WORLD METEOROLOGICAL ORGANIZATION
Operational Hydrology
Report No. 12

APPLICATIONS OF REMOTE SENSING
TO HYDROLOGY
by D. R. Wiesnet
with contributions by
V. G. Konovalov and S. 1. Solomon

WMO - No. 513
Secretariat of the World Meteorological Organization • Geneva • Switzerland

1979

© 1979, World Meteorological Organization
ISBN 92 - 63 - 10513 - 8

NOTE
The designations employed and the presentation of material in this publication do not imply the
expression of any opinion whatsoever on the part of the Secretariat of the World Meteorological
Organization concerning the legal status of any country. territory. city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries.

CON TEN T S

Foreword •...........•..•.•...............•........•.•...•.........•..•.•.•

V

Abbreviations used in the report ....•..•....... .•. .... .•....•.•.•.•.....••

VI

Summary (English, French, Russian, Spanish) .... .•.•..•.•......•.•...... ...

VII

1.

INTRODUCTION .•.........•...•••.•.•..•.•.•••.•...........•....•....

1

2.

TYPES OF SENSOR •......... ; ...•.•....•.•.•...•.....•.•.............

1

2.1

Photography •...........•.....•..••....•.................•....•...•

1

2.2

Television ..........•.......................•.....•••....•.•......

2

2.3

Scanning radiometers .......•••.....•••..•...•...•...•.•.........•.

5

2.4

Microwave systems

5

3.

DATA TRANSMISSION SYSTEMS ......•.......................•....•.....

8

4.

PLATFORMS •........•...••......•.•.•....•.•..•••......•..•.•......•

8

5.

HYDROLOGICAL APPLICATIONS

.

15

5.1

Surface water ..•..•.....••....•••..•....•.............•...•••..•.•

15

5.2

Lakes ....•.•.••....•..•............•...•..•.......................

28

5.3

Snow ••........•.................•.....•..••.•.....................

31

5.4

Glaciers ••..•...........................................•..••...•.

35

5.5

Precipitation

36

5.6

Soil moisture

37

6.

FUTURE DEVELOPMENTS •..•...•...•....•..........•.•.................

38

6.1

Planned and proposed satellite missions relevant
to hydrology •....•.•.•.•.•••...•.•.•....•........................•

39

6.2

Data processing and interpretation •...•.........•.................

40

6.3

Future applications

41

ANNEX:

REPLIES TO WMO QUESTIONNAIRE ...••..............•......••..••.•.•.•

43

REFERENCES .....••.•.•.••.•.•..•.......................•.....•.............

49

FOR E W 0 R D

The rapid expansion in recent years of the range of applications of
remote sensing to hydrological problems has greatly increased the importance
of this subject.
In recognition of this, both the WMO Commission for Hydrology and the
Unesco Intergovernmental Council for the International Hydrological Programme
expressed the need for a report on the application of remote-sensing methods
to the assessment of water resources and water-balance elements. The Secretariat of WHO in collaboration with Unesco thereupon arranged for the preparation of the present report, which has been written by Mr. D. R. Wiesnet (U.S.A.)
with contributions from Messrs. V. G. Konovalov (U.S.S.R.) and S. I. Solomon
(Canada). I am pleased to have the opportunity of expressing here our sincere
appreciation to the authors for the time and effort they have devoted to this
valuable publication.

J:S.

~

•

D. A. Davies
Secretary-General

.

ABBREVIATIONS USED IN THE REPORT

APT

Automatic picture transmission

CCT

Computer-compatible tape

CDIR

Camouflage-detection IR

CMB

Composite minimum-brightness charts

CNES

Centre national d'etudes spatiales (France)

DCP

Data-collection platform

DCS

Data-collection system

ESA

European Space Agency

ESMR

Electric scanning microwave radiometer

ESSA

Environmental Science Services Administration (U.S.A.)

GOES

Geostationary operational environmental satellite

HRV

High-resolution visible

Hz

Hertz

IR

Infra-red

ITr<s

Improved TIROS operational satellite

LANDSAT

Earth resources technology satellite

MRVIR

Medium-resolution visible and infra-red

NASA

National Aeronautics and Space Administration (UoS.Ao)

NOAA

National Oceanic and Atmospheric Administration (U.S.A~)

RBV

Return beam vidicon

SAR

Synthetic aperture radar

SEASAT

Ocean dynamics satellite

SLAR

Side-looking airborne radar

SMMR

Scanning multi frequency microwave radiometer

TIROS

Television and infra-red observation satellite

TOVS

TIROS operational vertical sounder

VHRR

Very high resolution radiometer

VISSR

Visible and infra-red spin-scan radiometer

WWW

World Weather Watch

SUMMARY

This report deals with the applicatian af remate sensing to the collection
of data on surface waters and related water-balance elements. The presentation
offers a brief description of the principles and techniques used, followed, where
appropriate, by a discussion of the nature of the results obtained and their application. References are provided to permit a more detailed study of the applications
presented.
The report is basically in two parts. The first consists of a description
of the various types of sensor, data-transmission system and remote-sensing platform
which are used to obtain data on different hydrolagical elements. The second, and
main, part of the report is devoted to the practical application of remote sensing
of surface water, lakes, snow, glaciers, precipitation and soil moisture. Subjects
such as the use of meteorological radar or natural gamma radiation for remote sensing are dealt with only to a limited extent, as these topics are covered extensively
in other publications.
Application to seas and oceans is outside the scope of
this report.
In an effort to determine the state-of-the-art in remote sensing af hydrological elements, a questionnaire was sent to selected Members of WMO. A summary
of the individual replies to this questionnaire is appended to the report.

RESUME

Le present rappart traite de l'applicatian de la teledetection au rassemblement de donnees sur les eaux de surface et les elements connexes du bilan hydrique.
II commence par decrire brievement les methodes et les principes appliques, puis examine la nature des resultats obtenus et leur application. L'ouvrage comporte des
references qui permettent d'etudier plus en detail les applications presentees.
Le rapport se compose essentiellement de deux parties. La premiere partie
decrit les differents types de capteurs, de systemes de transmission des donnees et
de plates-formes de teledetection dont on se sert pour recueillir des donnees sur
differents elements hydrologiques. La deuxieme partie du rapport, qui est la plus
importante, est consocree a l'application pratique de la teledetection aux eaux de
surface, aux lacs, a la neige, aux glaciers, aux precipitations et a l'humidite du
sol. Des sujets tels que l'utilisation du radar meteorologique ou du rayonnement
gamma naturel en matiere de teledetection ne sont qu'evoques, etant donne qu'ils
font l'objet d'etudes tres poussees dans d'outres publications. L'application aux
mers et aux oceans n'entre pas dans Ie cadre du present rapport.
Un questionnaire avait ete envoye a certains Membres de l'OMM, afin de determiner l'etat des connaissances dans Ie domaine de la teledetection des elements hydrologiques. On trouvero a la fin du rapport un resume des differentes reponses qui ont
ete re9ues a la suite de ce questionnaire.
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RESUMEN
El presente informe troto de 10 aplicacion de 10 teledeteccion a 10 concentracion de datos en las aguas de superficie y en los elementos conexos 01 balance hidrico.
Empieza describiendo brevemente los principios y las tecnicas aplicados y examina luegc
cuando procede, el caracter de los resultados obtenidos y su aplicacion. El informe cor
tiene referencias que permiten estudiar de forma mas detallada las aplicaciones presentadas.
El informe esta compuesto esencialmente de dos partes. La primera describe 10E
distintos tipos de sensores, los sistemas de transmision de datos y las plataformas de
teledeteccian que se utilizan para obtener datos sobre distintos elementos hidrologicoE
La segundo, que es 10 mas importante, esta dedicada a 10 aplicacion practica de 10 telE
deteccion a las aguas de superficie, a los lagos, a 10 nieve, a los glaciares, a las
precipitaciones yolo humedad de 10 tierra. Los temas tales como 10 utilizacion del re
dar meteorologico 0 de 10 radiacion gama natural en materia de teledeteccion solo SE
evocan brevemente, yo que se han tratado de forma mas detallada en otras publicaciones.
La aplicacion a los mares y a los oceanos no esta incluida en el alcance de este informe.
Se ha enviado un cuestionario a algunos Miembros de 10 OMM para determinar el
estado de conocimientos en materia de teledeteccion de los elementos hidrologicos. Se r
incluido como apendice 01 informe un resumen de las distintas respuestas al cuestionari
que se han recibido.

APPLICATIONS OF REMOTE SENSING TO HYDROLOGY

1.

INTRODUCTION

Any report that attempts to provide detailed summaries of state-of-the-art
techniques, operational methods, present and future sensors, satellites of various
nations, and research applications of these technological devices, instruments and
techniques is certainly predestined to be either woefully incomplete, or unreadably
long. With equal certainty, such attempts to provide guides, summaries and approisals of newly developing techniques and technologies are necessary if hydrologists
throughout the world are to be kept informed on the incredibly rapid growth of
remote-sensing techniques that apply to hydrology. The primary purpose of this
technical report is to furnish the operational and research hydrologists with an
accessible and readable account of recent progress in remote sensing that may be
useful to those hydrologists in developed as well as developing countries. For
those readers who wish to explore in greater detail the techniques and sensors
briefly described in this report, bibliographic references are provided. For those
hydrologists who seriously wish to adopt techniques described herein, we strongly
urge consultation with the original references or authors. This report is best
described as a summary, descriptive narrative, not a manual of operations.
In an effort to determine the state-of-the-art in remote sensing for hydrological elements, a questionnaire was sent to selected Members of WMO for their
examination and reply. Twenty questionnaires were returned. Four of the twenty
were negative, but sixteen countries reported some use of remote sensing for hydrological purposes. A summary of the individual replies, with additional information
when available, in alphabetical order, will be found in the appendix.

2.

TYPES OF SENSOR

2.1

Photography

Hydrologists confronted with data-collection problems in the past might
have secured an aircraft and obtained photographs of the area of hydrological study,
perhaps to estimate the crop type, the snow extent, or snow thickness; perhaps
the surface area of small lakes and ponds was the unknown parameter. In any event,
aerial photography, particularly when taken in vertical stereo pairs, has been used
to great advantage by the hydrologist for a variety of hydrological measurements.
Until recently, the photographic camera was the commonest remote sensor in use.
Today, the most prolific remote sensor is the multispectral scanner aboard the
LANDSAT-2 satellite, which can image the entire Earth in 18 days in great detail.
For large-area analysis, the Geostationary Operational Environmental Satellite
No. 1 (GOES-I), using the Visible and Infra-red Spin Scan Radiometer (VISSR) sensor,
images the entire Earth disc every half-hour in both visible and thermal infra-red
(IR) (see Figure 1).

- 2 Black-and-white panchromatic photogrophy became the early standard for
vegetotion measurements, snow studies, and detailed drainage or soil maps for
watersheds. Later, black-and-white infra-red film was found to be superior for
the detection and measurement of surface water, because the spectral reflectivity
of water in the near-IR portian of the electromagnetic spectrum is so slight that
water appears black an IR film. Swamps and springs are also rather easily detectable on IR film. Many national surveying and charting organizations, such as the
U.S. National Ocean Survey (part of the National Oceanic and Atmospheric Administration (NOAA~ use IR film to map shorelines which stand out vividly.
Like blackand-white panchromatic film, black-and-white IR film is inexpensive.
In the 1960s, the advantages of colour and colour IR film became increasingly apparent to scientists experimenting with remote sensors. Photo-interpreters
and phatagrammetrists clearly demonstrated that colour provided more information
for analysis than black-and-white film. Colour IR film, formerly called
camouflage-detection IR (CDIR) film, had originally been used by military reconnaissance aircraft to detect areas of camouflage. Infra-red radiation is normally
reflected by the spongy mesophyll tissue of healthy plants, but in severed plants
used for camouflage, or in diseased plants, this tissue collapses and little or no
infra-red radiation is reflected in the air photo, causing that affected area to
stand out. Colour IR film is widely used in agricultural hydrological research
today to detect unhealthy or stressed plants.
A more recent approach to photography, however, is the multispectral
approach. Multilens cameras now record the spectral reflectance of selected targets
in preselected bands of the electromagnetic spectrum. By later combining these
multispectral images in a colour-additive viewer with optional false colours, characteristic reflectance bands of soils, or plants, etc. can be identified quickly,
and their distribution measured. Computer-controlled analysis is often possible,
if digital data are collected, using programs such as the LARS at Purdue University and programs developed at the University of Michigan, as well as those at
other remote-sensing centres.

The ability of multispectral surveys to detect and later enhance subtle
differences in spectral reflectance as "signatures" and its ability to quantize
the results is fundamental to its use in computer-assisted, or "automati~' analysis.

2.2

Television

The first meteorological satellite launched by the U.S.A. - the Television
and Infra-red Observation Satellite (TIROS-I) - contained a television Camera.
From that date (1 April 1960) until the present, television images of the Earth
have been transmitted back to ground stations. From the early 'sixties to late
1972, weather stations allover the world were able to receive television pictures
from the TIROS, ESSA (Environmental Science Services Administration) and NOAA satellites under an APT (automatic picture transmission) system, whenever the satellite
passed overhead. Even the high-resolution earth resources technology satellites
(LANDSAT-l and -2) include an RBV (return beam vidicon) system.

Figure 1 -

The Geostationary Operational Environmental

Satellite (GOES). GOES·1 is now operational

Figure 2 - Side-Looking-Airborne-Radar (SLAR) image of
southern Lake H-uron, U.S.A., showing ice distribution,
11 February 1975 (by courtesy of NASA Lewis and U.S. Coast Guard)
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These vidicon comeros convert light patterns into electronic signals, which
are either stored on electronic tape and then transmitted to ground stations on
command, or (from TIROS-VIII on) broadcast continuously tu any stations within
radio range. In 1972, with the successful launch of the NOAA-2 satellite system
(improved TIROS operational satellite (ITOS-D)), the U.S. environmental satellites
ceased to use television images and converted to scanning radiometers. That same
year, the U.S. National Aeronautics and Space Administration (NASA) launched the
LANDSAT-l satellite which boasted the remarkable aforementioned three-camera RBV
system. The three bands were .475-.575;wm, .580-.680jUm and .690-.830!_,m. Ground
resolution was excellent (90 m), but when a tape recorder switch malfunctioned,
NASA was forced to shut down the RBV to prevent a possible spacecraft power failure.
Only a few early RBV images were collected prior to the shut-down of this
system. LANDSAT-2, launched on 22 January 1975, contained an identical RBV, which
has functioned satisfactorily.

2.3

Scanning radiometers

The continuously recording radiometer measures electromagnetic radiation,
but the scanning radiometer is designed to move by scanning a given scene, so that
when the instrument is placed in a moving aircraft or spacecraft, the scan lines
can be fitted together and reproduced to show an image of the distribution of radiated energy intercepted by the detector. Bandwidth filters allow narrow bands in
the electromagnetic spectrum to be probed, such as the thermal "windows" at 3-5~lm
and 8-14/um. LANDSAT-l and -2 have multispectral four-band scanners that receive
energy i~ the visible and solar IR bands. NIMBUS-S's ESMR (electric scanning
microwave radiometer) operates in the 1.55 cm wavelength area of the electromagnetic
spectrum.
Thermal scanners are able to image scenes at night in total darkness,
as well as during the day.

2.4

Microwave systems

The microwave portion of the electromagnetic spectrum ranges from about
30 cm to 1 mm. Many scientists prefer
specify the frequency of the microwave
signal in Hertz (Hz): 1 megahertz = 10 cycles per second; 1 gigahertz = 109
cycles per second. Others refer to radar frequencies in radar bands, such as
P, L, S, X, K, Ka, Q and V bands, each denoting a specific range of frequencies
(see Table I).

60

Radar is an active microwave system, in which a signal is generated, transmitted and received.

Passive microwave emission does not involve signal generation

by the sensor. The natural emission of microwave radiation from the Earth is simply
recorded by the microwave antenna. Microwave sensors are unique in that they have
a day-ar-night, all-weather capobility. Both radar and microwave rodiometers are
strongly affected by surface roughness, moisture content of soils, and vegetation.

- 6 Side-looking airborne radar (SLAR) is useful for terrain mapping. Accurote
planimetric maps of drainage and drainage basins can be prepared fram SLAR images.
Much of the inaccessible Amazon basin, in Brazil, has been mopped despite heavy
persistent cloud cover using SLAR.
Theoretical and experimental attempts have indicated good patential for
snow and soil-moisture determination, using microwave and radar techniques. However, passive microwave has limited potential from orbital altitude, because
ground resolution is restricted. SLAR can achieve more precise resolution from
space. The Soviet COSMOS-243 satellite used a microwave radiometer to measure
global temperatures, and the NASA NIMBUS-5's ESMR has been returning excellent
data on sea ice and snow cover in the microwave portion of the spectrum. NASA
scientists have found microwave brightness temperature differences in old ice
and newly formed ice, which permits their identification with ESMR.

TABLE

I

Radar frequency range
Frequency range

Band

MHz

P

UHF
L
S
C
X
Ku
K
Ka

1
2
4
8
12
18
26

220
300
000
000
000
000
500
000
500

GHz

-

-

1
2
4
8
12
18
26
40

300
000
000
000
000
500
000
500
000

.22
.30
1.0
2.0
4.0
8.0
12.5
18.0
26.5

-

-

.30
1.0
2.0
4.0
8.0
12.5
18.0
26.5
40.0

It has recently been reported (WMO (1975)) that one of the Soviet METEOR
satellites was equipped with a radar for detecting areas of precipitation and ice
cover. Resolution at the perigee is 50 km and the wavelength is 0.8 cm (about
37 GHz). This polar-orbiting satellite will collect images of the polar ice
packs, regardless of claud condition and time of day. ESMR passive microwave
(1.55 cm) images of the polar areas have been published by Gloersen et a1. (1975).
The U.S. Coast Guard has flown SLAR aircraft flights over the Great Lakes
in winter to monitor lake ice build-up and migration. Ice canditions and forecasts
are then sent directly from an ice forecasting centre to the ships transiting the
Great Lakes (see Figure 2).
U.S. satellite sensors and data characteristics of relevance to hydrological
studies are summarized in Table II.

- 7 TABLE II
U.S.A. satellite sensors and data characteristics of relevance to hydrological studies (revised)

Sensor

Spacecraft

Nominal spectral
bond Cum)

Nominal resolution
ot nldir (km)

3.5

Swath
width (km)

SR
(Scanning Radiometer)

NOAA_5, 6, •••
(operational)

0.5-0.7 or 0.5-0.9
10.5_12.5

VJ-1RR
(Very High Resolu_
ti.,n Radiometer)

NOAA-5, 6, •••
(operational)

0.6_0.7
10.5-12.5

NOAA (TIROS-N)
(Operational first
launch in 1978)

0.55_0.9
0.72_1.1
3.55_3.93
10.5_11.5

1_4

(Advanced VHRR)

VISSR
(Vi 51 blelr n fro-red

GOES_3, 4, •••
(operational)

0.55_0.7
10.5_12.5

1,3

>3500

B

(at lot.

AVHRR

Repeat
coveroge

Global coverage.

B

3000

12 hr

3000

12 hr

2800

12 hr

>50

Spin_Scon Radiometer)

0

1/2 hr

)

ESMR
(ElectricollyScanning Micro....ave
Radiometer)

NIHBUS_5

0.8 cm

32

1200

12 hr

THIR

NIHI:ll,lS_6
NIMBUS-G
(1978 launch)

6.5~7.1

22
8

3000

12 hr

NIMBUS-G
SEASAT-A
(1978 launch)

4.55 Cm
2.81
1.67
1.36
0.81

5AR
(Synthetic Aperture
Radar)

SEASAT-A

21.5 cm

25m

VIR
(Vi sible/r n f £0- red
Rodiometer)

SEASAT_A

0.5-0.9
10.5-12.5

10

"55
(Mul!i_spectral
Scanner System)

LANDSAT-C
(10teI977 launch)

(Temperature_Humidi tv
Infra_red Radiometer)
5MMR
(Scanning Multi_
fr"'lu"ncy Microwave

Radiometer)

10.3-12

0.5_0.6
0.6_0.7
0.7_0.8
0.8_1.1
10.5-12.5

Mostly direct readout; limited
stored data capability that can
be assigned to polar regions.
Global coverage -at lower resolu_
tion. Mostly dhect readout at
higher resolution; more stored
data in polor regions than VHRR.
Platform location ond data relay
system.
Polar coverage limited to about
0
60 latitude because of equotoriol orbit. Spotiol resolutions more thon double nadir
0
value >50 lot. Dato relay
system.
Near global coverage.
Platform location and data relay
system.

Global coverage.

780 (NIMBUS-G)
111l X 103
650 (SEASAT_A)36 hr*
73 X 66
47 x 41
37 x 32
22 X 19
SEASAT NIMBUS G

100

36 hr

1500

36 hr

Global coverage for NIMBUS-G.
Polar cov,noge for SEASAT-A
limited ~o latitudes less than
about 72. Only 0.8 cm channel
expected to yield ice information.
Direct readout only;
swath lengths.

limited

Polar coverage resi:ricted (see

SMMR).

240

RBV
(Return Beam Vidicon)

lANDSAT-C

0.55-0.72

HCMR
(Heot Copocity Mapping
Radiometer)

HCMM_A
(1978 launch)

0.5_1.1
10.5_12.5

0.5

GZCS
(Coostol Zone Colour
Scanner)

NIMBUS_G

0.433-0.453
0.510_0.590
0.540_0.560
0.660_0.680
0.700_0.800
10.5_12.5

500

SASS
(SEAS/l.T_A Satellite
Scotterometer)

SEASAT-A

13.9 Or 14.595 6Hz

Polar coverage limited tg lati_
tudes less than about 82; data
swaths overlap for several
successive days J.n each cycle o~
loh tudeS greater than about 70
Data relay system.

185

18_doy

185

18-day

Polar coverage restricted (see

700

12 hr

Direct readout only. Only polar
coverage ",ill be Beaufort, Chukchi,
and Bering Seas south of 73°N.

m

MSS).

1200

m

50

CPA

SEASAT-A

13.9 GHz

1.6-12

"55

LANDSAT-I, II

0.5-0.6
0.6-0.7
0.7-0.8
0.8_1.1

80

Thematic mapper

LANDSAT
Follow-on
(1981 launch)

0.45_0.52
0.52_0.60
0.63_0.69
0.76_0.90
1.55_1.75
10.4_12.5

'"

Remorks

4_doy"

~lostly

direct readout.

1900

36 hr

Very few observations in 460 kOl
wide bond centred on nodir.
Polar coverage restricted (see
SMMR) •

10

>6 rna

Polar coverage restricted (see
SMMR) .

m

185

IB_day

Two sotellite systems presently
provide coverage twice durin3 the
18_doy period.

30 m
30 m
30 m
30 m
30 m
120 m

165

18_doy

Proposed 7_9 day coverage with two
operating sotellites. Data
delivery in 48_96 hours using all
digital processing and communication satellites.

Approximate power limitations or orbit of NIMBUS_G constrain output products to

0

six-day cycle.
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DATA-TRANSMISSION SYSTEMS

Satellites play an increasingly important role in world communications. The
use of satellites for the transmission of hydrological data has become important in
water resources planning, especially for remote and inaccessible areas. LANDSAT-l
and LANDSAT-2 possess such a system, known as the data-collectian system (DeS). It
obtains data transmitted from unattended data~collection platforms located throughout the world, generally in remote inaccesible sites - for example, sites high in
the Arizona mountains, where the danger of flash floods threatens the lives and
property of the people in the more heavily populated valley floors. Types of information relayed by LANDSAT-lor -2 to the NASA data-acquisition stations are:
stream discharge, water depth, soil moisture, snow depth, temperature, humidity,
wind velocity, etc. This information is then transmitted from the data-acquisition
station to the user. Information can then be relayed whenever the spacecraft 1S 1n
view of both the platform transmitting the data and the acquisition station.
While the LANDSAT DCS is an important step forward in the use of satellites
for securing data from remote, inaccessible places, a new system for data relay is
now in use by the NOAA National Environmental Satellite Service. The DCS, as good
as it is, cannot provide a means of continuously monitoring the myriad of stations
in remote locations that hydrologists feel are necessary for improved flood and
water-level forecasting. Only a geostationary satellite can fulfil the need for
immediate query and immediate response. Four such satellites are now in operotion.
They are stationed at longitudes 135°W, 75°W, 0° and 140 0 E. The first two were
launched by the United States and the other two by the European Space Agency (ESA)
and Japan, respectively. These satellites form part of a World Weather Watch (WWW)
network of five satellites, which will be circumglobal when complete. These satellites will play an important role in hydrological, meteorological and oceanographic
data transmission. Their primary purpose is for advance storm warning.

4.

PLATFORMS

Truck-mounted platforms are usually employed for basic studies of radiation
characteristics of plants, soils, snow, rock, water, etc. These platforms can discriminate a very specific target, then can be co-ordinated well with ground-truth
measurements, and the effect of atmospheric attenuation is minimized.
Balloons have been used for local studies of temporal coastal features, such
as tidal currents, sediment studies, or snowmelt studies where the same area is
observed, usually for a relatively short period of time. These balloons are almost
always tethered. Balloons are the least expensive remote-sensing platform.
Aircraft of all types have been employed as platforms for remote sensing.
Some sensors (e.g. rodar) are extremely heavy, so that light aircraft are not suitable. Factors that affect aircraft selection pertain to required altitude, speed,
power (to operate the sensor), weight of sensor, size and position of parts required
for the detecting element of the sensor, and number of operators.

Figure 3 - LANDSAT quasi-image of Logone River obtained on 31 October 1972, MSS band 4. Light area is water, probably with
a high sediment content. Dark area is vegetation on humid or flooded terrain (flooding mainly b infiltration, the main river channel being above surrounding terrain). Image influenced by cloudiness. Flow at Bongor 648 m 3 s' . Significant losses by infiltration,
evaporation and surface channels occur between Bangor and this point
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- 15 Spacecraft, specifically Earth-orbiting satellites, are the ultimate platform. Once in proper orbit, the satellite is reliable, punctual, obtaining data ot
the same time every day with the same sensor at the same attitude and altitude. Its
initial cost is high, however, and until the U.S.A. space shuttle is operational, it
is impossible to repair in the event of malfunction.

5.

HYDROLOGICAL APPLICATIONS

5.1

Surface water

One of the best known applications of remote sensing to water resources is
the inventorying of surface water bodies, particularly stream~ lakes, marshes and
bogs, within a given region. The area covered by open water is readily delineated
by various remote-sensing techniques because of the particular radiation characteristics of. water. Decreased reflectivity of soils moisturized at the surface facilitates the delineation of recently flooded areas, if these are barren. The delineation of floods in vegetation-covered areas is more difficult, but is possible either
by use of radar or through a combination of radiation and topographic data. Remotely
sensed data obtained on flood-plain characteristics can be combined with data
obtained during floods for flood mapping and delineating flood hazard areas. Characteristics of river channel, such as width, depth, roughness, degree of tortuosity
and braiding, can also be obtained from remote-sensing surveys.

This is usually done in great detail by means of aerial photography at
scales of 1/10 000 - 1/50 000. A review of the most suitable photo~raphic techniques
for this purpose was written by Howard (1977).
When water is hidden by vegetation and/or clouds, aerial photography is
usually inefficient. In such cases, the best techniques developed so far are based
on radar, although infra-red photography may yield some information on vegetated,
water-covered areas.

Current satellite imagery at the best currently obtainable resolution
(LANDSAT, 56 x 79 m) is, in some cases, too coarse to provide detailed inventories
of existing open water bodies, particularly in areas covered by floating and/or
standing vegetation. However, LANDSAT imagery can be used most effectively for
detecting the temporal variation of the more important rivers and other water bodies
(Figures 3-6) by processing computer-compatible tapes (CCTs), using various digital
or optical techniques. Such detailed processing is particularly effective in areas
where information from aerial photography is unobtainable.
LANDSAT imagery, particularly in the near-infra-red bands. can be used with
success to identify water bodies whose dimensions are of the order of magnitude of
LANDSAT's resolution (~80 m). This is clearly illustrated from the quasi-image ln
Figure 7, obtained from a LANDSAT frame covering southern Ontario (Figure 8).

- 16 Figure 7, obtained by computer-printer processing of the corresponding CCT, shows
the city of Toronto on which one can detect clearly two small rivers, the Humber and
the Don, which, at the time when the image was obtained (6 July 1973), had low flows
and widths at the most of the order of magnitude of LANDSAT's resolution. Note that
it would take a very experienced LANDSAT image interpreter to detect the two rivers
on the photographically processed image (Figure 8), whereas they are readily visible
in the computer-processed image (Figure 7). This detection capability of small
rivers is, however, dependent to a large extent on the nature of surrounding land
and atmospheric conditions at the time of the survey.
In the case of larger water bodies, as shown by Krinsley (1976), it is possible to use the 1/100 000 false-colour LANDSAT imagery to monitor variations in lake
areas.

Delineation of water-covered areas is one aspect of remote-sensing interpretation that lends itself to extensive automation requiring the least man-machine
interaction.

Kuprianov and Prokacheva (1976) summarize as follows the capabilities of
detection of water bodies by various sensors and spacecraft:

Sensor

Photographic

Platform

Resalution
(m)

Width of
detectable
river (m)

Area of
detectable
lake (km 2 )

SOYUZ

50-120

70-150

0.001

GEMINI

80-100

50

0.001

LANDSAT

60-100

100

METEOSAT

1 200

1 000-2 000

ESSA*

3 500

3 000-4 000

camera

Photographic
camera

Multi-spectral

0.02-0.08

scanner

Television

2-3

scanner

APT

*

Editorial note
Since 1972, NOAA polar-orbiting satellites have used the VHRR, which has a
spatial resolution of 900 m and can detect rivers 500 m wide and lakes one
to two square kilometres in area.

Harlan

Hancock
Oakland
Griswold

AREAS OF FLOOD
INUNDATION AS
DETERM!NED FROM
ERTS I

Figure 11 - Changes observed
from ERTS 1 as a result of the
flood of 11-15 September 1972, in
west central Iowa on the East and
West Nishnabotna rivers.
MSS 0.8 to 1.1-llm band views taken
on 13 AU9ust 1972 (lett) and
18 September 1972 (right)

Figure 10 - ERTS 1 mapping of area flooded along the East
and the West Nishnabotna rivers (September 1972) in Iowa as
obtained directly from 1:250 000 scale positive transparencies
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Delineation of barren flooded areas
Delineation of flooded areas when the inundated terrain is devoid of vegetation does not usually present exceptional difficulties if the survey is carried
out during the flood, because of the special reflectance characteristics of water.
Aerial photography is used in some countries (e.g. the U.S.A. and Canada) as a
routine survey technique of flooded areas. A complete stereoscopic overview of the
flooded area with the adjacent nan-flooded areas usually pravides contrast that aids
interpolation, particularly in those areas in which interpretation based on colour
and tone is difficult because the water is shallow, very muddy, or bath. However,
such techniques are expensive and difficult to apply on continuaus, operatianal basis.
Recent studies, based on LANDSAT imagery, have shown that the latter can be
used without difficulty to delineate flooded areas at a scale of 1:250 000 or even
larger, particularly if the imagery was coincident with the flood and the cloud conditions were favourable. However, several authors (e.g. Rango and Salomonson, 1974;
Solomon, 1976) indicate that acceptable to good results in flood mapping can be
obtained from LANDSAT imagery even up to 10-12 days after the passage of the flood.
When using LANDSAT imagery, distinguishing flood waters from bare soil is
most difficult in the visible portion of the spectrum. Although water is less reflective than land in the visible bonds, the resulting contrast may be greatly reouced at flood stage, because the water often carries a large sediment load. Some
backwater areas may present greater difficulties because of their shallow water
depth and the resultant reflectance of the bottom sediment
Any of the near-infrared bands (0.7-0.8 and 0.8-1.1 ;Um) are superior to any of the visible bands, as they
are absorbed by even very shallow water. Various techniques 'of false-colour compositing using infra-red and visible photographs may be used with success for the
delineation of flooded areas.

The delineation of flooded areas
Rango and Salomon son (1974) have documented, on the basis of the analysis
of four significant floods that occurred in the United States in 1972-1973, the
possibility of mapping floods by means of LANDSAT imagery obtained in the nearinfra-red bands. In most cases, their flood mapping was based on the comparison
between pre- and post-flood imagery (Figure 9). The flooded areas are identifiable
due either to the very low reflectance (dark areas) or to areas of reduced reflectance, which were assumed to be areas of high soil moisture due to recent flooding.
Figure 10 shows the flood map obtained by NASA from the images shown in Figure 11.
It was estimated that the difference in flooded area delineated from LANDSAT and
aircraft photography is less than five per cent. Furthermore, a comparison of the
boundaries of the flooded areas on the two sets of maps showed that they correspond
exactly for 80 per cent of the total length, with only minor disagreements in the
remaining areas (Halberg et 01.,1973).
The results of the analysis were used to estimate the expected damage,
delineate islands of unflooded areas in generally flooded terrain which can be
used for game refuge and other purposes during severe flood, for designating

- 20 major disaster areas by State and Federal authorities, and for land-use and transportation planning. It is interesting to note that the total direct cost of the
satellite analysis (i.e. ignoring the cost of the satellite) was about US $1 200.
After the flood has receded, thd Flood-inundoted area can still be mappHd.
The wet soils emerging from water after flood recession show reduced reflectance
in all visible and infra-red bands. Again, the infra-red band provides the most
suitable information for mapping.
The significance of the availability of LANDSAT imagery for flood mapping
can be best camprehended when considered in the light of the costs and logistical
problems that might be generated when mapping floods in large flood plains of the
most important rivers of the world. Thus, Deutsch (1976) has shown significant
advantages using LANDSAT imagery in studying the flooding of the Indus. He used
a special false-colour imaging technique, which was quite effective in emphasizing
the flooded areas of the exceptional flood in Pakistan in 1973. The imagery will
also be used as supporting material in a WMO project currently in the implementation
stage for flood warning and flood protection. The advantage of overlaying several
images obtained in various periods of time was also illustrated in the above study.
Another interesting flood study using multi-data imagery is that carried out by FAO
in the Sudd basin, southern Sudan (Howard, 1977).
At least one attempt to date has been made to use data obtained by the
Very High Resolution Radiometer-Infra-red (VHRR-IR) of NOAA-2 to delineate flooded
areas (Wiesnet et al" 1974). The object of the study was the March 1973 Mississippi
flood in the St. Louis area. By digital processing of the VHRR-IR data, a map of
the flooded area was obtained and superimposed on the fload map obtained from LANDSAT.
On the basis of this analysis, Wiesnet et al. concluded that NOAA-2 VHRR-IR data can
be used to identify areas of flooding, but only in the case of large floods an large
rivers (see Figure 12). Prokacheva and Usachev (1975), who used TV pictures from the
METEOR satellites to delineate flooded areas in the Enisey River Valley, arrived at
similar conclusions.

Significant complicating factors appear when the flooded area is covered
by vegetatian (particularly forest) or by ice and snow, since in these cases the
reflectance data are not easily interpretable. When detailed topographic maps are
available and areas of open water are interspaced with the forest, the problems
related to vegetation cover can be circumvented by determining the water levels from
the joint interpretation of the topography' and the imagery, and from this determination, whether the forest area is flooded.
When LANDSAT data are used, another way of solving the problem is to carry
out detailed multi-data analysis in the near infra-red bands, particularly band 7.
In most cases, it will be found that areas that are classified under dry conditions
as vegetation have a lower reflectance in this band than other areas with similar
cover and reflectance in the visible bands.

Figure 12 - NOAA·2 VHRR visible image 4 May 1973 of the
lower Mississippi River in flood from southern Illinois to the Gulf
of Mexico

F;gure 13 - LANDSAT imagery of Logone flood plains obtained
on 1 November 1972, near end of flood period

!

Figure 14 -

LANDSAT Imagery of Logone flood plains obtained

on 12 January 1973. Infiltrated water and vegetation continue to
spread away from main Lagene channel, while near the channel
vegetation starts to dry up.

Figure 15 - LANDSAT image of Logone flood plains obtained
on 7 March 1973. Water evaporates and vegetation dries up,
exposing slightly humid terrain

- 25 In arid areas, vegetation develops quickly at the surface of a flooded
area, and the high contrast between the reflectance of dry unvegetated terrain and
wet vegetated terrain or open water may be indicative of the spreading of the water.
Figures 13-15 illustrate the flooding, mostly by infiltration and small surface canals
carrying water slowly away from the main channel of the Logone River, in the period
November 1972-March 1973 monitored by LANDSAT-l. In these images, the dark spots
indicate the spread of water and the disappearance of vegetation.
With multiband black-and-white photography, vegetation stressed by flooding can be distinguished
from unstressed vegetatian for substantial periods of time.
The blue spectral
band is also useful for mapping flood limits. Flood-stressed plants reflect more
blue radiation than comparable non-flood-stressed species. Flood stress does not
affect the green and red reflectance of plants consistently; thus, these bands 'were
found least effective for delineating the inundated area after flood recession (Hoyer
and Taranik, 1973). Haze, however, may limit some of the usefulness of the response
in the blue band, since it reduces contrast in the imagery and thereby makes it
more difficult to interpret.
Floods, particularly those generated by ice jams occurring in moderate and
high latitudes, can produce flooding on a ground cover of snow. The flood waters
may strip off snow or flow on top of it. After the flooding has receded, bare ground
or ice is left behind, exhibiting sharp contact lines which differentiate the flooded
areas from the snow.
Although actual studies by remote sensing of this type of
flooding have not yet been reported, it can be assumed that the differentiation
either of water and snow, ice and snow, or of ice and soil is possible by remote
sensing from satellites because of the different reflective characteristics of the
materials.
Delineation of flood-hazard areas
Delineation of actually flooded areas as obtained from remote sensing and
by other means does not directly provide the means to delineate the whole extent of
flood-hazard areas. Rango and Salomonson (1974) attempted to map from satellite and
other remotely sensed data the features on the flood plain that may correspond to the
limits of major floods occurring in the past. Burgess (1967) hos produced a comprehensive list of indicators, of which many can be used to detect flood susceptibility
by means of area surveys, as in fact suggested by Burgess. Rango and Salomonson
indicate that a certain selected number of flood-hazard indicators are detectable
from LANDSAT imagery. However, the return period of floods completely inundating
the flood plain cannot be estimated solely on the basis of remote-sensing data.
Such estimation requires detailed hydrological and hydraulic computations in which
remotely sensed data may constitute an important, but only partiaL input.
In delineating flood-hazard areas and flood limits corresponding to various
return periods, the availability of detailed topographic maps is necessary, particularly when conventional methods are used. Techniques for obtaining such maps through
aerial photography are well known. However, much less expensive techniques are now
available for this purpose, of which the obtaining and processing of high-resolution
photography from spacecraft is a promising one. According to Svatkova (1974), it has
been possible to map the topography of a flood plain from one single SALYUT photograph, with an accuracy comparable to that obtainable from a 1:100 000 tapographic
map.

- 26 River-channel characteristics
A number of important river-channel characteristics, such as width, depth,
roughness, degree of tortuosity and braiding can be estimated by means of remotesensing techniques. The channel width can usually be determined from stereoscopic
aerial photographs. However, one should keep in mind that, for hydrological applications, it is generally necessary to determine a characteristic width, e.g. width
at full bank level, which is not always readily obtainable from aerial photographs.
A series of indicators, such as presence of permanent vegetation, natural levees
and so on, may be necessary to estimate the above-mentioned width. Such indicators
have been used for example for determining the width of rivers used in the study by
Jolly et 01. (1977). River channel width, as determined from less detailed photographs and satellite imagery, cannot usually be related to the indicators discussed
above.
Water depths can be mapped directly from colour-photo transparencies through
the use of a stereoplotter. This technique has been utilized to map depths to 16 m
over a part of Wake Island (Geary, 1967). By using the same indicators as for
channel width, one can determine channel depth corresponding to a characteristic
flow condition, particularly to full bank level. The usefulness of multi-band aerial
photography in mapping submerged topography has been discussed by Kravtsova (1976).
There are some indications, nat yet fully exploited, that LANDSAT imagery
could be used to estimate the depth of water, since there is a definite relationship between wavelength and water "transparency" recorded on LANDSAT imagery. Of
course, the problem of using LANDSAT in water depth determination is extremely complex, because the "water transparency" sensed by LANDSAT depends on the water's suspended and dissolved matter.
The estimation of water depth of lakes by remote sensing has formed the
object of many studies. Polycyn (1969) states that remote sensing of water depth
can be attempted using "colour change, thermal change, wave refraction, and laser
signal return". Of these four methods, he has to date successfully applied two:
wave refraction and colour change.
Equipment on board SEASAT will comprise a highly accurate radar altimeter
which will measure wave heights. This, in turn, will provide input data for estimating water depth.
Recent laboratory and airborne experiments (Kim, 1977) have proved the
feasibility and demonstrated the techniques of an airborne pulsed-laser system for
rapidly mapping water depth.
The well-known Manning's "n" (roughness coefficient) can also be estimated
from air stereophotography. In fact, in order to help train the engineer and
scientist to estima'te values of Manning's "n", the U.S. geological survey has, for
many years, maintained a series of colour stereophotographs of different channels
for which the value of "n" has been computed from measurements of velocity, depth
and slope.

- 27 An interesting development in the determination of roughness by a remotesensing technique has been reported by Korolev (1975). This technique is based on
the technology of photometrication, which consists of tronsforming a photograph by
optical characteristics of the scanned photograph. Statistical parameters of the
series are computed and, by comparing with the characteristics of channels with
known roughness, a means for objectively estimating the roughness of the channel
under consideration is obtained.
Remote-sensing techniques, such as low-angle oblique photography, colour
photography, and thermal IR scanning, con provide information on surface-water
patterns that are related to major changes in channel topography. Studies on the
Brahmaputra River in Bangladesh (Coleman, 1969) and the Mississippi River (Coleman
and McIntyre, 1971) have shown that water-surface roughness, turbicity contrast and
turbulent boils can be correlated with channel topography.
It is self-evident that aerial photographs and, to some extent, satellite
imagery can be used to determine the tortuosity and braiding of rivers, the presence
of cultural features (bridges, reservoirs, levees, etc.), as well as change in time
of such features. Since aerial photographs are expensive to obtain, it would be
economically efficient to use for this purpose, to the largest extent possible,
photography obtained from spacecraft. However, since such photographs are usually
not orthogonal to the surveyed surface, it is important to be able to reduce such
maps to the conditions corresponding to "photomaps". Progroms to transform
oblique photographs taken from any of the U.S.S.R. or U.S.A. spacecraft into photomaps corresponding to any type of conventional geographical projection have been
developed at the Aero-techniques Laboratory of the Aero-geology Unit (U.S.S.R.).
Photomaps of this typ~ enlarged usually 16-20 time~ have been used to study the
characteristics of several river channels and reservoirs and their evolution in
time (Kuzina and Ramm, 1976).
Quantification of river flow
Four basic techniques can be considered for the quantification of river
flow by remote sensing. The first consists of measuring the velocity from an alrcraft by means of floats or dyes. It has been used for a long time in the U.S.S.R.
(Shumkov, 1975; Kuprianov, 1976) and is experimental in other countries with rivergauging stations difficult of access. According to Kuprianov, the accuracy of such
measurements is not significantly different from that of ground-based measurements.
The second technique is a method for monitoring hydrological phenomena,
particularly floods, on the basis of aerial and satellite images. It has been shown
that the area of the flooded part of a basin and the total length of its visible
river network offer useful indexes of surface flow and groundwater inflow to the
rivers (Kalinin, 1974; Kalinin et al~ 1975).
The third technique consists in establishing relationships between maximum
flows of various return probabilities and the hydromorphological characteristics
of the corresponding river sections. The hydromorphological characteristics most
widely used for these purposes are river width and meander characteristics.

- 28 Jolly et aL (1977) have produced significant correlations between floods with twoyear and fifty-year probobilities as the dependent voriable and bankful width as
determined from aerial phatos (Figure 16).
The faurth technique consists in the use of remately sensed data in rainfallrunoff madels.
Three types af remotely sensed input data can be considered.
The first relates to meteorological data. Several hydrological forecasting organizations, follawing the lead of NOAA in the U.S.A., are using such data in flawforecasting models, particularly for extreme conditions. The second relotes to the
use of snow and snowmelt input data. The third relates to the use of land-use landcover data to improve and update the basin characteristics and related parameters
as used in the model.
In concluding this section, it should be noted that the development of
highly accurate (error ~ 10 em) radar altimeters that ore to be used on SEASAT-A,
capable of measuring water surface elevations of larger water bodies, may introduce
new and vast possibilities in the area of surveying by remote sensing of certain
hydrological characteristics, particularly woter levels.

5.2

Lakes

The temporary and fragile nature of lakes is of concern to hydrologists.
Large lakes are important to commerce, recreation, transportation, fishing and
water supply. The ecology of these lakes is a delicately balanced system that is
altered by man's activities. The use of remote sensing becomes the obvious and
optimum tool to monitor the hydrology of these large bodies of water.
Temperature is an important factor in determining the health of a lake.
Because almost all pollution is injected into lakes at some temperature other than
ambient lake temperature, pollution can often be detected by thermal scanners. In
fact, scanners are commonly used merely to study the plume of river water entering
a loke as it is affected by coastal currents.
The dynamics of ice melting on water bodies can be investigated by means
of TV information from METEOR satellites for both large lakes and water reservoirs
and smaller ones (10-15 km 2 ). Invisible on summer photographs, the lakes become
easily distinguishable in spring on account of the increased contrast of ice not
yet melted and wet ground. The information content of the image depends on the
size and form of the lakes, decreasing for lakes and water reservoirs of elongated
form (Prokocheva, 1975).
The Canadian Department of Environment has used airborne thermometry for
severol years to produce thermal mops of the Great Lakes, which in turn provided
data to calculate evaporation rates for the lakes over which there is a paucity of
meteorological data.
The NOAA series of satellites daily secures visible band and twice-daily
IR coverage of the Great Lakes. LANDSAT-lor -2 secure data every nine days. Sediment and pollution have been clearly observed from LANDSAT data on many lokes.
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Bankful width from aerial photos versus fifty-year flood
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Figure 17 - LANDSAT-1 imagery of Utah Lake, U.S.A., on
12 September 1972. Algae bloom covers a large portion of the
lake. Note the spectral reflectance (Strong, 1974)

- 31 In one cose in the U.S.A., a paper company and the State of New York have been
enjoined in a legal suit by the State of Vermont on the basis of LANDSAT imagery of
the Lake Champlain area in the New York State.
In another case, an algal bloom wos detected 1n a small Utah lake by the
multi-spectral scanner system oboard LANDSAT (see Figure 17). Satellite and aircroft reconnaissance for ecological and hydrological monitoring can easily detect
the industrial polluter, although it must be clearly recognized that the pollutant
itself cannot be identified from space unless it has a unique spectral signature.

5.3

Snaw

For the hydrologist who must forecast water levels, snow represents one of
the most complicated and most difficult-to-measure parameters. Snow extent, distribution, water equivalent, water content, thickness and density all playa large part
in assessment of the snowpack's contribution to runoff.
According to the U.S. National Academy of Science, "improved forecasts are
estimated to be worth 107 or 108 dollars per year to water users in the western
United States alone". Remote sensing has been looked upon by many as a promising
means of attacking the snowpack problem. Although aircraft surveys are still made
once or twice a year in hazardous mountain areas to determine the mean snow-line

elevation by altimeter, satellite snow mapping 1S becoming increasingly important.
In the U.S.A., computer-produced maps of North America have been used for
global and small-scale snow maps. These are called Composite Minimum Brightness
Charts (CMBs) by NOAA's National Environmental Satellite Service, where they are
produced. By computer scanning of the data for each five- or ten-day period, the
minimum brightness is recorded on a rectified map printout. Thus, if a cloud is
present on four of five days, the non-cloud brightness level will be read as minimum brightness. This technique "filters out" the clouds rather effectively (McClain
and Baker, 1967). Figure 18 shows on example of a ten-day CMB chart over the polar
regions, in April 1976.
In Japan, for processing and determination of images of cloud and snow
cover, the following kinds of device will be employed. Digitized image data received from satellites are fed into the computer, calibrated therein, and transferred
manually into the processing console. By applying a colour conversion scale to the
digitized data, a range of radiances or brightness temperatures can be displayed on
the screen in the specified colour scale. It is also possible to reproduce colour
pictures of the limited range of brightness temperature, for 250-282 K for instance,
by using 16 colour shades. By superimposing IR data in eight colour shades over
visible data of eight green shades, an area with low temperature and high reflectivity can clearly be displayed on the screen. The multi-colour data-analysis system
has the capability of converting electronically the density of satellite imagery film
into colour pictures and of displacing them over the screen in twelve different
colours. Products from these techniques will facilitate the analysis of the types
of cloud and the determination of snow and cloud areas (Shimada, 1976).

- 32 The operational hydrologist requires snow extent data that are not global
or hemispheric; he needs data in his specific drainage basin, so that he can apply
them ta his immediate forecasting problem via the appropriate model or prediction
device. In the U.S.A., early attempts to deliver satellite snow-line data for use in
forecasting flood levels were made by hydrologists at NOAA in the Mississippi River
floods in 1970 in an informal way. Meier (1973) and Wiesnet and McGinnis (1973)
began to use satellite data from LANDSAT-l (Barnes, 1973) and NOAA-2 VHRR for snowextent mapping (see Figure 19). All three researchers were working toward operational and predictive goals. The basic pioneering work in satellite snow-extent
mapping, however, was done by Barnes and Bowley (1968). Currently, the NOAA/NESS
snow-mapping programme is quasi-operational for 18 basins, chiefly in the western
United States (Schneider, 1975). Data are provided via teletype within 30 hours of
the NOAA satellite fly-by. Basins range from 2 541 km 2 to 104 120 km 2 in size.
In the U.S.S.R., satellite data received by means of the METEOR system,
with resolution 1.5 x 1.5 km for TV images and 15 x 15 km for IR pictures, have been
used to plot the curves of snow-storage distribution and to determine snowmelt duration, thickness of snow cover and relative brightness for the Volga basin, including
the tributaries.
Within the Vyatka basin, partial watersheds have been selected with a
different percentage of forest area with drainage areas not greater than 15 000 to
20 000 km 2 (Deleur and Rumjantcev, 1976).
Snowpack water equivalent has been measured by aircraft gamma-radiation
surveys in Norway and in the U.S.S.R., and later in the U.S.A. also. The method 1S
based on the absorption of natural gamma radiation by water (snow). Within a few
hundred metres of the Earth, the gamma-radiation field is largely the result of
natural radiation from the soil. The mass of water in the snowpack can be determined by the amount of attenuation. The attenuation of the gamma radiation depends
only on the total mass of water in the snowpack and soil, regardless of the state
.of the water. Soil moisture, radon gas, altitude, and air-density corrections must
also be made. The main limitation of the method is the low flying altitude (150
metres). Encouraging results of this new technique are reported by Peck et al.
(1972) •
As hydrologists come to accept satellite remote-sensing data on snow mapping, they also come to learn the limitations of satellite· remote sensing. Despite
some indications that the reflectance of snow may, under certain circumstances, be
related to the snow thickness (McGinnis et al., 1975), there is at this time no viable
operational method for determining snow thickness, or water equivalent, or density
of snow. There is a strong feeling by some that radar or microwave techniques will
achieve these breakthroughs and, at present, research efforts are under way to solve
these pressing problems.
One cost comparison for NOAA-2 satellite snow mapping in the Sierra Nevada
of California and conventional aircraft snow-line determination by altimeter is 200:1
in favour of the satellite. As remote-sensing methods become widely known and as
public demand on the water supply increases, such cost/comparisons will not be
ignored by operational hydrologists.

Figure 18 - Ten-day composite minimum brightness charts of the Polar regions.
This the current format for CMS charts. Scene shown is for 4-16 April 1976

Figure 19 - Enlarged NOAA-2 VHRR
image of the northern Sierra Nevada,
California, showing the American River
basin, which has been mapped for
snow extent since 1973

Figure 20 - Nimbus-3 visible (left) and near-IR (right) images of
the Alps. Note the reduced area of snow shown by the near-IR.
This is evidence of melting (or metamorphosed) snow
(Strong et al.. 1971)
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- 35 Kukla and Kukla (1975) published narthern hemisphere snow ond ice data
derived from satellite images during the period 1966-1973 for use in global albedo
studies.
Wiesnet and Matson (1976) examined winter snow and ice charts based on
satellite data for 1966-1975; they determined the extent and area of snow cover
in Eurasia and North America. Regression analysis relating antecedent snow cover
with subsequent snow cover yielded several equations with correlation coefficient
significant enough to have possible applications for 3~, 60- and 90-day forecosting
of seasonal hemispheric snow cover.
Strong et al. (1971) found that imagery in the near-IR (0.7 to 1.3jUm) band
on NIMBUS-3 at times indicated no snow in the Alps, while simultaneous visible band
data showed a considerable amount of snow. This phenomenon occurred under melting
conditions in spring, and could be observed in various mountain snowpacks and in
lakes. It is caused by a considerable decrease in the reflected near-IR radiation
which, in turn, is apparently the result of a thin film of water at or near the surface which tends to absorb the radiation in that band (see Figure 20).
Other factars also affect reflectivity and absorption at the snow surface:
sun angle, sensor angle, time of day, temperature, density, degree of metamorphism,
grain size, etc. affect reflectance as viewed by the satellite sensor. Because of
these factors, it is best to describe snow that exhibits reduced reflectance as
"metamorphosed'! snow rather than

I'melt~ng"

snow.

Nevertheless, new research on

the relation of spectral reflectance of snow to physical properties of snow is on
the increase.

5.4

Glaciers

Glaciers play an important role in the hydrolagical cycle of many mountainous areas, the Alps, Iceland, Scandinavia, the south-east coast of Alaska and
Canada's Pacific coast, as well as the Himalayas. Since Louis Agassiz began observing Alpine glaciers in the 1800s, glaciologists have struggled to find safe and reliable methods to chart, measure, comprehend and predict glacier behaviour. Terrestrial photography of glaciers was an important early reference method. Traversing
and conducting scientific studies on glaciers are difficult, and glaciologists were
quick to appreciate the value of remote sensing, first from aircraft, later from
satellites.
In Iceland ond Alaska, there is hope that the "Jokulklaup" - the sudden
melting of a glacial ice dam that results in catastrophic flooding of the downstream
area - can be monitored from LANDSAT-l data. Surging glaciers in Alaska have been
detected and identified from the LANDSAT-l satellite imagery. With imagery such as
that furnished every nine days by LANDSAT-l and -2, it is now quite feasible to
monitor the retreat or advance of glaciers, which can be sensitive indicators of
local climatic trends.
Krimmel and Meier (1975) and ¢strem (1975) used photographs from ERTS for
studying glacier mass balance, revealing transfer of the seasonal snow boundary on
glaciers and determination of ice movement. The studying of glacier mass balance

- 36 of greot significonce for the planning of the work of hydroelectric power stqtions
in Norway. For evoluation of mass balance, the satellite" data on the highest position
of the seasonal snow boundary on glaciers at the end of the ablation period are used.
Working with photographs of ERTS makes possible the instrumental analysis of image
density in different zones and automatic decoding of the hydrological objects on this
basis. The utilization of ERTS data in figures, not as photographs, allows the allocation of 63 levels of imoge brightness instead of 15 (¢strem, 1975). However, the
filtration of images of snow and cloud cover is not carried out automatically.
lS

5.5

Precipitation

Accurate measurement of precipitation is a continuing goal in meteorological research and a continuing need in hydrolog~ which depends greatly on these
data for modelling. Raingauge networks are commonly dense in populated oreas, but
sparse in rural areas and rare in the upper reaches of most bosins.

Convective

storms may often go undetected by any gauge. At sea, precipitation data are very
sparse, being recarded primarily an island stations and by a few ships in wellestablished shipping lanes. The principal mode of precipitation in the tropics
is via the convective storm.

Ground-based radar is probably the most accurate method of determining
areal precipitation in use today. Radar, however, is limited to a less-than-lOOmile radius of observations. Satellite images from the early weather satellites
of the U.S.A. and the U.S.S.R. opened a whole new world of data on clouds and
frontal systems. For instance, existing series of cloud photographs from polarorbiting satellites were utilized (Davies and Serebreny, 1972) to estimate total
precipitation (rain and snow) over mountainous drainage basins.

Satellite-viewed

cloud cover was distinguished in terms of eight exclusive categories, representative
of differing probable contributions to basin precipitation. After a dominant categorization had been assigned to each successive 12-hour period, estimates of cumulative basin precipitation were obtained by summation of probable amounts assigned
to each cloud category. Good estimates of precipitation with dependent data were
obtained over summation periods of obout two weeks during the early winter and of
about five days during the early summer. Estimates and observations with independent data hove also been compared with precipitation based on radar data.
Techniques of estimating precipitation fram cloud heights (using thermal
IR data) and from cloud type (using visible data) have been published by several
workers, e.g. Follansbee (1973). Martin and Scherer (1973) have provided a review
of earlier methods.
At present, despite some problems, convective storms are now routinely
charted, and estimates of their precipitation can be made with fairly good results.
Certainly, satellite data on the percentage of area covered by precipitation are
better than any ground data, except for the ground-based radars (Gruber, 1973).
Interestingly, by using satellite data, Gruber was able to eliminate the need for
wind and humidity-field data in his calculations.

- 37 Developing countries, or remote areas of developed countries, can benefit
from such precipitation aata (Follansbee, 1973). Using satellite photos and a
modified form of Barrett's basic rainfall-coefficient equation, adjusted to yield
24-hour rainfall rather than a monthly mean, estimated rainfall amounts were used
as input to established flood-forecasting models. Other workers have demonstrated
fairly good statistical relations between infra-red data and probably precipitation,
mean relative humidity through various atmospheric layers, and the precipitable
water in the air column.
The investigations of global dependence of distribution of water and moisture contents in the atmosphere were carried out by means of radiophysical methods
on the Soviet satellite KOSMOS-243, in 1968, and on the U.S.A. satellite NIMBUS-V,
in 1972 (Kondratyev, Rabinovitch et al~ 1975). One of the experimental series of
the U.S.S.R. METEOR satellite reportedly has a passive microwave sensor on board
for detecting areas of precipitation and ice cover. Resolution of this 0.8 cm
sensor is 50 km at the perigee (WMO, 1975).

5.6

Soil moisture

Of all the parameters that affect river-level forecasts, soil moisture is
perhaps the most difficult to determine. A saturated soil will absorb no rainfall,
but will permit high runoff and, cDnversely, a dry soil will absorb a great deal of
rainfall and will permit little, if any, runoff. Measurements of soil moisture are
rare, although some generalized estimates are made for large farming areas by agricultural or soil scientists.

Point-sampling methods of soil moisture are the conventional approach, but
these techniques, including the new neutrDn probe~, cannot furnish synoptic coverage
of an area, except at prohibitive expense. Nor does point sampling provide the broad
picture of how moisture infiltrates the surface and migrates within a given soil type.
Aerial photos of areas recently wetted by rain do reveal moisture patterns, because
the reflectance of soil is lower (hence the soil appears darker) when it is wet.
Infra-red black-and-white and IR colour films are commonly used for mapping soilmoisture variations. Nevertheless, the need for soil-moisture data cannot be met
by aircraft flights, because the changes in soil moisture are far too dynamic and
would require a great number of costly aircraft flights. Satellites, orbiting so
as to produce daily information, are the optimum platform for acquiring regional
soil-moisture data. LANDSAT-l and -2 have acquired excellent-quality multispectral
scanner imagery for scientists studying soil moisture.

Despite the quality of the LANDSAT data, soil-moisture measurements have
proved to be illusive using the MSS. The spectral response of vegetation commonly
obscures that from the soil. We must learn to recognize newly plowed soil from wet,
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unplowed soil, forested acreage from cultivated, and the variations in soil type
from section to section before soil moisture can be accurately and routinely sensed
remotely from satellites.
Passive and active microwave and thermol IR also have potential as soilmoisture techniques. Where temperature and soil mois~ure are clearly related,
thermal IR can be very effective, provided the vegetation is not over-dense. The
scattering effect of vegetation and of irregular surfoces is also a formidable problem in passive and active microwave studies. As mentioned previously, the daynight/all-weather capability of these sensors makes them uniquely attractive for
many hydrological applications. It might be pertinent to note that, while ground
resolution of the passive microwave sensor is altitude-dependent, the side-looking
radar is not nearly so dependent; hence, the SLAR is more desirable as a satellite
sensor, as it can provide finer resolution. However, its greater power requirement
and certain antenna considerations have hindered its use in satellites.
One additional system of remately measuring soil maisture that has a great
deal af pramise is the aerial gamma-ray survey, which has been discussed under
Sectian 5.3. The measurements of soil moisture from aircraft were carried out in
the U.S.S.R., in the summer of 1971, over twelve flight lines ranging from 600 to
1 000 m. The accuracy of the oircraft gomma-ray survey method was determined by
comparing the results of simultaneous aircroft and surfoce measurements. It wos
determined that the soil-moisture oircraft gamma-roy survey method gave only a
smoll error. By using two differently directed gamma-roy radiation detectors in
the summer period, the error may be held within 2-3 per cent (Nikifarov and Pegaev,
1974; Niki forov et a1., 1974).

6.

FUTURE DEVELOPMENTS

Development in the orea of remote sensing of Earth resources, including
water resources, is taking place at 0 ropid rate, and it is practically impossible
to predict how for this development may go during the next 10-15 years. In assessing future development in this field, one has to content oneself with the analysis
of the programmes related to the launching of new remote-sensing platforms, some af
which ore equipped with new sensing instruments, the foreseeable improvement in data
handling and interpretation, and the practical development of new applications. From
the viewpoint of hydrological and water resources applications, it may be expected
that satellite remote sensing will, in the neor future, play an increasing role,
whereas the conventional remote-sensing techniques based on aerial surveys will
continue to have significance only for projects of limited dimensions of time and
space. The basic observational requirements for various hydrological applicotions
of satellite remote-sensing technology have been examined in detail in WMO Planning
Report No. 36 (Annex II, Table III), and these requirements doubtlessly represent
the major directions along which future development will take place. However,
achieving all the doto needs expressed in the obove-mentioned document will probably take a much longer period than covered by the prognostications made in this
chapter.
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6.1

Planned and proposed satellite missions relevant to hydrology

Following the demonstrated advantages and usefulness of obtaining remotely
sensed data from satellites and spacecraft, an increasing number of countries and
regional organizations will enter into the club of nations with satellite-launching
capabilities, either individually, or through regional organizations. Unfortunately,
the planning data in this field of some countries ond regional organizations are not
always in the public domoin, and the information given below will, by necessity, be
incomplete.

The U.S.A. programme of satellite launching for the next five years (19781983) is quite extensive, and the satellites and spacecraft of significance to hydrology, and the relevant equipment, are listed in WMO (1976) - Table 3. Of particular
interest to hydrologists, in addition to the LANDSAT series which, in future launches,
will have better resolution and a larger number of bands, is SEASAT-A.
The
latter satellite will be equipped with a high-accuracy radar altimeter that will be
able to measure the stage of large water bodies (at least one kilometre in width)
with an accuracy of ± 10 cm, and with a synthetic aperture radar (SAR) which will
have a resolution of 25 cm. One limitation of the SEASAT-A which will reduce its
usefulness is the impossibility of obtaining SAR imagery outside the range of realtime receiving stations and, according to current plans, these will cover only North
America and part of Europe. However, it may be assumed that, as in the case of
LANDSAT, once the multiple benefits that can be obtained from the SEASAT satellites
are fully appreciated, the number of ground receiving stations will increase significantly.

A further rapid increase in sensor development may be expected in the U.S.A.
as a result of the transfer to civil purposes of technology acquired in the military
field.

The Soviet system of METEOR meteorological satellites is to be continued
indefinitely, with improved instrumentation, some of which has been tested on the
experimental satellites of this series. The equipment of relevance to hydrology
currently tested on the experimental satellites includes (WMO, 1975):

Sconning telephotometer for automatic direct transmission of pictures
in the visible spectral bond. Resolution at the perigee is 1.6 km and
the belt covered along the orbit is 2 700 km wide;
Spectrometer for measuring vertical temperature profiles.
the perigee is 13 x 53 km, spectral range 15;um;

Resolution ot

Passive microwave for detecting areas of precipitation and ice cover.
Resolution at the perigee is 50 km, spectral range 0.8 cm.

- - - - - - - - -----------------
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The European Economic Community (EEC) is deeply involved in space
activities through its European Space Agency (ESA*). The activities of the latter
that are relevant to hydrology relate mainly to the preparation of design elements
of a number of European remofe-sensing satellites which would satisfy primarily
European regional needs and the Development Aid Programme. Both aspects include
hydrological applications; water resource management is primarily required for
regional European needs, but also for the stated objective of sustained production of biomass in developing countries, as well as for the problem of disaster
warning and damage assessment. The latter is listed by ESA only under the Development Aid Progromme requirements; however, it certainly also has applicability to
the European regional needs.
Taking into account the particular needs in the field of satellite
remote sensing, the Centre national d'etudes spatiales (CNES) has prepared a project for the launching of a series of Earth observation satellites (SPOT - Systeme
spatial d'observation de la Terre). This satellite would have many characteristics
similar to those of LANDSAT, but would be equipped with more sophisticated equipment:
a High Resolution Visible (HRV) multi-spectral scanner, operoting in the same bands
as LANDSAT-l and -2 (0.5-0.6jtAm; 0.6 to 0.7 ;lAm; 0.7-0.8;um ond 0.8 to 1.1;'JmJ,
but with a resolution of 23 m and a Medium Resolution Visible and Infra-red (MRVIR)
multi-spectral scanner, operating in the LANDSAT-A and -B bonds, but also in the
two medium infra-red bands (1.5 to 1.75;IAm and 2.1 to 2.35;IAm) and two bands in the
thermal infra-red (10.5 to 12.5pm and 8 to 12.5jlJm), the latter thermal infra-red
band being used to estimate the effect of water vapour absorption on the former band,
thus enabling the absolute brightness temperature to be estimated with a good accuracy. The project foresees the launching of the first satellite of this type in
late 1983.
In addition to the above studies, ESA is also interested in the development of a satellite-borne radar system that would permit soil-moisture estimation
and crop monitoring. A double radar fulfilling these functions was conceived recently (Dieterle, 1977) for this purpose and is being further investigated for future use
in space missions.

6.2

Data processing and interpretation

One would expect that data processing will continue to be carried out
in both image and digital form, as for at least the foreseeable future both visual
and interactive techniques of interpretation will continue to be used and further
improved. In addition to the currently used multi-spectral coloured images, coloured
multi-data overlaysof images will probably be used extensively. This type of overlay
will play an increasing role in hydrology, particularly in flood studies and investigation of changes in river basin conditions, particularly land use and land cover.

* ESA is responsible for the launching and operation of the METEOSAT geostationary
satelli teo

- 41 Optical means of enlarging and overlaying imagery and conventional maps of
the zoom-scope type will probably olso be improved and become widely used, particularly in operational applications based on visual interpretation.
As the amount of dota will increose much more rapidly than the capability
of various nations to train visual interpreters, the relative weight of interactive
interpretation will increase steadily and rapidly, the share of automation in the
interactive process increasing the fastest. Whereas dedicated hardware of the
image-lOO type will continue to develop, its role will decrease in relative terms,
as it presents a high inertia to adjustment to new interpretation techniques.
Simple equipment such as density slicers and additive colour displayers will be
used extensively, particularly where financial limitations are significant. Computerized geophysical data banks and related overlaying techniques, which make it
possible to match pixel by pixel data from maps to satellite imagery and vice versa,
will become increasingly used in interactive interpretation. Catalogues of spectral
signatures referenced as per applicability to regional Earth subdivisions, periods
of the year, illumination and atmospheric conditions will probably become available
in time, and simple techniques of land-use, land-cover classification, snow and soil
moisture mapping, etc. that provide the highest efficiency per unit of computer cost
will be developed. Similarly, catalogues and techniques for pedological and geological interactive interpretation of imagery will become available.
Interactive interpretation of meteorological and hydrological remote-sensing
data will be closely associated with the further development of meteorological
and hydrological models. Meteorological models are usually, by their very nature,
of the distributed type and perfectly suited to accept remotely sensed data. Hydrological models will become increasingly so, as remotely sensed data provide complete benefits only when used with such models. Moreover, the digital systems of
processing remote-sensing data are perfectly suited for interfacing with distributed
models.
In the real-time operational interpretation of remotely sensed data in hydrology, an increasingly important role will be played by data-collection platforms
(DCP) and satellite data-collection systems (DCS). This aspect of space technology
is outside the scope of this report and is mentioned here only in relation to the
possibilities opened for operational application of remote sensing to hydrology, as
satellite-based DCS and the corresponding DCPs used particularly for hydrological
and meteorological data network purposes are ideal instruments for repetitive,
periodical collection of ground-truth data in the real-time mode.

6.3

Future applications

It is to be expected that remote-sensing applications to hydrology will be
increasingly incorporated in hydrological data networks, starting with the carrying
out by remote sensing of flow measurements and ending with hydrological models for
estimation of the hydrology of un gauged basins. A recent project for the development of the hydrometeorological network in the River Amazon basin, Brazil, carried
out by the Brazilian Government in co-operation with UNDP and WMO, already reflects
this trend to a large extent (Solomon, 1977).
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The use of remote sensing for flood monitoring and damage estimates will
reach operational levels, particularly in those countries where it will be possible
to receive in almost real-time mode imagery from LANDSAT-C et seq. from SEASAT, or
from the satellites under consideration by EEC. The impact of the use of remotely·
sensed data obtained from satellites on flood mapping and flood-damage evaluation
may lead to a more active participation of more conventional remote-sensing techniques.
The application of remote-sensing techniques to hydrology and water resources will also become a component part of a more general system of forecasting and
monitoring hydrological-environmental events presenting significant rapid or slow
departures from normal or dangerous trends (tornadoes, forest fires, draughts,
desertification processes, snow and ice cover, etc.). Such applications have
already been made occasionally on various scales, but it may be anticipated that
these will be extended in the near future to continental or global scales, and
systematically carried out through suitable arrangements between the affected nations
and the international organizations that may co-ordinate the required technology for
carrying out such forecasting and monitoring activities.

*
*

*

ANN E X
Replies to WMO guestionnaire

AUSTRIA
2
LANDSAT images are used for snow mapping on glaciers of 1 to 10 km
From
these images, the snow line, equilibrium line and the accumulation area for all
larger glaciers have been determined and related to mass balance figures. The regional differences in the altitude of the equilibrium line have been related to the
regional precipitation pattern (Rott, 1976).
AUSTRALIA
Aircraft and LANDSAT-l multi-spectral imagery are used to study floods
resulting from river ice jams, as well as for mapping the areal extent of lake
ice. Sediment tracking in flood situations has also been carried out. Remote
sensing of areal rainfall by radar is under investigation.
CANADA
Areal snow-cover extent and snowline are mapped using LANDSAT-l and -2
multi-spectral imagery as well as the NOAA series imagery. This work is done
during spring and is experimental. Water equivalent of snow cover is being studied
by airborne gamma-ray sensors flown at a height of ISO metres. Melting or metamorphosed snow and snow depth are studied by LANDSAT multi-spectral imagery and
NOAA imagery. Melting or metamorphosed snow is also examined, using thermal IR
with data obtained by the above-mentioned NOAA satellites.
Areal extent or river ice is mapped, using aircraft photography, airborne
radar and thermal IR sensors. Types of river ice are studied from aircraft photography, SKYLAB imagery, airborne passive microwave and thermal IR images, and from
an airborne laser profiler. Thickness of river ice is inferred through the use of
the laser profiler, as well as aircraft photography and airborne active and passive
microwave scanners. River-ice movement and jams are monitored by.means of aircraft
and LANDSAT imagery, while ice temperature is monitored by airborne thermometry
(PRT-S). River-ice surface velocity has been determined by using aircraft photography; ice roughness has been studied by the laser profiler. The techniques mentioned above are also applied to lake-ice analysis. In addition, fracture patterns
are studied.
Glaciers are likewise being studied by aerial photography. Areal extent,
type, movement, and the thickness of glaciers are the chief parameters of interest.
LANDSAT imagery has been used to detect surging glaciers. A high-resolution,
620 MHz radar has been used in glacier sounding by the Inland Waters Directorate.
An infra-red thermal scanner has been used to detect seeps into the Ottawa River
from a buried aquifer. Flood plains, channel patterns, landslides and mudflows
have been studied using aerial photography.

- 44 Detection of algal blaoms in rivers and lakes by an experimental airborne
laser fluorometer is being evaluated. Thermal pollution and thermal plumes in
rivers and lakes are monitored by thermal IR scanners. Experiments ta determine
haw well soil moisture can be measured by remote sensing using gomma-ray techniques
are continuing. This method of detecting soil moisture is complementary to gammaray snow surveys.

EGYPT
No remote sensing is used for hydrological purposes.
FINLAND
ESSA-8 and NOAA-2, -3 and -4 have found limited use in mapping areal
extent of sea ice. Most remote-sensing programmes involve non-operational use of
airborne thermal IR sensors, an airborne digital multi-spectral scanner, and aircraft photography to study lake turbidity, algal blooms, salinity, thermal pollution,
thermal plumes, soil-moisture content and soil types. LANDSAT-l imagery is also
being used in an attempt to analyse soil moisture and soil types by remote sensing.
Automated pattern recognition techniques playa large part in these analyses.
FRANCE
Snowlines are being mapped experimentally, uS1ng NOAAjVHRR visible and
infra-red imagery.

GERMAN DEMOCRATIC REPUBLIC
Remote sensing 1S used to study channel length, channel patterns and flood
plans of rivers.

GERMANY (FEDERAL REPUBLIC OF)
Airborne thermal IR sensors are used in several pilot projects to detect
groundwater discharge to rivers and lakes, to detect seeps and springs, and study
thermal pollution and thermal plumes in rivers. An airborne Bendix scanner system
is used to analyse river turbidity and algal blooms.

graphy

Quantitative geomorphological areas studied by means of aircraft photoinclude drainage areas, channel length and channel patterns.

ISRAEL
LANDSAT-l multi-spectral imagery is used to map snowlines, map areal extent
of snow, detect aquifers, seeps and springs, and study lake turbidity, lake eddies,
oil slicks and soil pollution from copper-mine effluents.
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Use is made of aircraft photography to detect geomorphological surface
characteristics, flood plains, channel patterns, channel length, drainage area of
streams, soil types, soil-moisture content, aquifers, seeps and springs. Airborne
thermal IR sensors are employed in studying sail-moisture content, soil types and
channel patterns. Television finds use in detecting seeps and springs, detecting
aquifers and monitoring lake temperature. The latter is also performed from the
ground.
SKYLAB and aircraft imagery have also been helpful In determining land
use In Israel.
ITALY
No remote sensing used for hydrological purposes.
JAPAN
Aircraft photography is occasionally used to map areal extent of snow,
study snow depth, and attempt to determine the water equivalent of snow on ground.
Aircraft photography is also used to check the coefficient of diffusion of river
turbidity.
NORWAY
LANDSAT-l photography and multi-spectral imagery are being used in conjunction with snowline mopping and the areal extent of snow, determining oreal
extent and movement of glaciers, studying glacier accumulation, distribution,
glacier thickness and the transient snowline, studying lake turbidity, lake algol
blooms and lake macrophytes, and also in trying to determine soil-moisture content.
Aircraft photography is being employed to determine snow depth, oreal
extent of river and lake ice, traffic and timber deposition on ice, lake-ice fracture patterns, areal extent of glaciers, types of glacier, glacier thickness, the
transient snowline, river and lake turbidity, river and lake algol blooms, river ond
lake macrophytes, soil-moisture content, channel length ond channel patterns.
Airborne thermal IR sensors are used to study areal extent of lake ice,
lake-ice fracture patterns, detection of seeps and springs, detection of clearings
in forests, and study of soil types and soil-moisture content. Gamma-ray sensors
are employed to aid in determining water equivalent of snow an the ground.
Users of remote sensing in Norway include the Norwegian Water Resources
and Electricity Board, the Norwegian Institute for Water Research, the Norwegian
Polar Institute and the Agricultural University of Norway.
PAKISTAN
Pakistan does not use remote sensing for hydrological purposes.
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POLAND
Poland does not use remote sensing for hydrological purposes.
SPAIN
Spain has used LANDSAT-I, SKYLAB-3 and ESSA-8 imagery to map the snowline
and the areal extent of snow on the ground.
SWEDEN
NOAA imagery is used in an attempt to map the snowline and the areal extent
of snow on the ground. LANDSAT multi-spectral imagery is employed in an attempt to
determine lake turbidity ond lake algal blooms. Most of Sweden's remote-sensing
programmes involve aircraft photography. Applications of such imagery include snowline mapping, mapping areal extent of snow, mapping areal extent of lake and river ice,
determining types of lake and river ice, detecting river-ice jams and lake-ice
fracture patterns, mapping areal extent of glaciers and studying lake and river
turbidity, lake algal blooms, river sediment and channel patterns.
Airborne thermal IR sensors ore employed to determine thermal pollution and
thermal plumes ln lakes. Attempts have been made to determine the water equivalent
of snow, using an airborne gamma-ray radiometer.
SWITZERLAND
ESSA, NOAA, LANDSAT and SKYLAB imagery are employed to map the snowline
and the areal extent of snow. Airborne photography is used to map the areal extent
of movement of glaciers, volume change of glaciers, landslides and mudflows.
Airborne thermal IR sensors are used to determine river and lake ice temperature and river thermal pollution.
UNION OF SOVIET SOCIALIST REPUBLICS
The U.S.S.R. is using the METEOR satellites to map snowlines, map the areal
extent of snow, detect river-ice movement, map the areal extent of lake ice and detect drifting ice.
Airborne television sensors are employed to map snowlines and areal extent
of snow, detect free water resulting from melting snow, study river-ice movement,
map areal extent of lake ice, study types of lake ice and study drifting ice.
Airborne thermal IR sensors are used to study free water resulting from
melting snow and to detect lake thermal pollution.
Aircraft photography is used to map snowlines and the areal extent of snow,
map areal extent of lake and river ice, study types of lake and river ice, determine
river-ice thickness, study river-ice movement and river-ice jams, monitor drifting
ice and analyse flood plains.

- 47 Airborne gamma-ray sensors are employed in determining water equivalent
of snow on the ground and determining soil-moisture content.

UNITED KINGDOM OF GREAT BRITAIN AND NORTHERN IRELAND
LANDSAT imagery is used to study river turbidity and determine channel
length and channel patterns. Airborne thermal IR sensors are employed to determine
groundwater discharge to rivers and lakes (several surveys have been completed
around the east and south coasts of England) to determine river, lake and coastal
thermal pollution, to study lake thermal plumes and to attempt to determine soilmoisture content.

UNITED STATES OF AMERICA
Several types of satellite imagery and their applications to remote-sensing
programmes in the United States are given below:
NOAA - Snowline mapping, mapping areal extent of snow, mapplng lake ice,
studying lake-ice types, determining lake temperature, studying lake-ice
fracture patterns and lake-ice temperature, flood monitoring and determination of surface water area.

LANDSAT - Snowline mapping, mapping areal extent of snow, mapping areal
extent of Arctic, Antarctic, river and lake ice, determining river-ice
movement, studying temporal aspects of river and lake ice, studying
Arctic, Antarctic and lake-ice fracture patterns, mapping areal extent
of patterns and glaciers, determining glacier types, monitoring glacier
movement, detecting aquifers, studying river and lake turbidity, detecting river and lake algal blooms, analysing river salinity, detecting
river sediment, detection of river and lake chlorophyll and algae,
determining soil types and soil-moisture content and studying drainage
areas, channel lengths, channel patterns, flood patterns and surfacewater area.

NIMBUS - Snowline mapping, mapping areal extent of snow, determining
free water arising from melting snow, studying snow depth, analysing
water equivalent of snow on the ground, detecting aquifers and determining soil-moisture content.
SKYLAB - Snowline mapping, determining snow depth and soil-moisture
content and studying drainage areas, channel length, channel patterns
and flood plains.
Airborne sensors and their applications include:
Television - Snowline mapping, mapping areal extent of snow, and aquifer
detection.

- 48 Radar - Determining melting free water from snow on the ground, determining snow depth and woter equivalent of snow on the ground, mapping
areal extent of lake ice, analysing lake-ice thickness, lake-ice types
and lake-ice fracture patterns, mopping areal extent of glaciers and
studying drainage oreos.
Thermal IR - Snowline mopping, mopping areal extent of snow on the ground,
determining depth of snow on the ground, mapping areal extent of lake and
river ice, determining types and thickness of river ice, determining riverand lake-ice temperature, studying loke-ice fracture patterns, studying
movement and temporal aspects of lake ice, mopping areal extent of glaciers,
determining glacier temperature and glacial morphology, detecting aquifers,
seeps and springs and discharge to rivers and lakes, determining ground
temperature, studying river turbidity, detecting river and lake thermal
pollution and thermal plumes, determining soil-moisture content and
studying channel patterns, flood plains, flooding and surface water areas.
Microwave - Snowline mapping, mapping areal extent of snow, determining
snow depth and water equivalent of snow on the ground, determining free
water from melting snow, mapping areal extent of lake ice, determining
lake-ice types, lake-ice thickness, lake-ice fracture patterns, temporal
lake-ice features and lake-ice movement, mapping areal extent of glaciers
and attempting to determine soil-moisture content.
Photogra~ - Snowline mapping, mapping areal extent of snow, determining
snow depth, mapping areal extent of river and lake ice, studying types of
lake and river ice, analysing river-ice movement, studying fracture
patterns of lake ice, analysing lake-ice movement and temporal movement
of river and lake ice, mapping areal extent of glaciers, studying glacial
types, determining glacial movement, studying glacial morphology, detecting aquifers, studying river and lake turbidity, detecting river and lake
algal blooms, river pollution, river sediment and river and lake chlorophyll concentrations, studying drainage areas, channel length, channel
patterns, flood plains, surface-water area and flaading.

Gamma-ray - Determining the water equivalent of snow on the ground and
sail-moisture content.
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