river basin planning purposes as demonstrated
upstream and downstream users in the Indus River system ofterin the example from the Indus Basin in Pakistan.
have conflicts over water resources distribution. The average soil
moisture content was computed from 12 individually acquired
images during November 1993—April 1994. Fig. 8 demonstrates Notation
that the downstream riparians indeed have a lower soil moisture
status than upstream agricultural users. These results are based orhe following symbols are used in this paper:
the application of low spatial resolution National Oceanographic a = curve-fitting parameter;
and Atmospheric Agency—Advanced Very High Resolution Ra- b = curve-fitting parameter;
diometer(NOAA-AVHRR) images, which are freely download- e = vapor pressure;
able and have a spatial resolution of 1 km. The AVHRR sensor G = soil heat flux;
covers an area 2,800 km wide; with one image, a basin as large as H = sensible heat flux to air;
the Indus(16 million ha of irrigation can be surveyed. Although R, = net radiation at surface;
this is outside the scope of mapping detailed soil moisture pat- T = air temperature;
terns, it shows the power of optical images to investigate the o = parameter from Priestley—Taylor
availability of water resources across huge river basins. evaporation formulation;

B = Bowen ratio;

v = psychrometric constant;
Conclusions 6 = soil moisture;

Determination of soil moisture is required for the quantification of 9sa = saturated soil moisture;

a range of hydrological processes and ultimately for water re- A = evaporative fraction; and

sources decision making. Field-based methods are cumbersomeME = latent heat flux.

expensive, and provide data for limited spatial and temporal cov-

erage. There is a need for rapid, less expensive and reliable tech-
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