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FOREWORD
Remote sensing methods are steadily making the transition from research to operational applications in the science of
hydrology. The WMO Commission for Hydrology, at its eighth session in 1988, recognizing the need to keep Members
abreast of the new developments in this field, appointed Mr A. Rango, USA, as its Rapporteur on Remote Sensing for
Hydrological Purposes. The Commission entrusted him with the task of preparing a report on "applications of remote
sensing by satellite, radar and other methods to hydrology in the light of recent developments".
To complete this task, Mr Rango formed a Rapporteur Advisory Group of experts to assist him in putting the report
together. Members of this group who contributed spedfic parts of the report were: Messrs T. Engman, J. Foster, T. Jackson, W. Kuslas,
J. Ritchie, and Ms D. Hall (USA); Messrs R. Kuittinen (Finland), J. Martinec (Switzerland) and A. Shutko (Russian Federation). The
report was recommended for publication by the Commission at its ninth session in 1993.
It is with great pleasure that I express WMO's gratitude to Mr Rango and to each of the experts in his Rapporteur
Advisory Group for the time and effort they have devoted to the preparation of this valuable publication.

.~..-:::.-I--G.O.P. Obasi
Secretary-Generai

ACKNOWLEDGEMENTS
The author truly appreciates the efforts of the Rapporteur Advisory Group (RAG) that was
formed to assist in putting this report together. Each member of RAG submitted sections of
the report and reviewed parts of the entire report. The RAG consisted of Dr. Ted Engman
(NASA), Mr. James Foster (NASA), Dr. Dorothy Hall (NASA), Dr. Thomas Jackson (USDA),
Dr. Risto Kuittinen (Finnish Geodetic Institute), Dr. William Kustas (USDA),
Dr. Jaroslav Martinec (Davos, Switzerland), Dr. Jerry Ritchie (USDA), and Dr. Anatolij Shutko
(Academy of Sciences, Russian Federation). Without their dedicated help, the report would
not have been possible.

SUMMARY
This report provides information on the most recent
advances in applications of remote sensing to hydrology
and water resources management.
It consists of 13 chapters. The flrst chapter introduces the report and makes reference to existing
documentation in this field. Chapter 2 is devoted to technical and economic aspects of remote sensing, including
satellite capabilities for meeting hydrological requirements.
Chapters 3 to 8 discuss, respectively, applications for estimating amounts of precipitation, soil moisture and
groundwater, evapotranspiration, snow accumulation, ice

on land, and surface water. Physiographic drainage basin
parameters which are measurable from space and basin
land use inventories are discussed in Chapter 9, while
remote sensing inputs for hydrological models are covered
in Chapter 10. For a remote sensing application to be
considered operational! several conditions must be met.
These are discussed in Chapter 11. The two flnal chapters
provide information on topics requiring additional
research and on relevant planned satellite sensors and
Earth observing systems into the 21st century. The report
also provides extensive references for each of the chapters.

RESUME
Ce rapport naus renseigne sur les applications les plus recentes de
la teIedetection al'hydrologie et ala gestion des ressources en eau.
nest divise en 13 chapitres. RedigI' sous forme
d'introductioll, Ie premier chapitre renvoie ala documentation

existant dans ce domaine. Le chapitre 2 est consaere aUK
aspects techniques et economiques de la teledetection par satel-

lite/ notamment ala fal;on dont elle peut fl2pondre aux besoins
de I'hydrologie. Les chapitres 3 a8 portent sur les applications
de la teledetection l'estimation/ dans I'ordre/ du volume des
precipitations, de l'humidite du sol et des eaux souterraines/ de
l'evapotranspiratian/ de Ia hauteur de neige, de la cauche de
glace continentale et des eaux de surface. Le chapitre 9 traite

a

des parametres physiographiques des bassins versants
mesurables 11 partir de l!espace et de II affectation des sols 11
differentes utiUsation dans les bassins, tandis que Ie chapitre 10
recense les donnees de teledetection necessaires a retablisse~
ment de modeles hydrologiques. Le chapi!re 11 precise ies
conditions qui doivent etre remplies pour qu'une application
de Ia teledetection soit consideree comme operationnelle. Les
deux derniers chapitres, quant 11 eux, abordent des sujets qui
necessitent des recherches supplementaires ainsi que la question des detecteurs et les systemes d!observation de la Terre par
satellite du vingt et unieme siecIe. Chacun des chapitres
renvoit 11 de nombreux ouvrages de reference.
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RESUMEN
Este informe proporciona informacion sobre los avances mas
recientes en las aplicaciones de la detecd6n a la gesti6n de Ia
hidrolagia y los recursos hidricos.
Consta de 13 capitulos. En el primero se presenta el
informe y se hace referenda a la docnmentaci6n existente en
este campo. El Capitulo 2 se consagra a los aspectos tecnicos
y econ6micos de la teledetecci6n/ incluidas las capacidades de
satelite para atender necesidades hidrol6gicas. En los
Capitulos 3 a 8 se trata, respectivamente/ de las aplicaciones
para estimar la importancia de las precipitaciones, la humedad
del suelo y el agua subterranea, la evapotranspiraci6n, la
acumulaci6n de nieve, el hiclo sobre la tierra, y agua de super-

fide. En el Capitulo 9 se analizan los parametros de las cuencas
hidrograticas mensurables dcsde el espacia e inventarios sobre
la utilizaci6n de la tierra en las cuencas, en tanto que en el
Capitulo 10 se examinan las aportaciones de la teledetecci6n
para modelos hidrol6gicos. Para que pueda considerarse operativa una aplicaci6n de teledetecci6n han de darse varias
condiciones, que se describen en el Capitulo 11. En los dos
ultimos capitulos se facilita informaci6n sobre temas que
requieren investigaci6n adicional y sabre sensores y sistemas de
observaci6n de Ia tierra par satelite previstos hasta en el
siglo XXI. El informe ofrece ademas amplias referencias sabre
cada uno de los capitulos.
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CHAPTER 1
INTRODUCTION

The purpose of this report is to provide information on the
most recent advances in the applications of remote sensing to
hydrology. In recent years, a number of reports and books
have been published that provide excellent documentation of
how remote sensing can be used effectively in hydrology and
water resources. These documents include the WMO reports
Remote sensing for hydrology - Progress and prospects
(Kuittinen, 1992), and Application of Satellite Data for
Estimation of Precipitation (Kuittinen, 1989), UNESCO
Technical Document on Advances in Remote Sensing for
Hydrology and Water Resources Management (Schultz and
Barrett, 1989), and textbooks like Remote Sensing in
Hydroiogy (Engman and Gurney, 1991) and Microwave
Radiometry of Water Surface and Grounds (Shutko, 1986).
This document is not intended to duplicate the existing information. It will attempt to update or add to the available
information, especially that in the above WMO reports, and
includes some new sections, such as information on recent
operational applications of note and an assessment of gaps in
our knowledge base.
In assembling the information for this document,

numerous research accomplishments and operational
applications were considered. Because of space constraints}

some of the advances will not be mentioned. It is a positive sign that there are now enough remote sensing
applications that some had to be left out. The number of
applications continues to grow.
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Hydrology, Chapman and Hall, London, 225 pp.
Kuittinen, R., 1992. Remote sensing for hydrology, Progress
and prospects, Operational Hydrology Report No. 36,
WMO-No. 773, World Meteorological Organization,
Geneva! Switzerland.
Kuiltinen, R., 1989. Application of satellite data for estimation
of precipitation} Technical Report to the Commission
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Shutko, A.M., 1986. Microwave Radiometry of Water Surface
and Grounds, Nauka/Science PublishingHollse,
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CHAPTER 2

TECHNICAL AND ECONOMIC ASPECTS
2.1

Requirements and capabilities

The suitability of remote sensing to satisfy certain hydrological needs can be assessed by comparing observational
requirements with remote sensing capabilities. The reports
by Kuittinen (1992) and Schultz and Barrett (1989) include
very detailed tables covering these topics. The observational hydrological requirements have not changed since
their publication, so Table IB (Appendix 1) of Kuittinen
(1992) and Table 8 of Schultz and Barrett (1989) can be
used as is. Because of a lull in new .spacecraft launches
since 1989, the details of the relevant remote sensors
presented in Appendix 2 of Kuitlinen (1992) and Table 1 of
Schultz and Barrett (1989) are also still relevant.

2.2

Future satellite capabilities

In the planning for future satellite sensors that will be
available. in the next decade and early part of the 21st
century, there appears to be a commitment to both longterm and concurrent multisensor observations. Much of
this emphasis has resulted from the realization that global
environmental change problems are-no longer in the
distant future but are rather immediate problems.
Tables 9 and 11 and Appendices I-III in Schultz
and Barretl (1989) and Table 1 in NPO Energija (1990)
provide detailed information about future satellite sensors.
In the final section of this report on future trends, the
most recent information regarding satellites and large-scale
programmes with relevance to hydrology is discussed.

2.3

Economic considerations

The expense associated with purchasing satellite data
seems at first glance to be high. Upon close inspection,
the cost is very low compared with acquiring the same
spatial information using conventional means. Several
demonstration projects that ended in the 1980s attempted
to assess cost effectiveness and in some cases benefit/cost
ratios. Landsat land cover data were used as input to
hydrological models for generation of discharge frequency
curves for planning purposes and produced the same
results as conventional data (Rango et aI., 1983). The
studies, done on several basins, showed that the Landsat
costs of obtaining the land cover data were about 3S per
cent of the conventional methods costs (Rango et aI.,
1983). In a similar project involving remote sensing input
to snowmelt runoff forecasting, a benefit/cost ratio of 75:1
was estimated (Castruccio et aI., 1981).
The reason for the significant cost savings and
high benefit/cost ratio involve the need to acquire a signif-

icant amount of conventional ground information to
duplicate the spatial detail available in the remote sensing
data. For example, Cooley and Rango (1991) found that in
order to define the snowpack area mapped in a simple
aerial photograph, conventional point measurements had
to be made every 90m in rugged terrain. Although ground
measurements can define the area of the snowpack, it is
very costly, and sometimes dangerous, to acquire them. In
addition to the cost savings, remote sensing may be the
only way to acquire needed information, especially over
large and remote areas.
Kuittinen (1992) presents the relative costs of
remote sensing digital data for currently available acquisition techniques in his Table- 2. Because conventional
existing measurement networks are very sparse, as shown
by Kuittinen (1992) in his Table 3, the potential for the
cost effective use of remote sensing data is high. In
Kuittinen's (1992) Table 3, it is interesting to note that the
most sparse data networks are in arid and polar zones. Not
only would remote sensing cost savings be greatest in these
areas, but research results have also shown that remote
sensing techniques are most effective in them because of
minimal vegetation cover.
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CHAPTER 3
PRECIPITATION

Because it is a major driving force in the hydrological cycle,
precipitation is a prime candidate variable for remote sensing
measurement. There are many remote sensing possibilities
including ground-based radar, visible and thermal Infrared
satellite imagery, and microwave satellite data.

3.1

Ground-based radars

Ground-based radar is conceptually similar to spaceborne
radar except that the radar is stationary and its area of
measurement is limited to a circle with a radius up to
about 130 km (Kuittinen, 1992). A recording rain gauge is
desirable for calibration. Thus, the rain rate, R} can be estimated according to:

Z=aR b

(1)

where Z is the measured radar reflectivity and a and bare
calibration parameters.
With ground-based radar there are two basic
approaches used quantitatively to estimate precipitation
(Dalstrom 1985):
1.
Single-parameter measurement - this uses either
the backscattered radiation which is related to
precipit~tion intensity or the attenuation rate
which is related to the precipitation rate} and
2.
Multiparameter measurement - here multiwavelength radar backscatter is related to the
precipitation rate with the dual-polarization
capabilities being used to give information on the
drop size distribution (DSD).
The use of ground-based radars has been successful} especially when used with an integrated raingauge
network and in areas with low relief. It is esti-mated that
the radar rainfall measurements are accurate to within
about IS per cent of actual raingauge network totals
(Goldhirsh et aI., 1987). However, much research is still
required to determine optimal merging techniques to
combine the radar and raingauge data. More difficulties
are experienced in basins with mountainous terrain.

3.2

Visible and thermal infrared satellite
imagery

Visible and thermal infrared techniques using measurements of cloud top reflectance and temperatures have been
used in a variety of ways by meteorologists and other
scientists to estimate monthly, daily, and storm precipitation totals (Barrett, 1970; Follansbee, 1973; Griffith et aI.,
1978; Griffith, 1987; Scofield and Oliver, 1977; Scofield,
1987; and Shih, 1989). The greatest success so far has been
in the tropics and in countries not possessing detailed
ground raingauge networks. Kuittinen (1989) provides a
basic documentation of how various visible and thermal
infrared methods are used.

3.3

Satellite microwave radiometry

Visible and thermal infrared data provide only an indirect
estimate of rain ratej however, microwave observations are
directly related to the hydrometers} and therefore represent
a great potential for improving satellite precipitation determination. The physics of passive microwave rain
measurements fall into two regimes: absorption and scat-

tering. In the absorption regime} one observes rainfall
through the enhanced emission associated with liquid
raindrops against a cold background. The technique is
only applicable over the highly reflective surface of the
ocean. For hydrology, this would have application only in
coastal areas where storms move in over nearby drainage
basins. This rather direct physical reiationship between
the rainfall rate and observed microwave radiances can
actually be derived from basic physical properties. Wilheit
et al. (1977) reported such a relationship between the
microwave radiances and the rainfall information over the
oceans. Rao et al. (1976) used the Nimbus-S ESMR data to
produce a global rain atlas.
In the scattering regime, on the other hand, rainfall
is observed through enhanced microwave scattering within
the rain column. This process proVides a rainfall signal over
any background surface. Because the scattering is primarily
due to frozen hydrometers} the relationship to rainfall rate is
less direct than in the absorption regime and must be established empirically or through the use of cloud models.
Spencer et al. (1988) have described the utility of the scattering
signai in Identifying rain areas using SSM!1 data. Adler et al.
(1989) reported a cloud model based algorithm to retrieve
rainfall rates from SSM!1 86 and 37 GHz data.
Microwave radiometry provides a measurement of
the instantaneous rainfall rate whereas the quantity
desired for climatological purposes is an integrated rainfall
over some time period. Therefore} it is necessary for any
remote LaWall measurement schem_e to -deal with the
sampling problem and associated uncertainties. This can
be approached statistically with a properly designed
measurement strategy. Several investigators have developed procedures for obtaining precipitation amounts over
land and ocean from the SMMR instrument. Utilizing the
newly collected SSM/! data, Chang and Wilheit (1988)
reported a preliminary monthly rainfall index over oceans
retrieved by a statistical method. Over land, several algorithms are now being developed. Adler et al. (1989)
reported a preliminary algorithm to retrieve precipitation
over land and ocean using the scattering signal. The indirect nature of this approach and the need to estimate the
effect of environmental conditions requires careful testing
before finalizing the scattering~basedalgorithms.
The utilization of radiometry data from space for
precipitation estimation is still very much in the research
stage, but the idea that the microwave signal is attenuated
by the precipitation particles seems to have an advantage
over the more indirect visible and thermal infrared techniques. In addition to actually measuring the rain falling}
the microwave radiometry approach can be used to
monitor radiation emitted by the soil to infer rainfall totals
(Camillo and Schmugge, 1984),

3.4

Satellite radar techniques

This approach is in its infancy even more so than satellite
microwave radiometry. Spaceborne radar differs from
ground-based radar approaches primarily by power and
antenna size restrictions.
The reflectivity to rainfall (Z-R) relations generally
require non-attenuating wavelengths (>5 em), although at
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shorter wavelengths} lighter rain rates can be detected.
Because the longer wavelengths require antenna dimensions
larger than currently possible to achieve adequate resolution

from space, a compromise wavelength of about 2.16 em is
being proposed for the TRMM radar. At the moment much
effort is directed toward algorithm development.
One problem we have had in this area of application is that most of the investigators have been
meteorologists. With the exception of a few hydrologists
(e.g., Schuitz, 1989), we have waited for the meteorologists
to solve this problem. It is time for more hydrologists to
take an active role in this research so that the solutions
provide meaningful answers to hydrological questions.
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CHAPTER 4

SOIL MOISTURE AND GROUNDWATER
Studies of subsurface water distinguish two zones; the zone of
aeration and the zone of saturation. The zone of aeration is
comprised of three sub~-zonesJ namelYI soil water} intermediate,
and capillary. Water in this entire zone is called soil moisture.
The amount of water in the zone of aeration varies in time and
space. The saturated zone is the groundwater which tends to be
less variable than soil moisture.
Information on soil moisture is important to agricultural water management and hydrological runoff
forecasts. Information on groundwater is needed primarily

for water supply purposes and agricultural water management. The importance of groundwater wiil increase in the
future due to the demands for better quality drinking
water.

In addition, vegetation obscures the surface. The accuracy

of this method is poor and absolute vaiues of soil moisture
cannot be obtained. There are, however, many remote

sensing instruments available for obtaining data in this
special region and several operational satellites that can
obtain data at high resolution.
Thermal techniques utilize the diurnal variation
of surface temperature or the difference in temperature
between the vegetation canopy and the air to estimate soil
moisture. Thermal infrared observations of surface temperature are dependent on soil moisture for bare soils.
However, the surface temperature also depends on other
factors such as incoming solar radiation, air temperature,

humidity and wind speed. To normalize for these atmo-

In the literature, the measurement of subsurface

spheric effects, -the diurnal variations are used. Diurnal

water by remote sensing techniques is divided into soil
moisture measurement and the mapping of areas of
groundwater. Most of the information that can be
obtained by remote sensing applies to the surface layers of

approaches rely on the thermal inertia of the soil which is
a function of the thermal conductivity and heat capacity of
the soil (Schmugge et ai., 1980; Mulders, 1987). These
factors are dependent on the soil type and soil moisture.

the soil, however, there are situations and techniques that
can provide information on greater depths.

As the soil moisture increases, the thermal inertia increases
and the diurnal variation in surface temperature decreases.

4.1

canopy radiation temperature and the ambient air temperature can be used as an indicator of crop stress. Well

For vegetated soils the difference between the

Soil moisture

Based upon the literature (Schmugge et aI., 1980 and
Mulders, 1987) there are a variety of remote sensing tech-

watered plants wili be in thermal equilibrium with the air

niques that can be used to estimate soil moisture.

while stressed plants may be warmer than the air.

Characteristics of these techniques are listed in Table 1.
The reflection of bare soil in the visible and near
infrared parts of the electromagnetIc spectrum can only be

infrared regions is the atmosphere. Atmospheric variations

used under limited conditions. In this case the indicator of
soil moisture is the colour of the soil. Reflectance is also
dependent on chemical composition, texture, structure,

and roughness (Mulders, 1987; Baumgartner et ai., 1985).

A major probiem with sensing in the visible and
make the absolute calibrations of these observations very
difficult, especiaily from space platforms. Without an
absolute calibration, analyses are typicaily limited to qualitative indicators that can only be extracted after extensive

analysis by trained personnel. In addition, clouds will
obstruct observation of the surface in these spectral bands.

In humid regions it is very difficult to obtain frequent
TABLE 1

Soil moisture remote sensing techniques

Property observed
Albedol

index of refraction

Region ofthe
electromagnetic
spectrum
Visible and
near lnfrared

Order of
magnitude
Platfoml*
A, S

depth

Micrometers

Surface
temperature

Thermal infrared A, S

Millimeters

Backscattering coef./
dielectric constant

Active
microwave

A, S

Centimeters

Microwave emissivityl Passive
dielectric constant
microwave

A, S

Centimeters
Decimeters

Reflection
coefficient

Active, nadirviewing pulse
radar

Attenuation of
terrestrial gamma
radiation

Gamma
radiation

A,G
A

Decimeters
Meters
Centimeters
Decimeters

* S=Space, A=Aircraft, and G=Ground (mobile) platform.

observations from a space platform which are cloud free.
A unique advantage of using the microwave
region of the electromagnetic spectrum for soil moisture

sensing is that at long wavelengths the observations can be
made through clouds.
Microwave remote sensing can be performed
using either active (radar) or passive instruments.
Active microwave instruments send out a pulse
and measure the returned signal. From these data, a

backscattering coefficient is computed. Backscattering
depends on the dielectric properties of the soli, the surface
roughness, and the topography (Viaby et aI., 1986).
Dielectric properties or the dielectric constant depend on

the soil water and soil texture (Schmugge, 1980; Dobson et
aI., 1985). The thickness of the sensed iayer depends on
the wavelength of the sensor and the wetness of the soil.
Longer wavelengths sense a deeper layer. The effects of
vegetation decrease as the wavelength increases. Extensive

studies by Ulaby et ai. (1986) have shown that the optimal
wavelength for radar soil moisture sensing independent of
surface roughness is approximately 5 em and at an inci-

dence angle between 10 and 20 degrees, based upon
sensitivity studies. At this wavelength the contributing
depth will be to the order of 2 em and small amounts of
vegetation will not obscure observation.
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There are several aircraft systemsavaHable for
obtaining radar data, primarily for research. There have
also been several short-term satellite and Space Shuttle
radar missions. One reason for the interest in this
approach for Earth observation is the fact that hIgh spatial
resolution data can be obtained from space platform altitudes using SAR techniques (Ulaby, et aI., 1986). At
present, these synthetic aperture radar (SAR) instruments
on the ERS-l, ALMAZ, and JERS-l satellites, respectively,
are providing quasi-operational radar data at resolutions of
15-30 m.
Another approach that utilizes centimeter and
decimeter wavelengths is passive microwave radiometry.

In this approach, the natural microwave emission is
measured in terms of its equivalent brightness temperature.

The emissivity is dependent on the dielectric properties of
the soil and the surface roughness Oackson and Schmugge,
1989; Schmugge et aI., 1986; Shutko, 1982). The physical
basis of passive microwave sensing is more straightforward
than active sensing using radars. This makes calibration
easier and allows the mOTe direct observation of physical
parameters. However, the resolution of the passive
microwave sensors is much poorer than that of active
microwave sensors.
Longer microwave wavelengths are optimal for
passive microwave remote sensing of soil moisture.
However, radio frequency interference causes problems
beyond 1. band (21 em or 1.4 GHz). The soil depth
contributing to L-band measurements is primarily the top

5 em Oackson and Schmugge, 1989; Reutov and Shutko,
1986). However, it is possible to determine the soil moisture through a depth of one meter if two microwave
wavelengths are used in conjunction with a priori information on local soil properties (Reutov and Shutko, 1986).
Under ideal conditions the accuracy of estimating surface
moisture can be 1 to 2.5 per cent (Pampaloni et aI., 1986;
Jackson et aI., 1991), however, the error is typically 5 to 7
per cent (Schmugge et aI., 1986; Shutko, 1982).
Vegetation affects the microwave measurement
through its biomass (wet) and structure. The significance of
these effects is large at short (centimeter) wavelengths,
however, at 21 and 30 em a deterministic correction can be
applied for canopies with wet biomass up to 5 kg/m>. This
would allow accurate estimates for almost all grasslands and
cultivated crops with the exception of the peak biomass period
Oackson et aI., 1982; Shutko and Chukhlantsev, 1982).
Biomass corrections may be made using indices based on visible/near infrared data or a crop calendar.
At present, microwave radiometers capable of
measuring soil moisture are only available on aircraft. These
are being used in both research and a few operational applications. Example research applications include preplanting soil
moisture condition assessment, irrigation management, water
management, and water balance studies Gackson and
Schmugge, 1989; Shutko, 1985; Shutko, 1987). The first operational programme utilizing these sensors were initiated in
Russia in the early 1980s. Small aircraft laboratories equipped
with microwave radiometers have been used for agricultural,
hydrometeorological, and land reclamation applications. The
feasibility of these capabilities has been widely demonstrated
in many countries (Bulgaria, Poland, Hungary, Germany,
Vietnam, and Cuba) (Shutko, 1985). in recent years, the
Russian radiometers have been tested in the United States in
the large scale hydrology experiment called Monsoon 90
Oackson et aI., 1991).

Current aircraft systems are capable of both
spatial and temporal observation of surface soil moisture.
Recent large~scale experiments have focused on how such
data might be integrated Into hydrologic models. An
example of this temporal-spatial data is presented in
Figure 1. In this figure the spatially variable antecedent
rainfall and evapotranspiration are clearly reflected in the
soil moisture estimates derived from L band radiometer
data Oackson et aI., 1991).
The long-standing, basic problem with passive
microwave radiometry has been poor ground resolution
from space platform altitudes. Using conventional
antenna technology, ground resolution is increased by one
of the following: shorter wavelengths, larger antennas, or
lower altitudes. The desired resolution for large-scale
studies is probably 10 km, which is on the order of the
scale of rainfall variability. New antenna technologies are
now emerging that can be used to overcome these limitations. Because space-based methods are the only ones
suitable for frequent monitoring of large areas, the development of these technologies should be promoted.
Soil moisture information at a depth of several
meters can be obtained from short pulse radar techniques.
Reflected radiation at nadir angle of observation is received
by the radar mounted on ground or aircraft platforms
(Finkelstein, et aI., 1987). In Russia, this aircraft-based
method is used for soH moisture measurements in forested
areas and for detecting zones of saturation down to a depth
of 5-10 m. Dielectric properties of soil at radio wavelengths are mainly affected by free water content (in a
range from wilting point to saturation). Thus radiophysical sensors are capable of measuring volumetric free water
content in soil (Shutko, 1982; 1985; 1987). A drawback of
this method is that it reqUires detailed calibration by an
experienced technician in each study area chosen.
The variation of natural terrestriai gamma radiation can be used to measure soil moisture because gamma
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Figure 1 - Surface soil moisture estimated using an L band
microwave radiometer in the Walnut Gulch Watershed. Prior to 2
August there was rainfall over the entire area. This was followed

by a day of drying, 3 August. Prior to 4 August observations,
another rainfall event occurred but this time only over the area
represented by the left side of the figure. Finally, there was
another day of drying,S August Uackson et al., 1991).

SOIL MOISTURE AND GROUNDWATER
radiation is strongly attenuated by water. Most of the
gamma radiation which can be measured over the ground

originates from the top 90 em. Thus attenuation of
gamma radiation can be used to determine changes in soil

moisture in the top 20-30 em of the ground. This technique requires that some ground measurements of soil
moisture be made during the measurement flights because

Nadir~viewing
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short pulse radars installed on

mobile ground or aircraft platforms and operating at
frequencies from several hundred KHz to several hundred
MHz provide information on the depth to a shallow water
table down to 5-50 m (Finkelstein et aI., 1987).
All the other remote sensing methods of observing groundwater are indirect. Aerial and satellite imagery

it does not give absolute values of soil moisture. This is

in the visible and infrared part of the electromagnetic spec-

potentialiy the most accurate of the remote sensing

trum can give valuable information concerning the

methods developed for soil moisture measure-ment. The

topography, morphology and vegetation of the area. 50il
types can also be interpreted to some extent using these
data. Good spatial resolution and the possibility of using

error averages 5 per cent (Jones and Carroli, 1983).
Air strongly attenuates gamma radiation which

reqUires that the measurements be made from aititudes of 50150 m. The equipment itself, the gamma ray spectrometer, is
expensive and needs complicated calibration. It is in operational use mainly for geological purposes, and thus gamma
spectrometers are available to some extent. The measure-

ments must be made over the same routes every time because
the spatial variation of the gamma radiation can be strong.
Measurements are not possible over saturated soils (mainly
swamps) because in this case the attenuation by the water is
too strong. In addition, a rapidly changing amount of radon
gas in the air can cause severe errors in the measurements if

stereoscopic images give the best results in inventories.

Infrared images are especially useful for vegetation and soil
type mapping. Springs can best be detected using infrared
and thermal imagery. Even underwater springs can be
detected by this method (Guglielminetti et aI., 1982).
Radar images are useful for studying topography and
geomorphology, and it is also possible to detect water

the calibration is not made carefully.

which is some decimeters below the ground surface in arid
areas, due to the increase in soil moisture near the surface.
Because variation in both amount and flow of
groundwater takes place slowly, there is no need for real~
time data dissemination or proceSSing. Thus, there is time

4.2

most cases by manual methods.

to select the best images and to interpret these carefully, in

Groundwater

The presence, depth and amount of groundwater are extremely
important in hydrology. The topography and morphology of
an area are important in the location of groundwater, and, in
some areas, the vegetation can yield information.
Remote sensing techniques can provide some
information for groundwater hydrology; however, it is
usually indirect. This is d-q.e tQ the intervening unsatu~
rated zone of soil.
Shallow groundwater tables can be measured using
passive microwave radiometry. A dual frequency radiometer
has been used on an aircraft to measure water table depths of
two meters in humid areas and four meters in arid areas

(Shntko, 1982; 1985; 1987). An example of the type of data
that this system produces is shown in Figure 2.
,------~~~

inexpensive and easy to adOpt. A good summary of these
approaches is presented in Farnsworth et al. (1984). These
techniques are especially applicable in arid regions as shown

by ZevenbergenandRango (1992). The application of passive
microwave data for detecting shallow groundwater Jevels is
being used in the Russian Federation and is dependent on the

availability of the instruments (Shutko, 1987).

References
Baumgartner, M. F' 1 Silva, L. F., Biehl, L. L., and Stoner, E. R.,
1985. Reflectance properties of soils, in Advances in
Agronomy, Academic Press Inc., Orlando, Florida,

38, pp. 1-44.

I
I! la)

Aerial photography, Landsat data and SPOT data are
widely used for groundwater inventories, primarily for locating potential sources of groundwater. These methods are

Carroll, T., 1985. Airborne Gamma Radiation Snow Water
Equivalent and Soil Moisture Measurements, A
User's Guide} Version 2.0, Office of Hydrology}

National Weather SerVice, NOAA, 27 pp.
Dobson, M. C., Vlaby, F. T., Hallikainen, M. T., and EI-Rayes,

0-

!(A)

M. A., 1985. Microwave dielectric behavior of wet

soil-Part II: dielectric mixing models.

IEEE

Transactions on Geoscience and Remote Sensing/

mm- 0-0.5

~- 0.5-1.5

D- >1.5

GE-23(1), pp. 35-46.
Farnsworth, R. K., Barrett, E. c., Dhanju, M. S., 1984.
Applications of remote sensing to hydrology including groundwater, IHP-II Project A.1.5, UNESCO,
Paris} France.
Finkelstein} M. L, Mendelson, V. L., and Kutev, V. A., 1987.
Radar sensing of stratified Earth's covers (in Russian),

Soviet Radio Publishing House, Moscow, 174 pp.
Guglielminetti, M. R., Boltri, R,} Morino} C. M.} and Lorenzo,

S., 1975. Remote sensing techniques applied to the
Figure 2 - Retrieved radiometric data of shallow water tables on
an area of about 2 000 hectares (A) and the results of a comparison (B) between radiometric (solid line) and ground truth data
(vertical lines) of the depths of shallow water tables along the
aircraft track (a) (Shutko, 1987)

study of freshwater springs in coastal areas of south-

ern Italy, Proceedings of the 10th Symposium on
Remote Sensing of the EnVironment, Environmental

Research Institute of Michigan, Ann Arbor, pp. 12971309.

CHAPTER 4

8

Jackson, T. J., Schmugge, T. ]., and Wang,]. R., 1982. Passive

Reutov, E. A. and Shutko, A. M., 1986. Prior knowledge

microwave remote sensing of soil moisture under

based soil moisture determination by microwave

vegetation canopies, Water Resources Research, 18(4),
pp. 1137-1142.
Jackson, T. J. and Schmugge, T. J., 1989. Passive microwave
remote sensing system for soil moisture: some

radiometry, Soviet Journal of Remote Sensing, 5(1),
pp. 100·125.
Schmugge, T. J., 1980. Effect of texture on microwave emis-

supporting

research,

IEEE

Transactions

on

Geoscience and Remote Sensing, GE-27(2), pp. 225235.
Jackson, T.]., Shutko, A. M" Shiue,J. C., Scllll1ugge, T.]., Davis,
D. K, Parry, R., HaldiTI, A' I Reutov, E., Novichikhin,
E., Liberman, B., Kustas, W. P' I Goodrich, D.

c.,

Bach, L., and Ritchie, J. C., 1991. Soil moisture
observations using multifrequem:y passive

sion from soils, IEEE Transactions on Geoscience and

Remote Sensing, GE-18, pp. 353-361.
Schmugge, T.J. ,Jackson, T.J., and McKim, H. L., 1980. Survey
of methods for soil moisture determination, Water

Resources Research, 16(6), pp. 961-979.
Schmugge, T. J., O'Neill, P. E., and Wang, J. R., 1986.
Passive microwave soil moisture research, IEEE
Transactions on Geoscience and Remote Sensing,

GE-24(1), pp. 12-22.
Shutko, A. M., 1982. Microwave radiometry of lands under
ment: a cooperative US - USSR experiment,
natural and artificial moistening, IEEE Transactions
on Geoscience and Remote.Sensing, GE-20(1), pp.
Proceedings of the AmericarrMeteorological Society .
Special Session on Hydrometeorology, Salt Lake City,
18-23.
pp.174-177.
Shutko, A. M., 1985. Radiometry for farmers, Science in the
USSR, No.6, pp. 97-113.
Jones, K. J. and Carroll, T. R., 1983. Euor analysis of airborne
gamma radiation soil moisture measurements, . Shutko, A. M., 1987. Remote ·sensing of the waters and
. Agricultl/ral Meteorology, 28, pp. 19-30.
lands via microwave radiometry (the principles of
Mkrtchjan, F. A~I Reutov, E.A., Shutko, A. M-., Kostov, K. G.,
method, problems feasible- for solving, economic
MichalevJ M. A" Nedeltchev, N. M" Spasov, A. Y.,
use), in: Remote Sensing and Its Impact on
and Vichev, B. I., 1988. Microcomputer-based
Developing Countries" Pontificia Academia
radiometer data acquisition and processing system
Scientiarum, Scripta Varia-68,' Vatican City, pp.
for large-area mapping of soil moisture in the top of
413-441.
one meter layer, Proceedings of the IGARSS '88
Shutko, A. M., and A. A Chukhlantsev, 1982. Microwave radic
ation peculiarities of vegetation covers, IEEE
Symposium, ESA SP-284, Edinburgh, Scotland, pp.
1563-1564.
Transactions on Geoscience and Remote Sensing,
Mulders, Mo AO 1987. Remote sensing in soil science,
GE-20(1), pp. 27·30.
Developments in Soil Science, 15, Elsevier}
Ulaby, F. T., Moore, R. K., and Fung, A. K., 1986. Microwave
Amsterdam, The Netherlands.
remote-sensing: active and passive, Vol. III, Artech
House, Dedham, MA.
Pampaloni, Po, Paloscia, SO} and Chiaranti, L., 1986.
-Contribution of passive microwave remote sensing
Zevenbergen, A. W. and Rango, A., 1992. Applying Landsat
imagery for groundwater development in Egypt,
in soil moisture and evaporation measurements} ESA
Geocarto International, 7(3).
SP-248, pp. 327-332.
microwave sensors in an arid rangeland environ-

l

CHAPTERS
EVAPOTRANSPIRATION
Remote sensing observations in the optical wavebands
(visible to thermal-IR wavelengths) combined with ancillary meteorological data have been used in evaluating
evapotranspiration (ET) over a range of temporal and
spatial scales (Kustas et ai., 1989a; Choudhury, 1989),
Remote sensing in the optical regions has been shown to
provide information useful in estimating surface temperature} albedo} incident solar radiation, and vegetation
biomass. As of yeti no remote sensing system can provide
near-surface atmospheric parameters.
The approaches for determining ET can be
divided into three basic groups: semi~empiricalJ analytical,
and numerical (Carlson, 1986). For each method, attempts
have been made to incorporate remote sensing data which
are normally available once or twice a day for estimating
daily ET, The rationale for computing daily values is that
flinstantaneous" remotely-sensed information that can
yield an Ilinstantaneous 'J ET flux has no real practical
application in hydrological modelling, A daily time step
probably proVides the most useful information for most
hydrological modelling applications. Therefore this
overview will discuss methods which attempt to estimate
daily ET using remotely sensed data collected once or twice
a day combined with numerical, analytical, and semiempirical techniques for estimating a daily value.
It should be pointed out that all of these methods
require cloud-free conditions, to some degree, over the area
of interest. Also} correction for atmospheric effects on the
radiance received at satellite altitudes is not trivial. Even
after corrections are made, there can be significant errors
for some critical remotely-sensed parameters such as
surface temperature.
Finally, there is the issue of estimating ET over large
areas which are usually heterogeneous. Studies which evaluate regional ET cannot easily verify the results with
conventional ground-truth data. Instead, comparisons are
made with other model results or by extrapolating point
measurements of hydrological data such as rainfall, pan-evaporation values} or lysimeter data. However, recent large-scale
field studies such as HAPEX-MOBILIHY (Andre et aI., 1986)
and FIFE (Sellers et al.; 1988) are proViding the appropriate
ground-truth data for evaluating regional-scale model output
(e,g" Mahfouf, 1990).

5.1

Overview of remote sensing models for
evaluating ET

In computing ET, the surface energy balance equation is
the primary boundary condition to be satisfied:
Rn+G+H+LE=O

(2)

where Rn is the net radiation, G the soil heat flux, H the
sensible heat flux, and LE the latent heat flux, For this
discussion ET and IE are synonymous. Net radiation can
be divided into incoming and outgoing shortwave and
Iongwave components.
A number of approaches have been developed for
evaluating all the components of Rn with geostationary
satellites (Pinker, 1990; Sellers et ai., 1990). Other
techniques combine local meteorological observations for

estimating incoming shortwave and longwave radiation
and remotely sensed data for determining the outgoing
components 0ackson, 1985).
The soil heat flux, G, can be solved as a function
of the thermal conductivity of the soil and the vertical
temperature gradient. This temperature gradient cannot be
measured remotely, but models using routine weather data
may provide satisfactory calculations (e,g" Camillo, 1989),
An alternative approach assumes G/Rn is a constant which
mainly varies as a function of vegetation cover (Clothier et
ai., 1986; Kustas and Daughtry, 1990), This allows G to be
determined essentially with remote sensing data. However,
the applicability of such a simple parameterlzation may be
limited due to temporal hysteresis and the effects of soil
moisture on the G/Rn relationship (Brutsaert, 1982).
The sensible and latent heat fluxes are commonly
solved using bulk resistance or single-layer expressions
together with surface-air temperature and surface-air
vapour pressure differences, respectively (Monteith, 1973),
Studies suggest H and I.E estimated by such a technique are
accurate for uniform, full cover vegetated surfaces as long
as aerodynamic and canopy resistances can be properly
estimated. Difficulties arise in the application of these
equations over partial canopy cover because the remotely
sensed data are affected by both the soil and vegetation;
and energy fluxes across the soi1~vegetation-atmosphere
interface can no longer be easily .parameterized by singlelayer models (Kustas, 1990; Choudhury, 1989).

5,1.1

Semi-empirical methods

For integration of equation (2) over a 24-hour period, it is
commonly assumed that G is negligible. Furthermore}
observations by Itier and Riou (1982) and more recently by
BruneI (1989) suggest the daily ratio of H/Rn can be
approximated by H/Rn estimated near midday under clear
sky conditions. With some further approximations,
equation (2) can be recast as:
(2)

where Ts is. the surface temperature estimated remotely, say
from a satellite-based sensor} T a is the near-surface air
temperature obtained from a nearby weather station} and
the subscript j represents the f1instantaneous!l observation
by the satellite over the area of interest. This equation was
first proposed by Jackson et al. (1977) and later evaluated
using empirical and theoretical results by Seguin and Hier
(1983), This expression and derivatives of it have been
tested and shown to produce reasonable estimates of daily
ET (Brunei, 1989; Kerr et aI., 1987; Niewenhuis et aI., 1985;
Rambal et ai., 1985; Thunnissen and Niewenhuis, 1990),
Recent experimental and theoretical studies relating to the
variation in the coefficient B as a function of surface
conditions and the reference height (Carlson and Buffum,
1989; Vidal and Perrier, 1989) have shown that B may be a
relatively stable parameter. The effects of cloudy conditions on the remote sensing data and the approximation
leading to equation (3) may limit its application,
In another related approach 0ackson et aI., 1983),
BY was assumed to follow the temporal trend in solar
radiation throughout the daylight period, In addition,
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they showed that the ratio of daily to midday solar
radiation could be approximated by an analytical
expression involving the sine function, time of sunrise, and
length of day. Thus with an estimate of midday ET, and
the assumption that ratios of midday to daily ET and solar
radiation are equal, daily total BT can be computed.

model sensitivity to such errors should be assessed in order

to give some idea of the reliability of flux estimates for
different meteorological and surface conditions (Kustas et
aI., 1989a; 1990).

5.2.2

Non-uniform studies

Jackson et ai. (1987) showed the techniques worked

Under many conditions the surface is not fuily vegetated but

reasonably well with remote sensing data from an aircraft.

contains some percentage of soil and vegetation cover. Hence

5.1.2

the remotely sensed data is influenced by the spectral properties of the soil and vegetation. Attempts to evaluate ET

Analytic approach

More physically-based approaches than discussed above
in equation (2) over a 24-hour period are shown to
produce an analytical solution (Pratt et aI., 1980; Price,
1980). The 24-hour value of G is also assumed to be
negligible. To further simplify the expression, Price
(1980) used the Fourier expansion of the angle of solar
incidence and linearized the Stefan-Boltzmann equations

for the incoming and outgoing longwave and the bulk
resistance equation for H. The result is a 24-hour average
estimate of ET which requires as primary input a 24-hour

without separating the contributions from the soil and vege-

tation to the composite spectral and thermal-IR data and the
energy fluxes (i.e., a single-layer approach) have not always
yielded satisfactory results (Kustas et aI., 1989b; Kustas, 1990).
Remote sensing models which treat the soil and vegetation

separately have been developed (e.g., van de Griend and van
Boxel, 1989); however, the feaSibility of using them over large
areas has not been treated quantitatively (Carlson et aI., 1990).
Other approaches have related surface temperature to the
amount of vegetation cover and employed this in estimating
critical ET-model parameters (e:g., Nemani and Running}

max-min difference in surface temperature. This model
readily lends itself to the NOAA-AVHRR series of satellites
which provide day-night pairs of surface temperatures.
The method has been evaluated by Price (1982) and
appears to give appropriate ET values when compared to
local estimates using standard meteorological and pan
evaporation data. More recent applications of this model
with ground-truth data from detailed field studies have
not been performed.

extract satisfactory estimates of soil hydraulic properties has

5.1.3

been shown by van de Griend and O'Neill (1986) and Camillo
et ai. (1986). However, a study of the spatial and temporal

Numerical models

A significant number of models using remotely sensed data
have been developed over the past decade, which simulate
the flow of heat and water in the soil and use the surface

energy balance as the boundary condition (Camillo et aI.,
1983; Carlson et aI., 1981; Raffy and Becker, 1985; Rosema
et aI., 1978; Soer, 1980; Taconet et aI., 1986). The
advantage of using this approach is that only initial
conditions are needed to determine model parameters.
Then, the temporal trace of the evaporative flux can be
simulated and periodically updated with remote sensing
observations whenever they are available. Tacanet et a1.

(1986) show the feasibility of using this type of an
approach with AVHRR data and more recently included
geostationary satellite data (METEOSAT) to increase the

1989; Price, 1990).
A synergistic approach with remote sensing data

shows real promise in dealing with the problem of partial
cover (van de Griend and Glumey, 1988). It involves combining optical remote sensing with microwave observationswhich provide information on near surface soil moisture

conditions Oackson and Schmugge, 1989). The ability to

relationships between surface temperature and active

microwave data (Perry and Carlson, 1988) suggests they are
rather complicated. Further work in this area is needed.

5.2.3

Regional ET

Problems associated with ET modelling at regional scales
are twofold. First is the method used to aggregate pixel
data and second is the technique for extrapolating nearsurface meteorological data. Analytical and experimental

investigations by Gash (1987) and Kustas et a1. (1990) have
revealed some of the potential errors in attempting tb evaluate the variation of ET over non-homogeneous (both in
moisture and vegetation) surfaces. Others utilize the inte-

with a model requiring a significant number of input

grating properties of the atmospheric boundary layer
(Brutsaert, 1988) together with relatively coarse resolution
satellite sensors to determine large areal ET fluxes (Carlson
et aI., 1984; Klassen and van de Berg, 1985; Wetzel and
Woodward, 1987). As pointed out earlier, verification of

parameters which relate to the soil and vegetation because

model calculations of regional ET with more extensive

this information is not readily available. This obstacle has
been considered in model formulations (Gurney and
Camillo, 1984; Kustas, 1990; Noilhan and Pianton, 1989).

ground-truth observations are beginning to appear in the
literature (Shuttleworth, 1991).

stability of model inversion and atmospheric correction to

the satellite observations (Taconet and Vidal-Madjar, 1988).
However, it may be difficult to evaluate ET over large areas

5.2

Unresolved issues for evaluating ET with
remote sensing

5.2.1.

Atmospheric correction

Accounting for the attenuation of the radiances received

by satellite-based sensors in the optical wavebands is often
not a trivial matter (Kaufman, 1989; Price, 1989). In
correcting thermal-lR data whether using radiative transfer
models (e.g., Kniezy et aI., 1988) or split-window techniques (Becker and Li, 1990; Price, 1984), errors on the
order of I" to 3" C over land are not uncommon. Therefore
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CHAPTER 6
SNOW

6.1

Hydrological applications of using remote
sensing to map snow-covered areas

Among the applications of remote sensing in hydrology,
snow cover mapping is reaching the operational stage
(NASA, 1975, NASA, 1979). Due to its importance for snow
hydrology, in particular for river flow forecasts in mountainous areas, attempts to evaluate the changing areal
extent of the seasonal snow cover by terrestrial observations and photography took place long before the advent
of satellite remote sensing (Potts, 1937; 1944; Gartska et
aI., 1958). It is evident that only satellites enable the
seasonal snow cover to be monitored periodically, efficiently, and at a sufficiently large scale.
The meltwater volume is a product of the melt
depth and the snow covered area. The gradually decreasing areal extent which continues for several months during
the ablation period is a characteristic feature of the
seasonal snow cover and an important variable for
snowmelt runoff models. In the absence of direct measurements, it had to be crudely simulated, as became evident
in an international comparison of models (World
Meteorological Organization, 1986). However, models like
the Snowmelt Runoff Model (SRM) (Martinec et aI., 1983)
have always used satellite data as a direct input, thus
avoiding failures in the years when the snow conditions
deviated from the usual pattern.
For day-to-day simulations of snowmelt runoff
from historical data, it is sufficient to know the snow
covered area in the basin each day without knOWing the
initial accumulation of snow in terms of water eqUivalent.
For operational runoff forecasts, however! the water equivalent must also be determined. A method now exists (Hall
and Martinec, 1985; Martinec and Rango, 1987) to evaluate the water volume stored in the snow cover by using the
so-called modified depletion curves of the snow coverage.
To derive these curves, it is necessary to plot the snow
covered area measured by satellites against the computed
accumulation melt depths.
To this effect, satellite data must be available fairly
frequently. to enable daily values to be interpolated between
the dates of overflights. This may become a problem with
satellites like Landsat or SPOT which only make observations
every 16-18 days, especially if the basin in question is
frequently obscured by clouds. Before all-weather monitoring
by microwaves becomes operational, this problem can be
solved by using NOAA satellites in spite of their less satisfactory spatial resolution (Baumgartner, 1987). Figure 3
illustrates the evaluation of the areal average water equivalent
of snow from a modified depletion curve. Figure 4 shows the
effect of new snow which must be taken into account in eval~
uating the water equivalent of snow at the beginning of the
snowmelt season.
The minimum area which can be mapped with
adequate accuracy depends on the spatial resolution of the
sensor. Examples with resolutions and minimum areas are
listed in Table 2.
For snowmelt runoff computations in basins with a
large elevation range, the snow-covered areas must be evaluated separately for several elevation zones. The minimum area
size thus refers to the smallest one of these zones.
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Hydrological applications of snow cover mapping
by remote sensing can be summarized as follows:
1.
Seasonal runoff forecasts from snow-covered area,
possible in large basins (Rango et aI., 1977,
Odegaard and Ostrem, 1977), with limitations
outlined in Martinec (1980);
2.
Runoff simulations by snowmelt runoff models
for the assessment of model accuracy} for evaluation of runoff patterns in ungauged basins and in
a hypothetically changed climate (World
Meteorological Organization} 1986; Martinec and
Rango, 1989);
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stream length, basin area, basin shape, drainage density,
drainage pattern, and stream sinuosity or meander wavelength. Additional drainage basin parameters such as the
percentage of the basin in forests, swamps, surface water,
open area, and urban or impervious area can also be delineated from high resolution sateilite imagery and are
valuable in characterizing the hydrologic response of a
basin. The physiographic and associated land use information thus extracted is suitable for use in mean annual
sireamflow and/or mean annual flood regression models
and can also be used to calculate basic information necessary for the calibration of watershed models which
simulate daily discharge (Rango et a!., 1975).
Mapping of basin characteristics using satellite
data has been accomplished since the early 1970s. Using
satellite based electro-optical systems, scales of up to
1:50,000 may be obtained (Doyle, 1984). Due to the
stereoscopic capabilities of the SPOT satellite and the high
spatial resolution of its sensors (10 m), the smallest errors
achieved are now 5-20 ill in both the vertical and horizontal planes. For economic reasons, however, the'most
suitable scales are those of 1:100,000 to 1:250,000. It
should be stressed that increasing spatial resolution means
increased amounts of data and processing costs, and so for
each task the spatial resolution must be selected <:arefully.
For watersheds larger than 10,000 km2, data from polarorbiting satellites having reduced resolution capabilities are
more practical (Tarpley, 1984).
Perhaps the most Widely used type of remotely
sensed data for land cover in water-resources studies is that
obtained within the visible and near infrared region of the
spectrum. One reason for choosing this type of data is that
it is relatively easy to interpret since the energy that is
sensed is reflected energy (5alomonson, 1983).
The spectral resolution attainable with scanners
make their data more suitable than cameras for various
mapping and inventory purposes. Scanning sensors with
wavelengths ranging from shortwave visible data to longwave microwave data are either currently in orbit or
planned for launch in the 1990s. The all-weather, daynight capability of microwave data is especially
advantageous and results of experimental inventories using
radar (active microwave) data are quite favorable (Brisco et
aI., 1983; Foster and Hall, 1981). But a better understanding of how microwaves respond and react to different
kinds of media is needed before the'e data can be utilized
in an operational way.
Drainage network information is generally
obtained from topographic maps which are usually out-ofdate. Remote sensing, due to its more current nature, can
often provide better and more reliable information than
these maps. Rango et a!. (1975) reported on a study in
which they compared conventionai methods with several
types of remotely sensed data on a number of watersheds
in the United States. They found that watershed area,
shape, and channel sinuosity estimates from Landsat
images at a 1:100,000 scale were comparable to data
obtained from 1:62,500 scale topographic maps, particularly in well-dissected terrain with moderate vegetation. In
flat terrain or heavily forested areas, results were comparable to 1:250,000 scale maps (5alomonson, 1983).
The drainage system is controlled by the slope of
the surface and the type of underlying rock (Travaglia,
1989). One of the easiest physiographic features to identify using satellite imagery is the drainage area of a

watershed. Divides between adjacent watersheds demarcate differences in drainage direction which can be readily
observed from most Earth resources-type satellites.
Drainage density, which is the number of stream
channels per unit area, can be extracted adequately in
those areas where the landscape is sufficiently dissected to
permit detailed drainage mapping. Dissected areas provide
better contrast and thus better detail than non-dissected
areas. For the most part these areas are characterized by
moderate or high -relief, non-glaciated landscapes, and
resistant, impermeable lithologies. l.ocal relief of approXimately 90 m or more between basin divide and valley
bottom in watersheds less than 2600 km z usually provides
enough contrast to accurately map the drainage network
from high resolution satellite imagery. An exception to
this was found in ridge and valley topography where
adequate local relief existed, but where most stream devel·
opment has occurred on the flat, Wide valley floor.
Drainage areas which were once covered by glacial ice
often exhibit a lack of structural and bedrock control as
well as a lack of drainage patterns with a significant degree
of integration or dissection. Streams which encounter
resistant rocks tend to form valleys with steep slopes
regardless of the climate, and landscapes of this type are
conducive to physiographic mapping from high resolution
space sensors (Rango et aI., 1975).
The inspection of seasonal data over a given
watershed greatly increases the chances that detailed
drainage network information can be extracted. For
example, during times of minimum leaf coverage, snow
often enhances tributaries which may be difficult to
discern during the summer season.
Drainage patterns can provide useful information
concerning rock and soil relationships and landform associations. For instance, radial drainage patterns are usually
indicative of resistant rocks and are associated with volca~
noes and other domelike structures (see Table 4).
Additionally, bifurcation ratios and drainage textures can
be useful in assessing permeability of the soil and bedrock.
For example, coarse drainage textures suggest resistant,
permeable bedrock materials. In coarse drainage systems
the first-order streams are farther apart than they are for
medium and fine drainage textures (Travaglia, 1989).
Of the Earth resources satellites which are
currently operating, the SPOT satellite system with its
stereoscopic viewing capabilities and superior resolution
(10m) provides excellent mapping detail of drainage area
and density. The I.andsat TM has greater spectral range
than the SPOT system which compensates for its coarser
resolution (30 111).

9.2

Land Use Information

Basin land use inventories are needed to improve surface
runoff and streamflow estimates. Some of the most important land use types are listed below.
1.
Floodplains and wetlands. Identification and
mapping of flood-prone areas or floodplains are
critical for emergency preparedness and for flood
insurance evaluation. Flood-inundation mapping
using remotely sensed imagery has been success·
ful on many rivers and in different regions using
visible data and l to a limited degree, thermal
infrared and radar data. Distinctive changes
induced by additional water in an area facilitate
the mapping of floods. These include increased
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water equivalent. It is possible to include the use of Geographic
Information Systems (GIS) which makes it possible to estimate
the SWE for each pixel of the satellite image.

resolution from space is at present a limiting factor,

6.2.4

until spacecraft resolutions improve. Second, mean snow
grain size is not yet easy to obtain. Until some remote
measurement of the grain size is perfected} perhaps with

Microwave radiation

One of the largest problems for obtaining adequate visible
observations for snow hydrology purposes is the presence
of cloud cover over a basin. Although there are still several
problems with using microwave sensing for mapping snow
coverl one major advantage the microwave approach has is
the ability to penetrate cloud cover and map snow extent.
Because of this cloud penetration or all-weather capability,
the microwave potential for snow mapping at about 1.0 em
wavelength has been of considerable interest to scientists.
The current major drawback is poor passive microwave
resolutions from space (about 25 km) so that only very
large areas of snow cover can be detected. It has been
shown, however, that the passive microwave data can be
used for determining snow-covered area over continents

(Rango et ai., 1979) and large river basins (Roll and Kunzi,
1985; Josberger and Beauvillain, 1989) without interference

currently several drawbacks to using this technique. First,
although the use of aircraft platforms is a viable alternative

visible satellite data (DOZier, 1989), ground-based measurements, meteorological data} and historical information

must be relied upon (Armstrong and Rango, 1992). Finally,
the presence of any liquid water in the snowpack causes
the use of this modelling approach to be invalid. Despite
these drawbacks, the method shows much promise and
will become much more important as projected satellite
resolution improvements are realized in the 1990s. In
addition} empirical relationships! similar to those of snow

depth, are a valid alternative approach to determine snow
water eqUivalent from microwave data.
Although most success in analysing microwave
data for estimating snow water equivalent has been in flat
areas} there are some possibilities for mountainous basins

as well. Analysis of the Nimbus-7 SMMR data over moun-

of clouds. The accuracy of the microwave snow mapping is
similar to visible snow mapping over the same area (Rango

tainous terrain was successful to the extent that an

et ai., 1979).
Differences in interpretation arise from

temperature difference and April 1 snow water equivalent

microwave resolution problems and from the fact that
microwaves penetrate very thin layers of snow with little
absorption. As a result, the edge of the snowpack} which
can be thin} is missed by microwave sensing and detected

Colorado. The average snow water eqUivalent for the basin
was predicted to within 15 per cent of the actual value for

empirical relationship between 18 and 37 GHz brightness
was derived for the 3419 km2 Rio Grande basin in
both 1986 and 1987 (Rango et ai., 1989).

by the visible wavelengths. As resolutions of passive
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CHAPTER 7

ICE ON LAND
Ice on land may exist in the form of glacIers, lake and river
ice, and permafrost as well as other more transitory forms
of ice like hoarfrost and rime ice. Land ice, a key component of the global hydrologic cycle, represents both shortand long-term storage of freshwater. Lake and river ice
forms in winter and usually melts in the spring. Similarly,
seasonal snow cover endures for only part of the year and,
upon melting, contributes to runoff and groundwater.
However, in mountainous areas, long-term storage of water

may result when the snow does not melt completely over a
number of years] and turns to firll, and] with further
compaction and movement, to glacier ice.
Long-term storage of water may occur in
permafrost regions if the permafrost contains water in the
form of ice. However, permafrost may be comprised of any
material (e.g., rock, soil) that remains below DOC for two
consecutive years or longer.

Remote sensing provides a regional and global
view for analysis of snow cover, glaciers and lake and river
ice. This chapter consists of a brief overview of remote
sensing of land ice including glaciers, lake ice, and river
j

ice. The utility of remote sensing for permafrost studies is
more obscure; however, some work has been done, especially in classification of vegetation in permafrost terrain
(Morrissey and Strong, 1986).

7.1

Remote sensing of glaciers

A glacier isanaccumu-lation of icea-nd snow -tha-thas
shown evidence of moving on land over a long-term
period. Glaciers cover about 10.8 per cent of the Earth's
land surface but only contain about 2.15 per cent of the
Earth's water. However, glacier ice contains about 99 per
cent of the Earth's surface freshwater (Baumgartner and
Reichel, 1975). The Earth's small glaciers (i.e., all glaciers
except the Greenland and Antarctic ice sheets), if melted/
would raise sea level by 0.3 to 0.6 m (National Research
Council, 1985), whereas most of the projected 70-80 m
potential sea-level rise due to melting of glacier ice is
contained within the ice sheets.
A glacier/s annual mass balance is positive when
the amount of snow that falls on the glacier exceeds the
amount of ice that is lost through various ablation
processes. A negative mass balance represents a situation
where less snow falls than melts, causing glacier thinning
and ultimately terminus retreat. For small glaciers} even a
small change in mass balance may be noticeable/ whereas
mass balance changes in the ice sheets covering Greenland
and Antarctica may not be apparent In the human lifespan. The mass balance of glaciers has a direct effect on sea
level, and the melting of the small glaciers of the world
may have contributed up to 50 per cent of the water to the
10-15 em observed rise in sea level over the last century
(Meier, 1984).

7.1.1

Glacier mass balance assessment

Mass balance of glaciers may be studied using remote
sensing. While glacier area change (including terminus
movementL if large enough, may be assessed remotely,
change in thickness of small glaciers cannot be measured
using remote sensing techniques at this time. However}

seasonal and interanriual changes in the position of the
boundaries of the snow line on glaciers may be detected
using Landsat and possibly even synthetic aperture radar
(SAR) data. Long-term .analysis of the highest elevation of
the snow line each year may provide useful information on
glacier mass balance. Global and long-term glacier area
studIes are important for detection and monitoring of
climate change.
Landsat Multispectral Scanner (MSS) and
Thematic Mapper (TM) data have been available for about
two decades. These data are useful for measuring the position of a glacier's terminus, thus permitting decadal-scale
change~assessment studies.
SAR data of selected glaciers has been shown to
be useful in measuring glacier area and terminus position
(Roti, 1980). However, there are not enough SAR data
available as yet for long-term studies of glacier area change.
At present, ERS-1 C-band SAR data are being acquired on a
regular basis and are useful for glacier studies (Jet
PropulsIon Laboratory, 1989) as are the data currently
being obtained from ]ERS-1 and ALMAZ.

7.1.1.1 Glacier facies studies using TM data
The Landsat MSS and TM data have been useful for analysis of the glacier facies (Benson, 1962; Benson and Motyka,
1979) which may be interpreted to be indicative of glacier
mass balance if studied over a period of years. The snowline shows eleadyon a glacier using both the MSS and TM
data, and, when the snowline is visible at the end of the
melt season, it corresponds to the glacier's equilibrium line
which is the line above which the glacier has a net gain of
mass over the year and below which there is a net mass
loss (Paterson , 1981). Thus, the accumulation area ratio
(AAR) may be determined (Hall et aI., 1987). Other facies
boundaries may be detected in some cases (Williams et aI./
1991).
SAR data should be useful for detection of the
snowline and, because of its ability to penetrate the upper
layers of snow and ice, may prove useful for locatingadditional facies boundaries Oet Propulsion Laboratory, 1989).

7.1.2

Global atlas ofglaciers

The United States Geological Survey has initiated a longterm project designed to proVide an inventory of available
images of present-day glaciers. This inventory of glaciers
will consist of 11 chapters, eath published separately.
Internationally, more than 50 scientists are chapter coauthors. Landsat data fram the mid-1970s represent the
basic data source. When completed, this atlas will be a
benchmark for future glacier studies.
Three of the eleven chapters in Tize Satellite Image
Atlas of Glaclers o{tlze World (Williams and Ferrigno, 1988;
1989; 1991) have been published: Antarctica, Irian Jaya,
Indonesia and New Zealand, and Glaclers of tlze Middle East
and Africa. The Antarctic Ice Sheet contains an estimated
13.9 x 106 km 2 of ice or 91 per cent of the glacier ice on
our planet. Thus/ measurement and long-term monitoring
of the Antarctic lee Sheet is crucial to understanding global
climatology. The data shown in this chapter will function
as a standard reference of the Antarctic Ice Sheet's areal

CHAPTER 7

18

extent during the mid-1970s that can be compared with
future satellite image maps and data of Antarctica. This
type of information is essential for global change stt;dies.
The second published Chapter of the Atlas details
some of the lesser known glaciers of the world in Irian
Jaya! Indonesia, and New Zealand. In New Zealand about
3,155 glaciers are present along the crest of the Southern
Alps, South Island and six glaciers are present on Mt.
Ruapehu, North Island. The total area covered is about
1,159 km 2 (Williams and Ferrigno, 1989). Of three ice
fields in Irian Jaya, all have experienced rapid retreat
during the 20th century.
The third chapter deals with glaciers in the Middle
East and Africa. In Turkey, present-day glaciers are found in
the hIgher elevations of the Eastern Black Sea Coastal Range,
in the Middle and South-eastern Taurus Mountains, and On

Mounts Etciyas, Suphan and Agri. In Iran} glaciers are found
in the Elburz Mountains} the Zagros Mountains, and Kuhha-

ye Sabalan. The glaciers in Iran are small and thus Landsat
data are of limited utility for the detailed study of these
glaciers. In Africa, glaciers are found on two volcanoes, Mount
Kenya in Kenya and Kilimanjaro in Tanzania, and one massif,
the Ruwenzori, on the border between Uganda and Zaire.
While many of these glaciers are small, their presence and
mass balance is important in terms of monitoring the health

of glaciers worldwide. The documentation of these glaciers,
provided in the Satellite Image Atlas of Glaciers of the World, is
especially important for these lesser known and poorly studied
glaciers. Their documentation is especially important if rapid
retreat in the future should cause them to melt completely.
The other eight chapters will be published over
the next few years. There will be an introductory chapter
that discusses the physical characteristics of glacier ice! the
classification and global distribution of glaciers, and a
chapter that presents information on related glaciological
topics like global snOw cover. The remaining chapters will
discuss the glaciers of Greenland, Iceland, continental
Europe, Asia, South America and North America.

7.2

Lake and river ice

7.2.1.

Lake ice

Lake ice in high latitudes may be of particular interest as
an indicator of regional and even global ciimate because it
can be monitored for date of formation and melt each year.
The dates of freeze-up and break-up of lakes and
lake ice thickness are very sensitive to air temperature
(Barry, 1984; Palecki and Barry, 1986). While the image
resolution of Landsat TM and SPOT data is well suited for
analysis of lake ice conditions, the repeat cycles of the
satellites are not adequate for determining the precise
dates of lake ice build-up and dissipation (Hall, 1988).
However, Landsat data have been used for qualitative
determination of lake depth based on length of time that a
lake ice cover remains intact. This, in turn! is related to
the maximum thickness of ice (Sellmann et a1., 1975a).
Well timed aerial photography or daily acquisition of satellite data (I.e., SAR or even Moderate Resolution Imaging
Spectrometer (MODIS») should permit such studies to be
accomplished from space.
In general, remote sensing of lake and river ice
can be accomplished using relatively high resolution
sensors such as Landsat MSS and TM or SAR sensors.
Sellmann et a!. (1975a and 1975b) used Landsat and SAR
imagery to analyse sequential melt of ice on the oriented

or thaw lakes of northern Alaska and thus \0 infer lake
depth on a regional basis. SAR data also proved useful for
distinguishing between those lakes that were frozen to the
bottom and those lakes that were not frozen to the bottom
at the time of maximum ice thickness, (Sellmann et aI.,
1975a; 1975b; Weeks et a1., 1978; 1981; Mellor, 1982).
Lake ice thickness may also be assessed using passive
microwave data (at a coarser resolution) (Hall et a1., 1981)
and pulse radar techniques (Finklestein et a1., 1987).
Thermal infrared imagery (Poulin, 1972) may also
be useful in some cases to determine whether or not a lake
is frozen to the bottom. Lake ice underlain by water is
warmer than ice that is in contact with bottom sediments
(Poulin, 1972). Wiesnet et a!. (1974) used NOAA-2 VHRR
infrared digital data to develop a thermal map of Lake Erie
ice conditions for 17 February 1973. The surface temperature of the ice is influenced by air and water temperature,
thermal conductivity of ice, and ice thickness and emissivity. In addition, in non-frozen lakes, surface water
temperature variations may correspond to different lake
depths (Strong, 1974). This information, acqUired in the
summer, may be useful for lake bathymetry and ice thickness determination.
Other work on large lakes and estuaries shows the
utility of Landsat data for classification of ice types and in
some cases to infer relative ice thickness (Foster et al.,
1978; Leshkevich, 1982).

7.2.2

River ice

Landsat MSS and TM data provide adequate resolution for
analysis of river ice and riparian vegetation, but the repeat
cycle of the sensors is not suitable for imaging river ice
break-up regularly. Because river ice may break up rapidly,
a one-to-two day repeat cycle is required to monitor breakup patterns. Dey et a!. (1977) measured break-up patterns
of the Mackenzie River in the Northwest Territories in
Canada using both NOAA-and Landsat-derived observations of break-up dates which compared quite favorably
with field observations. Gatto (1990) used photo-interpretation of Landsat-MSS, -TM, and -RBV images to produce
ice conditions on the Allegheny, Monongahela, and Ohio
Rivers in the central USA for the period 1972'1985.
Landsat-derived ice observations compared favorably with
available ground and aerial observations 64~80 per cent of
the time.
lee jams may form during the break-up period
when river waters rise beneath the ice cover thus breaking
the river ice into large ice floes. As the ice floes drift downstream, they may become grounded on gravel bars or
meanders of the main river channel and block the flow of
water, thus causing flooding upstream and on both sides of
the river. Identification of ice jams in Alaskan rivers has
been accomplished using Landsat quick-look data (Miller
and Osterkamp, 1978).
Aufeis or overflow ice forms from water that has
flowed from a spring beneath a river in permafrost or
seasonally frozen ground. As the river ice freezes down~
ward forcing the water in the bottom of the stream
channel to the surface, an icing or aufeis may form on top
of the existing river ice. Aufeis may build extensively and
often forms in the same part of a river or stream each year,
thus creating hazardous conditions if flooding results from
aufeis melting (Carey, 1973). Aufeis distribution may be
studied using Landsat data (Harden et a1., 1977; Hall and
Roswell, 1981).
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CHAPTER 8
SURFACE WATER

The surface area of freshwater streams, rivers, lakes, and
reservoirs constitutes a relatively small portion of the
Earth's surface in comparison to the area of marine and
terrestrial resources. Yet the importance of freshwater to
mankind for consumption, commerce, recreation} and
aesthetics is far greater than just area. Freshwater may in
the future become a key limiting factor to economic
growth worldwide as it already is now in certain localities.
Surface waters are subject to wide variations due to
episodic events in hydrological, biological, and chemical
cycles. The size and distribution of surface water across the
landscape is not uniform, making monitoring of these
waters for quantity and quality difficult, time consuming,
and expensive using field methods. Remote sensing tech-

niques offer the potential to monitor the landscape
effectively and efficiently to locate surface water and to
measure parameters related to surface water location! quan-

tity, and quality.
8.1

Measurements

8.1.1

Water surface area

The measurement of surface water area is an operational
technique with image! scanner, or radar data. Wavelengths

in the near infrared provide the best data for delineating
the land-water interface. Flood waters can be mapped

with the same techniques (McKim et aI., 1972; Rango and
Anderson, 1974; Barton and Bathols, 1989; Blasco et aI.,
1992). However, windows of opportunity during flood

sediments. Sateiiite scanner data and aerial photography
in the 0.4-0.6 pm spectral range can be used (Ibrahim and
Cracknell, 1990). Aerial dual-laser systems have also been
used to measure water depth. For the dual-laser system,
wavelengths are chosen so that one wavelength (usually
between 0.6 and 1.0 pm) is reflected by the surface water
while the second wavelength (usually between 0.4 and 0.6
pm) penetrates the water and is reflected by the bottom
sediments. The difference between the two laser measure-

ments is water depth. Water depths up to 50 m can be
measured with a dual-laser system (Penny et aI., 1989).
Water clarity (colour, turbidity, suspended sediments, and

chlorophyll) will limit the application of optical techniques for measuring water depth.

8.1.4

Temperature

Remote sensing measurements of emitted thermal infrared
and microwave radiation can be used to estimate surface
water temperatures. Aircraft measurements of thermal
infrared and microwave radiation data have been used to
measure surface water temperature and to map thermal
flows from dams and power plants. Thermal infrared radia-

tion measurements from sateiiites such as Landsat TM and
the NOAA-AVHRR have also been used to measure surface
water temperature (Gibbons et aI., 1989). Highly accurate
temperature measurements are possible when the effect of
atmospheric attenuation can be corrected. Microwave estimates of water surface temperature are less dependent on
atmospheric conditions but provide coarser resolution

periods may be limited due to clouds, rain, or other
inclement conditions which would limit remote sensing
techniques for Viewing the Earth!s surface. Opportunity

than thermal infrared data (Shutko, 1985; 1986).

for flood monitoring will also be limited by the time of the
satellite overpass. SAR data has the potential for estimating flood extent during cloudy weather. With an available
spatial resolution of 20 m and up from different satellites,

It has been shown by theoretical studies and demonstrated
by experiments in laboratories and on aircraft platforms
that microwave radiometry can be used to measure salinity

choice of satellite data will depend on the minimum size of
surface water area that needs to be mapped to meet project

8.1.5

Salinity and mineralization

and general mineralization of water (Shulko, 1985; 1986;
1987). This application makes use of sensitivity of
microwave emissivity to water conductivity variations
caused by changes in concentrations of salts, acids, and

needs. Smaller surface areas can be mapped with aircraft
data (Hilton, 1984).

other chemicals including waste water outflows. In addi-

8.1.2

tion to measurements of microwave brightness
temperature measurements, actual physical water tempera-

Water stageflevel

The measurement of ocean water level has been studied

tures must be estimated by thermal infrared techniques.

using radar altimeter data from satellites (Ridley, 1989;
Minster et aI., 1991). Such measurements from sateiiites

For obtaining quantitative estimates of salinity and mineralization} measurements have to be conducted at

require accurate information on the satellite position and
atmospheric conditions. These satellite measurements are

microwave wavelengths of 10 cm or longer (Shutko, 1985;
1986; 1987). This approach works best where there is a

only applicable for large water surfaces due to spatiai resolution. Laser profiling techniques from airplanes can be

strong contrast in the salinity, such as in coastal regions.

used to measure water stage accurately. With accurate

8.1.6

knowledge of the altitude of the airplane using Global
Positioning System (GPS) navigation, accurate water stage
can be measured. If GPS navigation is not available, then
water stage can be determined with laser profiling by

Water depth has been measured by remote sensing using

A wide variety of natural and manmade pollutants can
affect the quality of surface water. It is important to
acquire data about these pollutants so that knowledgeable
actions can be taken that will improve the quality of
surface water. Remote sensing methods can be used to
measure surface water quality parameters (Ritchie et aI.,
1990) which change the amount of reflected solar radiation. Suspended sediments and chlorophyll are the major
pollutants that affect water quality and also affect the

measurements of visible radiation reflected from bottom

amount of reflected solar radiation. Colour and oil are

measuring a site of known elevation and relating water
stage elevation to the known elevation.

8.1.3

Water depth

Pollutants

SURFACE WATER
other pollutants that may affect reflectance. Other pollutants affecting water quality such as nutrients and
pesticides do not directly affect reflected solar radiation.
They may indirectly affect reflected solar radiation from
surface water by their interactions with chlorophyll
producing organisms.

8.1.6.1 Suspended sediments
Suspended sediments can be estimated from reflected solar
radiation measurements made between 0.6 and 0.8 )lm. In
general, reflectance is a nonlinear function of concentration of suspended sediments with maximum reflectance
dependent on wavelength and suspended sediment
concentration. At wavelengths from 0.6 to 0.8 )lm,
reflectance is nearly linear with suspended sediment
concentrations below 200 mg/1. Because turbidity and
suspended sediments are closely linked in most water
bodies (but not all), estimates of turbidity can also be
made. Both satellite and aircraft scanner data can be used
to estimate suspended sediments (Curran and Novo, 1988).
Scanner data could be used to develop a monitoring
program to follow changes in suspended sediments. A limitation on the use of this technique is the need to collect
field data to calibrate the relationship between suspended
sediments and reflectance. Current indications are that
calibration curves are not time dependent and may be
applicable to regional areas (Ritchie and Cooper, 1991).
Scanner data can be used without calibration data to map
relative suspended sediment concentrations in river
plumes and draw conclusions about sediment deposition
patterns in lakes and estuaries. Some examples of
suspended sediment measurements from airplanes up to 50
mgllare given by Gitelson et al. (1988) and Shutko (1990).
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8.1.6.4 Vegetation above water surface
Airborne microwave radiometers, operating at centimeter and

decimeter wavelengths, may be used to detennine some characteristics of vegetation above the surface of various water
bodies. Biomass and density of the vegetation can be determined in river deltas, marshy wetland areas} and rice fields
(Shutko, 1986; 1990; Gross et aI., 1987).

Table 3 presents a summary of remote sensing
observations of surface water with the appropriate sensors.

TABLE 3

Remote sensing observation of surface water

Observation

Area

Sensor
Images

Scanners (VIS & JR)
Radar

oceans and estuaries have been made using data from the

CZCS, AVHRR, and other satellite scanners. Current satellite scanners proVide only broad wavelength data that may
be useful to determine chlorophyll in surface waters with
low (<25 mg/l) suspended sediments. At higher suspended

Quantity
Floods
Productivity

Stage

Precision Radar
Altimeters, Lasers
Runoff

Floods
Power Generation

Depth

Scanners (VIS
Lasers

NaVigation

Temperature

Thermal IR
Productivity
Microwave Radiometers Evaporation
Water Quality

Salinity

Microwave Radiometers Water Quality

Sediments

Scanners (VIS & JR)

Sediment Deposition
Productivity
Nutrient Loads
Water Quality

Chlorophyll

Scanners (VIS & IR)

Productivity
Water Quality

8.1.6.2 Chlorophyll
Concentration of chlorophyll can also be estimated using
aircraft or satellite scanner data (Gitelson et aI., 1987;
Shutko, 1990; Strumph and Taylor, 1988). Again, calibration data are needed to quantify the relationship between
chlorophyll and reflectance. Estimates of chlorophyll in

Application

Laser
Other Pollutants Scanners (VIS & IR)
Lasers

Water Quality

VIS = visible
IR :::: infrared

sediment concentrations, the reflectance from suspended

sediments will mask the chlorophyll reflectance in these
broad wavelengths making estimates of chlorophyll very
difficult (Ritchie et aI., 1992). Future satellite scanners
with higher spectral resolution may make it possible to
determine chlorophyll in the presence of suspended sediments. Using the same principles, macrophytes and other
aquatic vegetation in surface water can be mapped
(Ackleson and Klemas, 1987).

8.1.6.3 Other pollutants
Oil spill detection and monitoring on surface waters using
scanner, laser, or radar data are operational programmes
(Cross, 1992). Remote sensing programmes using aircraft
scanners and cameras are used routinely to follow the fate
of oil spills in surface water. Changes in water colour due
to natural organic chemicals may change reflectance
(Carder et aI., 1991; Davies-Colley et aI., 1988). Remote
sensing of these colour changes requires high spectral resolution data.
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CHAPTER 9
BASIN CHARACTERISTICS
9.1

Basin characteristics and inventory
methods

The drainage basin is the basic areal unit in which various
physiographic features can be measured and studied. The
measurement of these watershed characteristics is impO[M
tant because they are intimately related to basin water
yield and sediment load. Physiographic parameters
measurable from space platform include stream order,
stream length, basin area, basin shape, drainage density,
drainage pattern, and stream sinuosity or meander wavelength. Additional drainage basin parameters such as the
percentage of the basin in forests, swamps, surface water,
open area, and urban or impervious area can also be delineated from high resolution satellite imagery and are
valuable in characterizing the hydrologiC response of a
basin. The physiographic and associated land use information thus extracted is suitable for use in mean annual
streamflow and/or mean annual flood regression models
and can also be u.sed to calculate basic information necessary for the calibration of watershed models which
simulate daily discharge (Rango et aI., 1975).
Mapping of basin characteristics using satellite
data has been accomplished since the early 1970s. Using
satellite based electro-optical systems, scales of up to
1:50,000 may be obtained (Doyle, 1984). Due to the
stereoscopic capabilities of the SPOT satellite and the high
spatial resolution of its sensors (10 m), the smallest errors
achieveda-re now 5-20 -In in both the -vertical-and horizontal planes. For economic reasons, however, the most
suitable scales are those of 1:100,000 to 1:250,000. It
should -be stressed that increasing spatial resolution means
increased amounts of data and processing costs, and so for
each task the spatial resolution must be selected carefully.
For watersheds larger than 10,000 km2, data from polarorbiting satellites having reduced resolution capabilities
are more practical (Tarpley, 1984).
Perhaps the most widely used type of remotely
sensed data for land cover in water-resources studies is that
obtained within the visible and near infrared region of the
spectrum. One reason for choosing this type of data is that
it is relatively easy to interpret since the energy that is
sensed is reflected energy (Salomonson, 1983).
The spectral resolution attainable with scanners
make their data more suitable than cameras for various
mapping and inventory purposes. Scanning sensors with
wavelengths ranging from shortwave visible data to long·
wave microwave data are either currently in orbit or
planned for launch in the 1990s. The all-weather, daynight capability of mIcrowave data is especially
advantageous and results of experimental inventories using
radar (active microwave) data are quite favorable (Brisco et
aI., 1983; Foster and Hall, 1981). But a better understanding of how microwaves respond and react to different
kinds of media is needed before these data can be utilized
in an operational way.
Drainage network information is generally
obtaIned from topographic maps, which are usually out-ofdate. Remote sensing; due to its more current nature, can
often provide better and more reliable information than
these maps. Rango et al. (1975) reported on a study in

which they compared conventional methods with severai
types of remotely sensed data on a number of watersheds
in the United States. They found that watershed area,
shape, and channel sinuosity estimates from Landsat
images at a 1:100,000 scale were comparable to data
obtained from 1:62,500 scale topographic maps, partIcularly In well-dissected terrain with moderate vegetation. In
fiat terrain or heavily forested areas, results were comparable to 1:250,000 scale maps (Salomonson, 1983).
The drainage system is controlled by the slope of
the surface and the type of underlyIng rock (Travaglia,
1989). One of the easiest physiographic features to identify using satellite imagery is the drainage area of a
watershed. Divides between adjacent watersheds demarcate differences in drainage direction which can be readily
observed from most Earth resources-type satellites.
Drainage density, which is the number of stream
channels per unit area, -can be extracted adequately in
those areas where the landscape is sufficiently dissected to
permit detailed drainage mapping. Dissected areas provide
belter contrast and thus belter detaIl than non-dissected
areas. For the most part these areas are characterized by
moderate or high relief, non-glaciated landscapes, and
resistant, impermeable lithologies. Local relief of approximately 90 m or more between basIn divide and valley
boltom In watersheds less than 2600 km z usually provides
enough contrast to accurately map the drainage network
from hIgh resolution satellite imagery. An exception to
this was found in ridge and valley topography where
adequate local relief existed, but where most stream development has occurred on the flat, wide valley floor.
Drainage areas which were once covered by glacial ice
often exhibit a lack of structural and bedrock control as
well as a lack of drainage patterns with a significant degree
of integration or dissection. Streams which encounter
resistant rocks tend to form valleys with steep slopes
regardless of the climate, and landscapes of this type are
conducive to physiographic mapping from high resolution
space sensors (Rango et aI., 1975).
The inspection of seasonal data over a given
watershed greatly increases the chances that detailed
drainage network information can be extracted. For
example, during times of minimum leaf coverage, snow
often enhances tributaries which may be difficult to
discern during the summer season.
Drainage patterns can provide useful information
concerning rock and soil relationships and landform associations. For instance, radial drainage patterns are usually
indicative of resistant rocks and are associated with volcanoes and other domelike structures (see Table 4).
Additionally, bifurcation ratios and drainage textures can
be useful In assessing permeabIlity of the soli and bedrock.
For example} coarse drainage textures suggest resistant,
permeable bedrock materials. In coarse drainage systems
the first-order streams are farther apart than they are for
medium and fine drainage textures (Travaglia, 1989).
Of the Earth resources satellites which are
currently operating, the SPOT satellite system with its
stereoscopic viewing capabilities and superior resolution
(10 m) provIdes excellent mapping detail of drainage area
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TABLE 4

Major drainage patterns and associated characteristics

LotJd{oml
association

Drainage
pattem

Configuration

Dentritic

Tree-like branching tributaries

Homogeneous, uniform rock and soil

join the mainstream at acute angles

materials

Trellis

Modified dentrific with parallel
tributaries converging at right angles

Indicative of bedrock structure rather
than material of bedrock

Tiltred interbedded
sedimentary rock;
main parallel channels
follow strike of beds

Parallel

Major tributaries parallel major
streams and join the mainstream

Homogeneous, gentle, uniformly sloping
surfaces whose main streams may
indicate a fault or fracture zone

Young coastal plains and
large basalt flows
the same angle

Usually indicative of resistant materials
with regard to the local environmental
conditions

Volcanoes, isolated hills and
domelike structure

Layered, jointed and fractured bedrock,
control the pattern

Granitic and sedimentary domes

at approximately the same angle

Radial

Circular network of approximately
parallel channels floWing away from
a central high point

Annular

Occurrence

(rock and soil relationship)

Concentric network of channels
floWing down and around a central

Soft, sedimentary, volcanic
tuff, deposits of glacial
till, and old dissected
coastal plains

high point

(Source: Way, 1973)

and density. The Landsat TM has greater spectral range
than the SPOT system which compensates for its coarser
resolution (30 m).

9.2

2.

procedure for estimating the percentage of impervious area directly from Landsat data. Using data
from a period when most pervious covers had a
high ratio of near infrared response to visible
response, he formulated an· exponential equation

Land use information

Basin land use inventories are needed to improve surface
runoff and streamflow estimates. Some of the most impor-

tant land use types are listed below.
1.
Floodplains and wetlands. Identification and
mapping of flood-prone areas or floodplains are critical for emergency preparedness and for flood
insurance evaluation. Flood-inundation mapping
using remotely sensed imagery has been successful
on many rivers and in different regions using visible
data and, to a limited degree, thermal infrared and

radar data. Distinctive changes induced by additional water in an area facilitate the mapping of
floods. These include increased soil moisture, moisture-stressed vegetation, and standing water, all of

which result in reduced reflectivity in the visible
wavelengths that lasts up to two weeks after an event
(Salomonson, 1983).
Wetlands are an essential component of the hydrologic system. Increased pUblic concern over the
environment in recent years has led to the enaction

of national, state, and local legislation for the protection of both inland and coastal wetlands.
Most large-scale applications involve delineation of
the wetlands in terms of the upland boundary and
mean high-water mark, as well as the major species of
vegetation. Generally, the vegetation is used to identify the boundaries since the species of vegetation is
usually indicative of the depth and duration of inundation (Carter and Schubert, 1974). Because of the
importance of vegetation identification} most appli-

cations require the use of seasonal multispectral data
that include visible and near infrared measurements

(Salomonson, 1983).

Impervious areas. Urban areas affect the hydrol"
ogy at local scales by concentrating and
enhancing runoff. Jackson (1975) developed a

using the ratio between Landsat bands 7 and 4.
Basically, impervious coversl excluding bare soils,
have low ratios and pervious covers have high
ratios. Mixtures fall in between these low and

3.

high ratios.
Vegetation cover. Vegetation which for the most
part absorbs visible light but reflects near-infrared
light can be detected and classified on multispectral imagery. Coniferous forests can be
distinguished from deciduous forests during the
winter season. Forested areas versus non-forested
areas can be most easily discriminated on snowcovered scenes since the forest canopy conceals

the underlying snowpack. Grasses and crops typically exhibit spectral signatures which facilitate
their identification. The density and height of a
forest stand have been estimated with an accuracy of between 60 and 70 per cent using SPOT
panchromatic data (DeWulf et aI., 1990).
A global vegetation index has been prepared
using the visible and near infrared bands on the NOAA
series of satellites which is especially useful in determining
vegetation type and vigor (Tarpley et aI., 1984). The spectral reflectance of chlorophyll pigment in the visible and
near infrared part of the spectrum provides a means of

monitoring density and rigor of green vegetation.
Chlorophyll in green leaves has a reflectance in the 0.580.68 ].lm spectral interval (Channell) of less than 20 per
cent but a reflectance of about 60 per cent in the 0.73-1.10
].lm spectral range (Channel 2). The differential reflectance
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in these bands has been widely used to derive a simple
index of the form VI = Ch2 - Ch 1 where Ch2 is the
reflectance in Channel 2, ChI is the reflectance in Channel
1 and VI is the resulting vegetation index. The denser and
greener the plant canopy, the greater the vegetation index.
The resolution of the NOAA sateliites (1 km in Channell)
probably limits the use of this vegetation index to basins
larger than about 1000 km 2.
In addition to the above-mentioned basin characteristics, hydrologIcally important phenomena such as

when conditions were optimum. However, the SAR penetrates clouds and snow, and data can be acquired day or

desertification, erosion, sedimentation and forest fires can

mapping watershed features.

also be monitored by remote sensing methods. For hydro-

night. Drainage density detail is good on SAR imagery
because individual streams show up well due to riparian
vegetation causing higher radar reflections which results
from the IIrough" surface which vegetation creates (Foster

and Hall, 1981).
Passive microwave systems such as the Scanning

Multi-spectral Microwave Radiometer (SMMR) on the Nimbus7 spacecraft cannot currently achieve adequate resolution for

But, for basins larger than

logical modelling, information on basin characteristics is

10,000 km 2, the snow cover areal extent and snow water
equivalent can be estimated using algorithms which account

clearly needed and has been found to improve the results
when included (Rango et aI., 1983).

for the scattering of microwave radiation (at 37 and 18 GHz)
by snow crystals (Rango et aI., 1989). This information is

9.3

Other spectral applications

useful for forecasting streamflow in the spring for mountainous watersheds where seasonal snowpacks form.

9.3.1

Thermal infrared data

9.4

Although most physIographic mapping of drainage basins
has been accomplished using visible datal thermal infrared
and microwave technologies have also been explored.
Digital infrared data have been analysed to corre-

late sateliite-derlved temperatures with local topography.
The thermal infrared channel (10.S-12.5 I'm) on the
NOAA-5 sateliite was employed to delineate topographical
features In North and South Dakota in October 1977
(Schneider et aI., 1979).
Differences in temperature between wet and adja-

cent drier ground permits the delineation of terrain
features such as hills, escarpments, glacial moraines,
drainage networks and north and south-facing river valley

slopes on nighttime thermal infrared imagery.
On an image taken on 19 October 1977 at 2106
(local time), radiative cooling of the ground allowed the
surface moisture to stand out thermally. Bodies of water

appear warm due to their relatively high thermal inertia
(thermal inertia being defined as resistance to temperature
change). This inertia results in water retaining its daytime
heat longer than the surrounding terrain, thus appearing

warmer at night. North-facing slopes of river valleys, being
in shadow much of the day, receive less incoming solar
radiation than south-facing slopes and, therefore, retain
moisture in the soil longer. The soil moisture disparity
leads, in turn, to a difference in thermal inertia between

north and south-facing slopes and gives rise to the shaded
relief effect. The utility of NOAA data for thermal physiographic mapping is likely to vary depending on the time of
the day and the season of the year. Cannon (1973) found
that nighttime thermal infrared imagery provided more
drainage "information than imagery taken at
or mid-afternoon.

9.3.2

mid~morning

~icrolVavetiata

Active microwave sensors such as SAR and radar altimeters,
because of the high resolution these systems can achieve,

can also be used for detailed watershed mapping.
In a study in 1981, SAR imagery of the Wind
River Range area in Wyoming was compared to visible and
near-infrared imagery of the same area (Foster and Hall,

1981). Data from the Seasat L-Band SAR and aircraft XBand SAR were compared to Landsat Return Beam Vidicon

(RBV) visible data and near-infrared aerial photography
and topographic maps of the same area. Visible and nearinfrared data proVided more information than the SAR data

Geographic information systems

To derive the basin characteristics using remote sensing
techniques, data must be reduced, processed, and interpreted. For optimal benefits and for future inventories of
basin characteristics, utilization of a geographic informa~

tion system (GIS) is recommended. The ultimate value of a
GIS, in regard to the watershed, lies in its ability to organize and input data for models that simulate hydrological
processes. Such systems or models can be used interactively for analysing trends or for predicting consequences

of planning decisions. GIS allow remotely sensed data to
be geocoded for specific basins or sub-areas. A scheme for
processing physiographic precipitation and evaporation

data for the purpose of hydrological forecasts is discussed
by Fortinet ai. (1986).
Although in most GIS remote sensing inputs do
not represent the primary source of data, they do represent
a potential source of new data elements for the GIS, or an
alternative form of data capture for one or more welldefined data elements currently incorporated within the

GIS. As such, the problems of integration of remote
sensing inputs are judged by GIS operators largely on the
basis of the efficiency and ease of utilization of remote
sensing data as compared to more conventional data, such

as maps (Marble and Peuquet, 1983). However it appears
that any effort in modifying or designing models to be
compatible with remote sensing data is easily justified on
the basis of potential improved simulation accuracies and a

better understanding of physical processes.
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CHAPTER 10
REMOTE SENSING INPUTS FOR HYDROLOGICAL MODELS
Hydrological models, for the most part, have not taken
advantage of potentially valuable new data in the form of
remote sensing products. The principal reason for this is
that the models have been designed to use traditional
point data, or at best map data, and not the spatial data
that remote sensing provides. Although some of the
models were designed to have a distributed structure that
could accept areal data, the variables defined by the model

regression model that is based on Barrett's (1970) indexing
technique. The cloud area and temperature are the satellite variables used to develop a temperature weighted cloud
cover index. This index is then transformed linearly to
mean monthly runoff. Their results from the River Baise
catchment are very promising.

generally are not the same as remote sensing provides.

There have been a number of successful applications where
Landsat MSS data have been used to determine both urban
and general land covers for estimating runoff coefficients.
Land use is an important characteristic of the
runoff process that affects infiltration, erosion, and evapotranspiration. Thus, almost any physically-based
hydrological model uses some form of land use data or
parameters based on thIs data. Distributed models, in
particular, need specific data on land use and its location
within the basin. Most of the work on adapting remote
sensing to hydrological modelling has been with the Soil
Conservation Service '(SCS) runoff curve number modei (US
Department of Agriculture, 1972; Ragan and Jackson,
1980). The general approach is to use remote sensing data
as a substitute for land cover maps obtained by conventional surveys.

Although there is currently a significant amount of
research directed to adapting current models and developing new models to use these unique datal hydrologists, to
date, have not made optimum use of remote sensing.
Runoff cannot be directly measured by remote
sensing techniques. The role of remote sensing in runoff
calculations is generally to prOVide a source of input data
for variables or to aid in estimating equation coefficients
and model parameters. The general areas where remote
sensing has been used as input data for computing runoff
are discussed below.

10.1

Basin characteristics

10.1.1 Watershed geometry
Remote sensing data can be used to acquire almost any
information that is typically obtained from maps and used
to initialize hydrological models. In many regions of the
world, remotely sensed data, and particularly Landsat TM
or SPOT data, may be the only source of good cartographic
information. Drainage basin area and the drainage network
a-reeasi-lyobtained from good imagerY1even in remote
regions. There have also been a number of studies to
extract quantitative geomorphic information from Landsat
imagery (Haralick et aI., 1985). See Chapter 9 for additional information.

10.1.2 Empirical relationships
Empirical fiood formulae can be useful for making quick
estimates of peak flow or for making peak fiow estimates
when there is very littie other information available. A
user must be cautioned1 however, to be fully aware of their
limitations. Generally these equations are restricted to a
range of basin areas and the climatic/hydrologic regions of
the world in which they were developed.
Most of the empirical flood formulae are based
on the drainage area of the basin. A list of empirical flood
formulae from many regions of the world can be found in
the United Nations Flood Control Series No.7 (United
Nations, 19S5).
Landsat data can be used to improve empirical
equations of various runoff characteristics. Regression
equations relating runoff to basin characteristics have been
proposed by a number of hydrologists, including Thomas
and Benson (1970). Work by Allord and Scarpace (1979)
have shown how the addition of Landsat derived land
cover data can improve regression equations based solely
on topographic maps.
There are other applications of remote sensing to
hydrological models that are not land use related.
Strubing and Schultz (1983) have developed a runoff

10.2

10.3

Land cover

Rainfall

Direct measurement of rain from satellites for operational
purposes has not been generally feasible because the
opacity of clouds prevents observation of the precipitation
directly with visible) near infrared) and thermal infrared
sensor-so Microwave techniques in which the rainfall -interacts through scattering or attenuation of the radiation
have not yet developed to the stage of practical application, especially over land. However) improved analysis of
rainfall can be achieved using both satellite and conventional ground-based data. Satellite data are most useful in
proViding information on the spatial distribution of potential rain- producing clouds, and gauge data are most useful
for accurate point measurements. Ground-based radar has
proved to be the most useful remote sensing technique for
estimating rainfall rates.
However, because the satellites do provide
frequent observations) even at night with the thermal
sensors) the characteristics of potentially precipitating
clouds and the rates of changes in cloud area and shape
can be observed. From these observations) estimates of
rainfall can be made which relate cloud characteristics to
instantaneous rain rates and rain totals over time) as well
as areas of basin receiving rainfall.

lOA

Snowmelt runoff

Forecasting snowmelt runoff for either water supply or
flood prediction is a major task for hydrologists in many
parts of the world. In some areas, such as the western
United States) snowmelt provides nearly all the water for
industry, agriculturel and domestic use. Accurate and
timely prediction of snowmelt runoff is necessary for efficient reservoir management and water distribution
planning. Certain parts of the world are habitually
plagued by flooding from rapidly melting snow.
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Snowmelt funoff procedures using remote sensing
have followed two distinct paths; either empirical relation-

ships or numerical modelling. The choice of approach
depends somewhat on the available data and to a great
extent on the detail in output desired.
The most direct approach is to relate the satellite
snow cover area on a given date to the seasonal runoff.
Using data from several snow seasons enables one to
develop an empirical curve such as that developed by
Rango et al. (1975) from l.andsat data for some basins in
the Wind River Mountains in Wyoming (USA).
Snow cover depletion curves are another empirical
approach that use satellite-derived snow cover area. The 50-

called modified snowcover depletion curves show a melt
sequence that is repeatable from one year to the next (Hall and
Martinec, 1985). The displacement of the curves from one year
to the next is related to the snowpack water equivalent.
Although these curves are developed for one basin, they may
possibly be transposed to other nearby basins as an estimate of
the melt process in the nearby basin.
A number of models for forecasting and simulat-

ing snowmelt runoff have been developed or have been
modified from existing models to incorporate satellitederived snow cover data.

The Snowmelt Runoff Model (SRM) (Martinec et
al., 1983; 1992)1 used for simulating snowmelt, is one of
the better known and most thoroughly tested models available. SRM has been developed to simulate and forecast
daily streamflow in mountain basins where snowmelt is a
major component of the annual water balance. SRM is a
degree-day model that uses the percentage of the basin or
elevation zone covered by snow as the primary input.
Using Landsat and NOAA-AVHRR data, SRM has been
successfully run on various size basins in Europe and the
United States (Rango and Martinec, 1979; Rango, 1980;
Rango, 1983; Martinec and Rango, 1986).
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CHAPTER 11

OPERATIONAL APPLICATIONS
For remote sensing techniques to be termed operational,
several qualifications must be met. The application must

produce an output on a regular basis or the remote sensing
approach must be used regularly and on a continuing basis
as part of a procedure to solve a problem. There are several
good examples of operational remote sensing applications
for water resources.
A! the present time the only operational soil
moisture techniques are the aircraft based gamma ray and
passive microwave approaches. The gamma approach is
operational in both the USA and The russian federation.
In the USA this method is used by the National Weather
Service primarily to establish background conditions for
snow studies/ however; some River Forecast Centers of the
National Weather Service in the Upper Midwest relate the
gamma ray soil moisture to the Antecedent-Precipitation
Index for the region (Carroll, 1987).
An operational aircraft passive microwave
programme is used within The russian federation for soil
moisture mapping, controlling the application of irrigation
water from sprinklers, and detecting the areas of seepage
from canals. The Russian scientists have taken the
advances in the passive microwave remote sensing of soil
moisture and developed a system for irrigation scheduling.
Three radiometers at wavelengths of 2.25, 18, and 30 em
are mounted on a small biplane (Antonov-2 type) and
flown over agriculturaHields (Shutko, 1986). The multiwavelength capability not only provides surface layer soil
moisture measurements, but also allows some indications
of upper layer soil ,moisture profiles. The soil moisture
data are supplied to the farm operators 5-10 hours after the
flights (Shutko, 1986). On some of the agricultural areas,
similar radiometers mounted on tractors, provide supplemental data. The soil moisture data thus obtained is then
used as a direct input to irrigation scheduling decisions.
Bulgarian speCialists have used this technique and method
for organizing operational aircraft services for land reclamation and ecological studies in a framework of. an
"Interwaterautomatics" program (Mkrtchjan et aI., 1988).
In the field of snow hydrology, the United States
National Weather Service has set up a National Remote
Sensing Hydrology Center in Minneapolis, Minnesota.
Two operational products are turned out by the centre.
Gamma radiation remote sensing from low altitude aircraft
is used to measure snow water equivalent over a network
of more than 1 500 flight lines covering portions of 25
USA states and 7seven Canadian provinces. NOAA-AVHRR
satellite data are used to digitally map areal extent of
snow-covered regions covering two-thirds of the USA and
southern Canada where snow cover is an important hydro·
logical variable. The snow cover was mapped for about
2000 basins in 1990 and about 300 of these basins are
mapped by elevation zone. The airborne and satellite
alphanumerical and digital image snow coverage date sets
are available electronically to users in near real time for
__hydrological forecastiIlg purposes (Carroll, 1990).

A somewhat related operational application takes
place in the Himalayan region. Ramamoorthi (1983; 1987)
has developed a regression model relating April basin snow
cover to the April-June seasonal runoff on the Sutlej River
basin (43,230 km 2) of India. The snow cover data are
obtained from NOAA-AVHRR. Four years of forecasts
produced an average forecast error of 10 per cent on the
Sutlej basin with similar results also being found on other
major basins in India. These forecasts are being used operationally in India and being extended to additional basins.
In Finland, Landsat TM data are used operationally to inventory basin characteristics, primarily land
cover, for input to hydrological and energy balance
models. The classification accuracies of 95-100 per cent for
water and about 80 per cent for separating various forest
types have been termed acceptable for model inputs
(Sucksdorff et aI., 1991).
There are many other applications that are nearly
operational but do not fully meet the regular and continuing criteria.
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GAPS IN KNOWLEDGE BASE

There are specific areas of research that are certainly ready
for more of an operational application. As previously
mentioned} remotely sensed land cover information has

only been operational in a few situations (e.g., Sucksdorff
et al., 1991), although there are many opportunities to use
it. Because of its accuracy and cost effectiveness, the
remotely sensed land cover data should be promoted for
use in hydrological modelling and other types of water
resources studies.

Many good examples of how multispectral
remote sensing data can be used to determine sediment
load in reservoirs and rivers also exist (Ritchie and Cooper,
1988; Ritchie et al., 1986; 1987; Verdin, 1985). Because of
relatively easy application, these multispectral techniques
should be promoted for operational monitoring of sediment loads in water bodies.
There are more remote sensing water resources
areas that have shown significant promise but need additional research before operational application can be
attempted. Passive microwave determination of snow
water equivalent in relatively flat areas has shown much
promise (Rango et aI., 1979; Hall et aI., 1984; 1987;
Goodison et al., 1986; Foster et aI., 1980; Chang et aI.,
1982). Products being turned out using SSM/! data in
Canada (Goodison et aI., 1990) are nearly ready for operational distribution. Additional research is required to
determine corrections needed for forest areas and to determine how the techniques can be used in areas outside the
current regions of application.
There is also a need for additional research using
passive microwave data in soil moisture applications.
Work needs to be done to develop techniques similar to
Shutko's (1987) for operational application in non-irrigated
regions. The study done by Jackson et al. (1987) on the
Texas High Plains is an example of the type of project that
could be turned into an operational application. A major
research emphasis is required to relate the upper layer soil
moisture value obtained by remote sensing to the soil
moisture present in the deeper layers.
Sporadic success has been obtained in using
remote sensing data to locate groundwater. Most
approaches use surficial indicators of the underlying
groundwater reservoir and require considerable skill and
knowledge on the part of the interpreter. More documentation of the techniques used is needed, perhaps in
handbook form. One such area, among many that would
benefit by such specific gUidance, would be the use of fracture intersections to locate new groundwater wells.
Soil erosion is a large problem in water resources and
agriculture. Recent work has shown that airborne lasers can be
used to measure the occurrence and dimensions of ephemeral
gullies (Ritchie and Jackson, 1989). Such work could be used
in estimations of soil loss; however, research is needed to
determine how such measurements can be used in a sampling
scheme to get estimates of soil loss over large areas.
A number of early studies on the remote measurement of physiographic and basin characteristics indicated
that adequate measurement could be made at certain map
scales (Rango et aI., 1975). At that time the need was for
better resolution data. Only a few studies have been made

with new high resolution data (Gardner et al., 1989). More
research with high resolution (e.g., SPOT and l.andsat TM)
and digital topography data needs to be conducted to
determine the current capabilities regarding detectable
features and applicable map scales.
Albedo investigations have been conducted, but
as yet there is not an effective way to remotely measure
albedo. Remote sensors collect only a small portion of
light refiected by the Earth's surface, I.e., light reflected
toward the sensor in the specific electromagnetic band of
the sensor. The albedo is made up of light reflected in all
directions over all portions of the electromagnetic spectrum. Much research, like that of Dozier et al. (1988),
needs to be done on the bidirectional reflectance-distribution function so that one remote sensing reflectance
measurement can be used to deduce the albedo.
Evapotranspiration is the most elusive of the
hydrological cycle components to measure. Research is
progressing slowly on this topic, but various parts of the
problem are falling into place. Remote determinations of
surface temperature and upper layer soil moisture are
essential for estimation of evapotranspiration. Evaluations
of how remote sensing can be used in energy balance
computations, e.g., the work by Kustas and Daughtry
(1989), are needed before evapotranspiration can be calculated operationally.
In addition to these areas, there are several aspects of
water resources that have not been found to be amenable to
remote sensing me-asurement. Some of these may never be
measured using remote senSing. So far, it has been impossible
to measure streamflow occurring in river basins. No remote
sensing method for measuring infiltration of precipitation into
the soil has been found either. Snow grain size affects the
microwave measurement of snow water equivalent, but only
limited information on snow grain size on the surface of the
snowpack has been available using visible and near infrared
data (Dozier, 1987; 1989). These visible and infrared measurements mayor may not be related to the grain size influencing
microwave measurements. Microwave penetration into the
soil is limited to the surface layer. As yet, no truly operational
methods for measuring deep soil moisture or groundwater are
available. Although remote sensing of sediment pollution in
water bodies is possible no comprehensive ways have been
found to measure the levels of chemical pollutants.
1
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CHAPTER 13
FUTURE TRENDS
13.1

Forthcoming sensors and systems

There are a number of new remote sensing and satellite
systems that are being planned for the next few decades.
Many of these are designed for observing many of the
physical and biological characteristics of the Earth. As
hydrologists, we can anticipate new, as well as better} data
for process and global hydrologIc studies.
Within the near future, there are two major
initiatives that will have significant hydrologic benefits:
The Tropical Rainfall Measuring Mission (TRMM) and the
Mission to Planet Earth's Observing System (EOS).

13.2

Planned Earth observing systems into the
21st centnry

The TropIcal Rainfall Measurement Mission (Simpson et aI.,
1988), to be launched into an orbit inclined at about 30°,
will have on board a rainfall radar that will be capable of
estimating rainfall rates over land. The orbit is such that
any point within the tropics will be sampled twice each
month at every hour.
EOS (NASA, 1988) and its counterpart European
and Japanese platforms will lead to considerable advances
in the understanding of earth sciences as a whole) including hydrology. The manifest of instruments planned is
impressive, but the organization of the data and of other

earth science data in an information system where time
series of all the data will be easily available is of at least
equal importance. The data system will also allow many
types of data to be used simultaneously for calibration of
or for assimilation into numerical models.

13.2.1 New sensors
From a hydrological perspective, new sensors in the microwave

region are perhaps the most importantand offer the opportunity to collect new data forms. Several satellites and
instruments are of interest to hydrologists, including the SARs
mounted on the ERS-l, J-ERS-l, ALMAZ, and Radarsat spacecraft. At this writing, SAR data are being acquired by ERS-l,
JERS-l, and ALMAZ with Radarsat to follow in 1995.
Continuing high spatial resolution data from the Landsat and
SPOT satellites} passive microwave data from the special sensor
microwave/imager (SSM/I) on the DMSP satellite series, and
continuing meteorological satellite coverage from NOAA}
GOES, GMS and Meteosat series all mean that the remotely
sensed techniques can continue to be employed and expanded
upon. In addition, very high resolution (5 m) photo images are
now available from the Russian satellite Sojuzkarta. Specific
small area applications may make effective use of the data.

13.2.2 Employment of new remote sensing data
New remote sensing data} such as microwave data, will not
be able to be used in hydrological modelling without some
major changes in the structure of the models. The following example illustrates the problem with reference to soil
moisture, but it is pertinent for many other data forms as
well} Le. surface temperature and snow water equivalent.
Because soil moisture has not been used as
measured data in hydrological modelling, there are a
number of issues that hydrologists must address and solve
in anticipation of actually working with spatial and tempo_

ral soil moisture. Existing hydrological models and engineering techniques have been developed to solve specific
water resources problems (Le. water supply, flood protection, etc). As such, many of these are lumped models that
have been developed from point measurements. Models
with this structure are not capable of using the spatial
nature of remote sensing data. Before soil moisture data of
this nature can be used in hydrology, there is a need to
modify existing models or develop new models that reflect
soil moisture in a way that is more physically realistic and
so that soil moisture data can be used as input or output
verification. Also, there is need to develop procedures for
modelling or estimating profile soil moisture from time
series near surface measurements or from using multifrequency data.

13.2.3

Model approaches to use real·time areal data

Several investigators have proposed the use of remotely sensed
rainfall as input to real-time hydrology and short-time forecast
models. Roll (1986) has studied the potential for using
Meteosat data as an indication of rainfall input to a basin. A
runoff model that uses a cloud index developed from the thermal data was applied to two large basins in Europe. The
concept was demonstrated by predicting runoff for one to
three days ahead, starting with the measured flow.
Schultz (1986) has proposed using historical
NOAA satellite data to generate a long-term runoff record
for data-sparse basins. A cloud cover index developed from
cloud-top temperatures is transformed into runoff with a
linear transformation function. For short-term flood forecast problems, Schultz has also proposed developing
rainfall inputs from near real-time satellite data, and, if
available} combining them with ground;.based radar data.
The flood flows are then calculated with a runoff model
capable of using this type of precipitation input.
There are several satellites, such as ERS-l recently
launched by the European Space Agency and JERS-1
launched by Japan, which have primarily oceanographic
applications but which will also be used for acquiring data
over land. Both carry single-polarization, single-wavelength SARs, plus radiometers at various wavelengths
which may also give useful data over land. The duty cycles
and coverage of the SARs will be limited in both cases, but
the use of SAR data for mapping, particularly in polar areas
where overlapping satellite ground tracks mean that the
repeat interval between data on different days is reduced} is
clearly of interest to the hydrology community.

13.3

Development of hydrological models

lt is apparent that some improvement in forecasts and
simulations can be achieved by modifying existing models
to use remote sensing data. However} it follows that even
greater gains can be achieved with models designed to use
remote sensing as well as conventional data. Such models
would resemble contemporary simulation models structurally but would be able to account for the spatial
variability found in natural basins in a more realistic way.
Also, the subprocess algorithms (Le., infiltration, evapotranspiration, etc.) would be written to use remote sensing
data as a primary input as well as the more typical inputs.
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13.3.1 New model structure to use remote sensing
data
A pioneering attempt to develop a model designed to use
remote sensing input data has been made by Groves and
Ragan (1983). This model is similar in structure to other
models such as the Stanford model (Crawford and Linsley,
1966), but more of its parameters are physically based in
the sense that they can be determined directly by remote
sensing. Another feature of this model is the use of a
geographic information system (GIS) as a data management tool to handle the spatial nature of the various data.
The GIS assimilates remote sensing data and the historically more common point data and provides a spatially
distributed framework for the model.
A somewhat analogous effort has been proposed
by Fortin et al. (1986) with a model that has nine modules.
The framework of the model is built on a square grid information system with variable-sized pixels to incorporate
many types of remote sensing data. The hydrology module
is really two modules} a production function and a transfer
function. The production is based on a contributing area
concept that is} in turn, based on land use, soils} topography, and drainage pattern. Water from the production is
routed through a number of reaches in the drainage
network by the transfer function. The transfer function is
based on a modified kinematic wave formulation,

13.4

Scientific development related to remote
sensing and hydrology advances

The increased interest of the. scientific community in
global change and the Earth's system as a whole has
resulted in an increased awareness of hydrological sciences
as oppos.ed to engine.ering hydrology .and water resources.

13.4.1

Global atmospheric modelling

Although standard hydrological models continue to
improve and become more physically based, there is a
whole new class of models that is now receiving attention
from hydrologists (Eagleson, 1991). These are global
models that include the whole water budget. Early global
models were developments of atmospheric general circulation models for weather forecasting; and included only the
simplest representations of atmospheric hydrologic
processes (e.g., condensation) and only minimal descriptions of the land and ocean surfaces. However, as these
models were refined for climatological studies, ocean circulation and air-sea interaction had to be included. The land
surface hydrology has also-begun to be represented in
global models, with models varying from the very simple
(Manabe, 1969) representation of the land surface as a
/lbucket"1 to the very complicated (Dickinson et aI., 1986i
Sellers et aI., 1986).
The level of complexity that ought to be included
varies from representation to representation, though it is
cleariy difficult to validate a model with many parameters.
The level of complexity should match the level of physical
representation elsewhere in a global model: a global model
is only as good as the least accurate physical representation
within it.
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One feature of the large-scale hydrological modeis
that is not well described anywhere is the spatial variability
of the land surface. Some advances are being made (e.g.,
Entekhabi and Eagleson, 1989), but many models just
average measured variables by taking the arithmetic mean
for all quantities over large areas. Remote sensing can help
in dealing with spatial variability of the land surface
through observationsj however, experiments are needed to
understand what these remotely sensed data are related to
and how they can be used.
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