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ABSTRACT

This report is based on a thesis presented to
the Open University for the degree of Bachelor
of Philosophy, It provides a background
knowledge of remote sensing theory and its
relevance to hydrology. 1Yhe adwvantages and
difficulties of applying remote sensing tech-
niques to measurement problems are described
and sources of further information about remote
sensing applications which have already been
undertaken in this field are listed.
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in the Second world war resuited in the Jevelopment of such techniques as

. From a comprehensive search of the literature on remote sensing y

: occurrence is atmosl::herlc precipltatlon where the quantlty of wator

‘1,  INTRODUCTION

Lt

[

Remote sensmg, which may be anfmed as ‘'the collection and interpretation

. ‘of emitted or reflected radiation from a body', offers the potential for

more ac ~urate interpolation of surface data than may be achieved froum the
ground and even for its direct mvasurement on scales ranging from local

to world wide. | 3 s 2z

Although various forms of remote sé*nsing (notably aerial photography)

have been used extensively for several decades, it is only recen®ly that,
through the development of new instruments and techniques, the versatility
and potential of remote sensing for the qualitative and quantitative -
measurement of earth resources ‘has been realised. Military require.men..s
radar tracking, sonar echo sounding, the detection of camouflage using “
inf ra-red colour film and in the vast improvement of photogrannnetryp
aerial photography and methods of 1nterpretation aAfter the War, these
and o*her techniques graduaily evolved, but then a rapid acceleration in
remote sensing technology followed the first orbital photographs of the
Earth taken from,the unmanned MA-4 Mercury spacecraft in 1961.  The vast
quantiti ties of money whir were subsequently injected into the space and
associated industries, es} erially in the USA, have resulted in an unusually
rapid growth of remote sensing investigations, which inh turn have produced
a world wide proliferation of literature on the subject. The value of
some. remote sensing techniques for investigating various hydrological
occurrences has frequently been noted (Refs 1-3), but as yet, no complete
study has been made with respect to hydrological applications in the
United Wingdom,

technigues, instrumentation, data handling and ground control, this-
report compares the capabilities of present remote sensing measurement .
methods with hydrological measurement requirements and presents .the
information in a form which will enable. hydrologists to evaluate the
usefulness of remote sensing as a tool. Its will generally be
restricted to the types of hydrological problems likely to be encountered

" in the United Kingdom, but reference will be made to other climatic

zones. where relevant .

Ly

2. HYDﬁOLOGICAL DATA REQUIREMENIS

2.1 Nature of hydrological variables il

LI

The ‘nature -of the hydrologlcal cycle is such that changes in “hydrmoguqi
variables occur over a wide range of space and time scales which mrly
themselves also be subject to change, The commonest example of thlb o
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‘reaching the Earth's surface in the form of rain can vary rapidly in both

sime and spare dnuring the passage of say summer convectional thunderstorms,

whereas in contrast anti-cyclonic rainfall can often produce steady,

continuous intensities of little variaticn over large areas. Snow, the

other major form of precipitation, is .generally even more susceptible to
variations than rain. Changes in wind direction and velocity. topography

and altitude all intermingle to produce a very complex and mobile

distribution.

Soil moisture and evaporation tend to be less variable than precipitation
and their distribution can to a certain ‘degree be predicted. Measurements
show that soil moisture varies with (amongst other things) the physical
characteristics of a site such as its slope, soil type or proximity of the
water table. Similarly evaporation rates are dependent on site exposure,
surface type and albedo coefficients. However, as most of these factors
remain relatively constant at any point, the effects of antecedent and
real time climatic conditions will be responsible for the majority ~f

" temporal soil moisture and evaporation changes. Thus, where physical and

climatic conditions are known, fairly coarse sampling of soil moisture
and evaporation conditions may be adequate. ‘

In the prediction of surrace runoff volumes (usually measured as stream
or storm pipe discharges), catchment characteristics such as area and

mean slope are required initially, but as for most purposes they do not
change, further monitoring is not generally needed. Weather and ground.
state measurements a2 required however on a, short term'recurring basis

.o

(e.g. daily) as both are subject to change and both affect surface runoff

_volumes. K | ' . &

Thus, many hydrological studies require’ ‘accurate mapping of the relevant
static physical features within an area, followed by the statistically
acceptable sampling of parameters which are subject! to change. Ramote
sensing techniques can often be useful in fulfilling or aiding both of

these measurement requirements. l

2.2 Sampling of data * - ' . b _- T A

To obtain useful measurements of hydrological variables, fairly frequent
and even continuous observations are often required; together with a
relatively high degree of precision both in the measurement itself and

in its location. The ‘degree of point accuracy required and the frequency

of: observation depends solely on the ultimate use of the data. v

i)

At the outsct of any hydrolcocgical measurement programme it is necessary
to ‘decide on the limits of errors to be tolerated in the final results.
Startrng with these limits in mind, statistical techniques should be used
‘to~take into account the area for which d=ta is required, the precision
of the measuring technique to be employed, the physical distribution of

' likely measurement points over the area and any relevant physical varia-

tions such as surface topography or vegetation distribution. All these
factors should be optimised to determine the minimum number of measurement

- points and . thé~required frequency of measurement necessary to comply with -
" “the error limits of the objective. Depending on' the variability of the '
-parameter under observation, it may be found that a large number of
measurements of low accuracy can provide more meanianul information ‘than

'1disturbs the natuzal environment and thus affects in some way the A
variable which is being measured. Raingauges for example, no matter how .

“hydrological instruments aré ‘often sited.in remote

‘over a large area as quickly as possible - a good example of this being“-ﬁ*'ﬁ
the monitoring of flood events, Where long term studies requ1re informa~-. . - o .

a handful of hich precision measurements. The final choice however must

" often be a compromise between that mhich is ideally required and that

which can be afforded in terms of instrument cost, installation and
operation.

2.3 Measurement'problems

- 1. One of the main difficulties of taking many hydrological measurements

with conventional instruments is that the presence of the instrument itself

carefully placed, will always cause a certain amcunt of air turbulence‘i
which can result in either positive or negative errors of measurement.
The insertion of arcest tubes into the ground in order to measure’seil

" moisture levels by neutron "scattering techniques must irevitably resulit

in some disturbance of the surrounding soil which affects its physical _
properties -and hence the accuracy of the readings. - Similarly, the R
insertion of any sampling apparatus into a flowing water body must cause
disturbance of the flow wlach can locally alter the amcunt. of sediment
carriéd in suspension - tne variable which is being measured. From an.
insta_lation point of view, the selection of a suitable instrument sitn
which is free from extraneous influences can prove very difficult,
especially in urban areas-where the possibility of interference and-
vandalism must be minimised. As a result of these and samplinq reasons,
or poorly accessible
areas, This makes their installation difficult if construction work is
necessary, and their running and maintenance becomes a time consuming and_

costly buSiness.

L

' As frequent measurements are often requiied in hydrological studies,f

efforts are continually being made to develep automatic instruments which
will function without attention for days or poSSibly weeks at a time L

~ Of major concern with such instruments are -the effects exerted npon’them

by the climate and climatic variations. Perfect air tight or water tight

-seals are difficult to achieve when mechanical or electrical, linkages are

required between sensor and recorder. Even if this. is possible, changes
in air temperature can cause condensation to form within 'an instrument
with drastic results. Dampness, ice, corrosion,, dirt and ultra-violet
light can bring the apparently sturdieut anq nost fool-proof of oy N
instruments to a rapid halt. The effett -af iustrument failure for any oy
of the above (or other) reasgns is that d\brpak occurs vin the continuity YL
of the data, unless back-up. instrumenaatiou Als provided. If the data

is being used for statistical analyses or pred:ction purposel, a LOSS
of this kind can create many analytical problems, espec1ally\1f the - (
information is being used in' conjunction with other continuous: data - o
or if an event. of interest occurred during the period of . instrument.

failure. Of even greater concern is the possibility of an instrument

malfunction which results in incorrect data recording, as this is often

very difficult to detect.

[ th

Where continuous monitoring of @ hydrological variable is npt required,
but rather the detection and measurement of - -a specific event, speed is
of the essence, as often large numbers of measurements are requirea
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tion on slowly changing phenomena such as land use or erosxonal and
depositional features, tedious surveys are often required which in
+he past have been both time <consuming and costly.

oy f

ADVANTAGES OF REMOTE SENSING FOR HYDROLOGICAL MEASUREMENT

3.

‘3.1 speed of operation

ntages of remote sensing when applied to
hydrology 4is that in most cases, great savings can be made in the length
of time which personnel spend in the field. Although it is essential
that accurate "ground measurements must always be taken during any. remote
sensing exercise as a reference control to the sensed data, (6.8)
 the time spent in obtaining these measurements is usually small when

" considering the overall data return. This saving in field time is most
marked in <the distributional mapping of surface Eeaturts. Whereac- in the
past a team of surveyors may have spent months or years within an area
mapping physical or vegetational features, these can now be recorded
within seconds from many types of aerial platform, with ground control
checks belng completed possibly within a matter of days (Re_f '%) . The
" interpretation of this permanent data record can then be carried out

at any time in the future, imndoors in conditions where personnel

e can work most efficiently L . , o

'A% many - hydrological ocrurrences are Very short Lived the ability

' to 'freeze’ information from a very large area until such time as
personnel are available to Aeal with it can increase the:scope and
capacity o £ small research or operational bodies. Thus, instead of
spendlng long periods obserwving individual stretches of river to monitcx
the effects of storms of kncwn intensity on say floodwater- extent ox
erosional and depositional features, a whole river system could be

, studied at once after the passage of only a single'iztorm by using
suitable remote sensing’ recording techniques (Ref 6). A major problem
encountered in sncw studies is the constant redistribution of snow due.
to wind. This makes:the assessment. of snow Condlt ong over.an arepa at
a givén time very difficult
.conventional measurements can be completed. P'G'rla.l.
stereo-pho tography on the other hand (see’ r*r*'me ('amf‘ra ‘mL 29

PrObably one of the main adva

or. ground based

gnow depth p.139 and 142) could record the loc::t'ion ‘and.depth. Of

.. gnow over a large area within a very short time s6.that’ overall |
f ’\‘
' storage volume or depth dis txibution could be; ca1culated later

indoors using suitable GtLIEO”plDtTLng Eqbl..pmen--o

ki oy
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In add:l.tlon to speedinq the detection “and’ mapping of surfac*e icut‘urr-s,
remote sensing has opened up new boundaries :.n the
unplotted hydroloqICel featuree "“‘For examplp, th«. use of airbornn
nfrared -line scannera (seeH p 45) enables water sur

W
N
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", justify the measurements and so such features have gone largely
~undetected until remote sensing’ technigques were. applied.

C ke

as snow movement. may take place’ bofore L

foo - B I

detection of pruvlnfonn_«,ly ey

0

face temperat’uree *to

!

be detected (Ref 7); Such features as coastal freshwater intrus'ions
"can be located where fissures in the sea bed allow the discharge of
groundwater inte the surrounding sea mass which is of a different

temperature (Ref 8)., Similar groundwater outflows can be detected.in
.lakes and river beds, and the tracking over great distances of warm
‘water from the outflows of power stations has also been demonstrated
(Ref 9). With conventional techniques, the monitoring and plotting of
water temperatures would have been necessary on a huge scale to detect

.'such features,’ repreeentinq a colossal input in time and manpower.

In mdst cases the required. expenditure would ‘have been too great to G,

,‘3:’2 Distribution of manpoiver

The fact that manj field measuremenis can be speededfxp using remote
sensing has been shown to lead to a reduction in nocoesary manpower.
What-is also taking place is essentially a redistribution of manpower
resultinq‘1n greater ¢ £ficiency. - Conventionally ‘a large proportion

of the manpower has been absorbed by fi=ld ms-asurement reguirement§&,
with personnel either physically taking measurements and observations or
else having to maintain instruments which would do tihis-for. them. ‘In =
‘many cases their work is Aependenf en-climatic conditions, so that in
good weathur Lhey may ‘be very ‘busy, but when conditions are unfavourable’
there will be little, for them to do - a verv inefficient system. When
using a remote eensing data collection system, far fewer people are fi’
{nvolved in ‘the collection ot field data, thus .releasing more- people

to deal with the problems of data processing and analysis.

In qeneral terms, the greater the altitude of the sensor platform, the
‘more obvious, is the redistribution of manpower.’ Ground based remote
‘ﬂe'hore nay be a great 1mprovement on conventional instruments, but -
e, limited in their field of view at any one time and would’ :
thus require a relatively large nunber of operators or'man-hours to
monitnr ‘a un'tt area of groand It may be pOSSible, however, for a
pilot and opera*or to monitor the same unit of grouno from a light

_‘,haircraft, along with two or tnree people prov:.dinr' ground control, whllst
.a single satellite image could prov:.de information on several hu, ndred

r\\ o

anit areass .. -
) LT e Lo .\:.{'ur i

3.3 Measurement accuracy

i

1 .
i., EEA

The major advantage of many types of remote seneing data, EhpeClallj
when in the form of imagery (see Bhundan® dagsi Spana fopense 16O

,» the frequent ability to achieve high degrees of. cartographic accuracy.
When metric cameras are used (see p 29) (either from ground based or

aerial platforms) together with suitable- ground control, ovora]l acrnraru-- .

similar to those achieved w1th normal tTldnquldTlun SUrVOYn are po 1}],
(Ref 10). When electronic imaging systems are uged) (sue Dt edteec bl o
camaras |2 32 and seamning radiomaters p 42), distorf‘ions Gf “Cho Dmage tiay
result from:the scanning action of the seiisors, hut recLJiJ.Cation of thesc

known distortions i% generally possible to allow areal accuracies ‘which are o
adequate fOl’ many mapping requirements. For oxan;plo, the Earth® Rnsourr-r»s

R ) 55




Technology Satellite imaging multi-spectral scanner has a ground resolu-
tion of only 80 metres {see p. 48 ) but, as a single image covers an
area of 100 nautical miles square, such resolution is adequate for the

" production of maps of up to 1:250,000 scale {(Ref 1l).

0f great use when investigating a specific feature from a remote platform
is the ability to look at its emitted or reflected radiation in discrete
wave bands. Using methods described later, it is possible to detect
radiation in wavelengths outside the conventionally used visible
spectrum. By carefully selecting wavelength ranges, it is often
possible to enhance the boundaries of features under observation. It is
found for exampla, that in the near infra-red part of the spectrum, the
boundary between water features and land is greatly enhanced or sharpened
as a result of their differential reflectance of this wavelength, thus
enabling the mapping of wa:er features to be carried out much more
quickly and generally more accurately (Ref 12). Similar enhancement

ef fects can often be obtained for other features by the correct selection
‘of wavebande, but ae the wavelength increases, the relative ground  ©
resolution decreases for any particular sensor and platform to- targe<

distance .

~In addition to the accurate location of features using remote sensing,
methods are available to enable measurements of their condition to be
mde. For example, surface temperature can be measured to a high degree
of accuracy using thermal infra-red radiometers (see p 36), whilst
.water depths .(p 89), snow depths (p 139) and water turbidity values

(p - 92}.can all be estimated using techniques described in Chapter 7.
lmhuever; the precision of remotely sensed measurements is generally
poorer than those of ground-based instruments, because of signal

‘ degradation caused by aihospheric effects (see p 17 to 20) and also

" resulting from deficiencies in sensor design.

3.4 Sampl inq frequenc_z

l

‘Conwventional measurlng techniques often rely on accurate poznt readings
of hydrological features such as snow depths, and attempt to interpolate
Jbetween these points when Qistributional estimates are required. With
; v, ‘temote sensing techniques, .the precision of measurement may be inferior
to -the ground-based eunvalent, but the possibility of inaccuracies
4 - resulting from unrepresentative sampling is reduced by increasing the
< iiynimber of measurements taken over a given area. Generally, where variable
“Hydrologiral parameters are being sampled, an overall increase in
dccuracy results from the use of remotely sensed data.

o Whilst an i rease in the spatial sampling interval of field measure-
" 0 men s would gyreatly increasec the overall cost of an uxcrcise, a similar
sampling i.crease from remotely sensed data would result in only a
mreginal increase in cost. Although these two ",Mplvn; mN1h0d% couled
statistically provide similar answers, .the remote sens ing mothod is
often more suited to the measurement of hydrological paramctors as more
insight is given into their distribution, which may hv usaful for
'm131ca’“*:ceac atudlcs.

,’ i'.; G : : Lo T “ Wl - . .
T Oua ‘area in whlch remote Sensing generally cannot match the porformince
; _ of ground-based instrumentation is in frequency of observation. L

- e - W

e

Whilst ground-based instruments can be set to record at almost any
desired frequency, the frnquency of observation of aerial remote
sensors is lesrgely governesd by the capabilities of their platform.'
Thus, instruments operating from towers, tethered balloons or geo-
stationary satellites may be capable of matching their ground-based
counterparts, but those in aircraft, helicopters, rockets and corbiting
satellites are more restricted in the;r frequency of observation.

As many hydrological occurrences are subject to different rates of
change and since data of their behaviour is used for many different

purposes, it follows that the required frequency and precision of any
sample measurements will vary greatly according to the type of
occurrence and data requirement. :

3.5 Data processing

Cons;derable efforts are requzred to process conventional hydrological
data as measurements are oftén racorded on paper charts either in the
form of line graphs or event marks. Ground surveys consist of masses of
measurements and observations which must be later reconstructed. Due

to the large quantities of reasuremerts "involved, much .of this data
nowadays has then to be converted {rito a computer compatible form
involving the re-writing of data sheets, purching of computer cards and
subsequent transference of the data onto magnetic tapes or discs. Some
recent instrument developments have ‘resulted in measurements being
recorded dzrcctly onLo magnetic tapt {Ref 13) but these are wnr yet

widely used. . L y

Remotely sensed data on the other hand is normally produced in a form
which is muech more conducive to compiter handling. Due to the vast

-~ quantity of information stored on: photographic £film or on linescan

images for example, direct computer processing is often the most

refficient method of interpreting and CldSSlleng this type of data

(Ref 14). Photographic images can be . uickly converted into a computer
compatible digital form by den51tometvr scanning (see p 61), WhilSt
most other sensors have some form of elcctrical output signal which can
be stored on magnetic tape ard qulcxly converted for computer analysis,
Great savings in time and manpower can thus be achieved through not
having to subject data to several stages of processing. Statistical
analysis and computer technigues. for the sucomatic processing of remotely
sensed data are as yet at an early stage ,:f development and it is heps
that significant improvements can be mos readily made. AS these :
improvements are made, along with improved sensor resolutions and
capabilities, then remote:rsensing mothnds will becotne: progr0551Vn]y

more advantageous.

O .

3.6 Cost effectlveness

e

The type of remote sensing techniques used to tackle any hydrologlcal

- measurement problem must: be carefully ‘considared in order to remain

cost effective in comparison to. normal methods. As most remote sensors
are capable of handling 1=rge amounts of " 4nformation, they denerally

‘become more cost.advaritageous: the ‘longer they awaln use.and the. more“r S

data they are rc-juired to produce.
"remote sensors will ever replace conventlonal instruments where«onlm

It ts‘unlikaly therefore that-
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single ppimat measurement of say water guality is reqguired. For a land

use invento>xy however, ‘a single photographic mission frem a light aircraft
may prove <heaper than ‘a ground based survey, whereag ‘t"c commission of
an aerial photographic mapping firm to carry out such a task may be out
of the qstion on @ cost basis. The service of such a firm may prove
highly cost~ effective however if, say, an accurate topographic survey is
required of a previously poorly mapped river catthment area where the

only other alternative would be a time-taking groun@ based survey.

Provided thexefore that remote sensing methods are not chosen for

projects whx i .ch ‘are unsuited to their capabilities, they can often provide
a-highly cost effective solution to many hydrologically-related mapping
and measuremment problems. .
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4. REMOTE SENSING THEORY . |
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4.1 The el ectromagnetic “speétrum

The electromagnetic spectrum is a continuum consisting' of the ordered
arrangemnt. of radiation according to wavelength, frequency or photon

- energy and’ includes waves of every length, f£rom fractions of microns to
kilometres {(see FPijgure 1). The frequency, (f) and wai}élengtlm (A) of anv
glectromynetic radiation, have a reciprccal relaHonship
as shown by the equat:.on o

" . \1‘. - L]
' ”".‘-. o : i
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As there is no szngie instrument which is capable of detecting the whole

spectral range, the electromagnetic spectrum is usually arbitrarily
segmented into those regions which require different technigues for
their generation, isolation or detection. Table 1 shows the main
electromagnetic groupings with indications of typical methods of
generation and detection.

SOURCE AND DETECTION OF ELECTROMAGNETIC RADIATION

TABLE 1
; .
~KINDS OF  un: . . : USUAL ‘ETHOD
WAVES WAVELENGTH FREQUENCY USUAL SOURCE J OF DETECTION
C Rays 13 X 10™° um }3 x 1020 - 3 x 1018] Atomic Explosions Fluorescence
- - 1.0 x 1073 in Radioactive elements| Chemical effect
o : Ionization
‘ o 3' . Scintillogp_tns
x-"R.ﬂ)ﬂ"“ ‘1;0 x 10 T 3x 10,]7 | Cathode r;y: same as above
- 0.1 um ' impacts Nal c¢rystals
Ultra-violet 0.25um - 0.39um!3 x 10}° Disturbances of Fluorescence:
' intemediate Chemical cffect
electrons ‘
Visible 0.39um - 0.75un|77-38 x 1013 Disturbance of tye, chemical
Light ‘- valence electrons effect, photo-
detectors
Near 0. 75um - 47,3 x 1013 Laser
infrared M Lom- |4.34 x 1013 Disturbances of | Thermopile
' - 30 um to 1000 (Hz atoms and molecules | Bolometer
Far 30 um - 1000 Glz - 300 GH2] (thermal sources.) | Radiometer
1 mm ' IR lasers Photodetectors
| Microwaves lmm - lem |30-300 GHz +Short oscil latzons, Diodes
high frequency *~ | Bolometers
) discharge " __
Microwaves lan - Im {3-30 GHz Electrical resonance| Solid state
| L | in tuned circuits, “erystals diodes,|
Thermal generated [ tuhca .
IR, solid state g
| devices
URMF - 10cm - 1lm |{300MHz=-3GH: . Short cicillations Llcutnwl
T . . - |.klystrous, magnet- | resonance in.
' ' ' rons, triodes,. .. tunes! i 11'«::.ut4.
. | solid state devices d:odc d-. wutore‘
VHF Im - 10m  |30-300 Miz | ST
Radio 10m - 10°m |30Kiz-30MIz Circuits including |'Electricst i o
’ . ' ' large capacitors resopance..
' and ‘inductors 7 Electro-mag-
) o : . petic inducti 19;1.
VLF " - 10%m - 10*n(3-30 NIz Mteﬁmtmg ciirrent” ;,'Ostillu;:r:_nphs:j _]
' ' ' s genesators, solid S diodes, hetero-
o ) N | . state vacuum tu‘.‘ncs' dme receiver
1L - > 10 < Mz 7o f\ltematm;, Lurrcnt Usulllurx-aph-{.' N
| Di ree ' : o ¢uerators, solid fades, hetere- T
Dxrcctcurrcnt S e tt,gte. v.u.. tuhm '-‘“%;\5, dyne. receiver
: : . SRR B ._,‘.‘J iyt S e
: rp T
) 2 " R ' i
it : A
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The main electromagnetic spectrum groups are as follows.

{a) Gama Raye 1.5 X 10 um -1 x 10 -3 um. Camma rays are produced
by radioactive breakdown or decay in the material of the Earth and its
soil cover. This matural gamma radiation is very weak, but its rate of
release changes vexry little in time although spatial variations are .
apparent, Gamma rays are attenuated by snow,. ice and water and so ,
estimations of water equivalent depths can be made by studying the amount’
of natural gamma attenuation taking place at a given point (p 143) . _
Alternatively, a stxonger artificial gamma source may be buried in the |
ground to increase the accuracy of the measurements which are made with

a gamma ray scintil lometer (Ref 15).

e
»

(b) JY=raue 1 # 10 =2 im - 0.1 um. X-rays are produced by cathode ray
impacts and can thus be artificially generated with ease. They are
capable of penctrating many solid substances and are attenuated
according to the strength of the originai source and the concentration
or density of the solid or liquid. The intensity of tne X-rays aft.er
their passage through the given material, are recoa ded on. photographic
plates and are most widely used for the 'remc\ate sensmq of animal body,

condition.

Fiux donsiy wem Zuns?

- .

(¢) Jitrz=olct ©. 25 Um - 0.39 um. The Sun is the main source of
electromagnetic radiation, but strong atmospheric absorption generally
restricts the appl ication of UV radiation to very short atmospheric
paths, However, the use of UV is increasing as new technology and
materials are resul ting in improved sensing systems. uv radiation is
almost totally reflected by water surfaces. | |

o . viele ' 2
. ' sible Wavelength / ym
'.ng. : oy ¥ E

FIGURE 2 The sun's emission spectrum

q black and white infrared film and the upper sensitivity of Ektachrome
colour infrared film. 1In this region, only reflected infrared radiation
is detected and NOT emitted radiation which is a function of the body's

Thus, night-time sensing is not.possible in this wavelength

(d) Vigihle Speetrueom 0,39 Um - 0.75 um. 'I‘he inconinq radiation from '
. : temperature. _
& region unless an artificial near infrared source is provided. Atmospheric

the Sun reaches a peak irradiance value at around 0.5 um with nearly
50% of the Sun's radiated EMR occurring within the 0.39 - O.75 um
visible range (see Figurn 2). This is the region where passive remot.o ’
5ensors can obtain the maximum signal strength and should therefore
always form the starting point in any invastigation, as our knowledge and
_interpretative abilities are most highly developed here. It’ is usual:
therefore for all investigations to refer at sone point to the v1sihle
signal as the standard reference datum. One of the main problen‘s in
this reglon, however, is atmospheric attenuation which often restricfs
‘the use of visible radiation, especially from high altitudes (see. o-.17
to 20 ). Such sensing techniques as black and white photography And )
. -vidicon (television) systems, record the visible spectrum in a single . .
_continuous tone, but image interpretation is generally S:melifled by .
splitting the visible spectrum into narrow bands and recording them . 1 5
- separately as different colours (as for example with colour photographic
" emulsions) because the human eye can distingu1sh colours more easily

than monotone densities.

i

penetration through haze and light mist. is better than in the visible ‘
region, but clouds, snow and ice particles, lox falling rain are'not . - | ,
penetrated. Water bodies, absorb most near infrarnd radiation and thus o
appear very dark (see p. 82), whereas healrhy vvgvtation has a high
infrared reflectance and appears light on black-and white film and
magenta on colour infrared film (see p. 82). . ... | L
C Y S D o ‘ - :
Sotirors of the intermediate {nfrared rogion (00 jimi= 30 ;mr’);- arte usualbly. o
constructed to operate in the atmosphoric "windows' “betwesar =5 pmoaned
8-14 1m (Ref 16) (sec also p.l18). Thesce wavelengths can be clasgificod
~ as 'thermal' be.cause an absolute temperaturo chanqn in an otht i
detected as a change in its s:.gnal_ brightness. With sensors possesSing
an internal constant temperature reference (see infrared radiometors
. ..p  36) a direct measurement of surface temperaturc can be made to
' generally better than % O. 50C (Ref 17), provided that the emissivity of
- the surface is known. y Night-time sensing is possible in thlS region, but
s:Lgnal attenuation by snow and cloud is still strong
P // : : P P .
" The far infrared region (30 um - 1 mm) is not yet as highly utilised for
E remote sensing purposes as the near and J.ntermediate regions, due largely '

"‘\

b

T
E

R -

. Infrared 0.75 wum - 1 mm. Infrared frequencies are that portion of
| the EM spectrun lying between the visible and microwave regions and they
can be conveniently subdivided into near, intermediate and far infrared, s
in.relation to the wvisible region.. . =~/ o ﬂ

“' i R e I 4‘

‘ : H ‘ s ' .
'Near infrared normally appliec- to the 0.75 um - l 0 jm randge Whlc.h P
corresponds approx:.mately with' the sensmtivxty of suitably fi lterco S " :

-y
n
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"~ to problems associated with ins trument design and performance.  When

thesé problems are overcome, tiiis region may yield useful additional
mfprmation. ' o !

[

(£} Miorowares 1 mm - 1 metre . Passive microwave sensors rely only
on naturally occurring reflected and emitted radiation for their
information, whereas active micxowave sensors such as radar proﬂiuce-
their own radiation source and monitor the resulting reflected signal
from the target. At the millimnetre end of this spectral region; it is
possible to construct small, re latively high resolution antennas for ‘use
in aircraft and satellites. Adove 25 mm wavelengths, all-weather day

MULT) SPECTRAL SENSOR|

4 4 MR

AT MOS PH E R C ,’ABSORPTION _ .
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and night sensing is possible <3ue to low atmospheric attenuation, but a ,
major problem is that the antemnmna size required to produce very narrow 7’ | \
peamwidths, suitable for resolwing Earth materials, is too large for ) SCATTERED "s':a:::;‘?m
installation in most aircraft amnd spacecraft. It is possible however O “‘3';"'2" AN
to overcome this at the data pxrocessing stage by the arti ra \ \
of a large antenna from small amtenna data (see » icrowave radar p. 52 / » ‘ \ S
: : : / . DIRECT \‘ o
(g) Radicuavee > 1 metre. In +the past, these wavelengths have been used “raouriow | f o
almost solely for communicatiomn purposes and thus a great deal of | \ .
information is available on their electromagnetic propiagation and / 2 \ FLUORESCENCE :
collection. An increasing amoiant of research is being carried out to;/ . \ -
assess their potential for eartih science investigaticns. : (\ \ REFLECTED W THERMAL
" :::':"TE'SSD \ AADIATION EMISSION
\
)

4.2 Electromagnetic radiation of the sun and’earth

A

Under natural conditions the Eaxth is illuminated by the Sun, either
directly, 'or after reflection £xom the Moon's surface, the Earth's _
atmosphere or the sky beyond. As the radiation temperature of the sky:u
is very low however, it contribution can generally be ignored. When
considering sensors at. high altitude directed toward the Earth, the
radiance they receive will be a combination of four distinct components
as shown in Figure 3, namely (1) solar radiation reflected by the |
Earth's surface (2) the radiation emitted from the Earth's surface as a
function of its black body temperature (3) upward radiation from the |
atmosphere caused largely by scattered incoming solar radiation and |
(4) downward radiation of the atmosphere reflected upwards by the Barth's

\ J 3

- surface. T

EMISSION - PROCESSES '
/ PV AV AV AW AV ANV

REFLECTION PROCESSES
S s

z

EARTH

‘ FIGURE 3 Radiation received by a remdte sensor
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Most Earth materials; both natural-and man-made, re-radiate or produce
1ess than the theoretical maximaiam’ amount of EMR for their temperature. R |
All materials at temperatures adove absolute zero (0°K) : produce EMR : ' ;'. :
which is caused by the motions ' ©f the charged particles -which make up . :
their atoms, the frequency and Fntensity of the radiation being .
primarily dependent on the temperature of the body. The emissivity or
deviation from the theoretical’ .amount of EMR that a body should emit at
a given temperature is dependen<t mainly on the chemical composition

and physical state of the body . In addition, the emissivity is strongly
dependent on the'frequengﬁy or wavelength of the EMR/(Fig 4) and on the
‘youghness of the body surface imn relation to the wavélength. - "

i

AREA IN WHICH RAYLEIGH
'JEAN'S APPROXIMATION HOLDS

MICROWAVES

RELATIVE EMITTANCE POWER

it )

aga ' " . ' : 15 enld : 123 Ry Y, - 40 10 . n® - 8
'blﬂagkl-_body'- radiation.is often- wused. Such an ideally radiating body or i 10 : 10 10’ ,10 .10 10 JE 10 - 10

- surface re-radiates all’the EMR  that it receives: in othér” words, the / SR
total amount of EMR emitted by the body or surface is the. theoretical o

S

I

o m.;lx“imlu'mi‘at a_m;f giver;‘ 'f:_empe'”:'ature FIGURE 4  Thermal radiation.*dvailable for radiometers -

L T T
S .

'Inl de'aiihg with the p’rgd_u"ctioh o f EMR, the cbnv:epfﬁ‘“'of ideal or ' S ' ‘




whereas the Sun's radiance may be regarded as constant, the thermal
emission of the Earth's surface displays diurnal, seascnal and weather
pbased variations. Atmospheric radiance is also affected by these
variations, especially in the downwards direction, due to weather
changes and also to local variations in atmospheric transmittance due -
to the presence of dust, smoke, water vapour etc. Minor Earth radiances

such as radio may also cause interference.

it is only by reference to the Sun's spectrum that terrestrial objects
can be identified on the basis of their reflective spectral radiance,

and it can be seen from Figure 2 that the Sun's spectrum is very

similar to that of a black body at 6000°K up to ultra-violet frequencies.
The Earth as a whole approXimates closely to the emittance of a black
pody at T = 290°K (Figure 5) and according to wiens displacement law
(Re£.27Y, maximum emission of eneray occurs at wavelength

2892 thus around 10 microns for the Earth and' 0.45 microns for

o = = g
the Sun. ~The fact that nearly half of the Sun's radidted electromagnetic
as 1éd to the evolution-

energy falls within the range 0.4 - 0.75 microns ha:

ary choice of this spectral band as an cfficient, higH dignal-to-noise
region for animals' remote sensing organs - the eyes, The first ma. .-
made imaging remote sensor, (the photographic camera): also operated
within this spectral region because of the high’-&;u'r.'fa'ée reflection

, required to ,éc'tivate the relatively insensitive early photographic

“emulsions.

N
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” Spoctra! radiance NI mWcm 2.?‘ mﬁ? :
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CFIGURE 5 ~ Black body radiance

T . T

FIGURE 6 Reflection of electromagnetic rad:latibn af. a sur.faée.
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4.3 Interaction of electromagnetic radiation with solid and liquid bjﬁ.{gs

.{!

Surface reflection

EMR which is incident on surfaces or objects which does not penetrate
into the materials of which they are composed, is reflected from thesm-
The reflection may be termed ‘specular' or 'difruse’ depending on the
surface type and roughness, the wavelength of the EMR and its angle of;

incidence.

Specular reflection (see Figure 6A) occurs when the surface is smootp in
relation to the incoming radiation wavelength and its angle of incigence
with the surface. Thus, reflection may be specular up to a certain andle
of incidence, then it may become increasingly diffuse as the angle

increases. With specular reflection, almost all of the EMR is refleaféd
away from the source whenever the incident angle ® is less than 90°, the

angle of reflection being equal to the angle of incidence.

SPECULAR
‘ u AEFLECTION
)  Surface roughness approximates

- DIFFUBE
REFLECTION
Moderately rough surface

~ DIPFUSE
REFLECTION
' Yory rough surfecs

L

. . T A o by B 7
= . . . " i




piffuse xeflection occurs when a significant amount of EMR is not
reflected from the surface at the same angle at which it strikes
(Figure &B). Here the EMR is scattered in many directions depending on
its wawvelength and the nature of the surface roughness (Figure 6C).
Some Of <he EMR is backscattered along its path and’'it i3 this back-
scattexring effect which active remote sensors such as radar record

(2ee Section 5.3).

Ir 4

Polarisction

This is +the direction of the electric vector of an EM wave relative
to the +terrain and is thus commonly expressed in terms of 'horizontal'
or vertical polarisation,
the polarxisation characteristics or direction of propogation of the EMR
waves axre often changed by the reflection process, especially at high
frequencaies. As with backscattering, polarisdtion is influenced chiefly
by the nature of the surface, and a measure of this polarisation can

often pxrovide useful additional information about a remotely sensed

surface {see topography p 72). "In theory, the smooth surfaces of still

water amd polished metal do not affect the direction of polarisation of
reflected EMR, whilst rough surfaces such as bare earth or vegetation

have a strong de-polarising tendency.
AbsorptZon

EMR which is not reflected at the surface of a body unde'f-goes either
internail refraction or is absorbed by the body (see p 18) and is
~ subsequently re-radiated as thermal energy.

Phenomerza specific to Liquid Bodies

when a ody of water is viewed by a remote sensor, it receives EMR
from incoming radiation {sunlight) which has been backscattered by the
water and atmosphere (see Figure 3), plus that which has’been reflected
from the vater body floor and from thé air/water interface (see Figure
7). Re f£lection from the air/water interface may be either specular or
diffuse depending on the roughness of the water surface and may
sometimes be detected as sun glare or glint. Because that portion of
EMR which has been reflected from the floor of the water body must pass
through an intervening absorbing water layer, the power received by
the remote sensor will be dependent upon the depth of water at the
point oF observation (see p 87 and 89 ) and upon the concentrations
of suspended particles, biological matter and pollutants (see _
water qguality and turbidity p 92). ‘The maximum transmission of light
is in the 47 - .48 micron blue/green spectral region with the water
acting as an optical filter, progressively absorbing radiant energy at
longer wavelengths until almost.complete absorption—-occurs in the near
infrared (Ref 18 and Figure 8). Suspended sediments, biological '
material and pollutants (according to their types and concentration)
‘attenuate light transmission and tend to shift the water 'window’

from the blue-green toward the longer green and yellow spectral regions.
Heavy <comncentrations of suspended matter eventually restrict remote
sensing to surface or near surface spectral or spatial information in
all bands, due to almost complete internal reflection (scattering) of
-incoming EMR other than that which is reflected from the surface. The
effects of bottom reflectance in such cases thus becomes negligible.

: -

In specular and more so in diffuse reflection,
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FIGURE 7 Interﬂc_tion of electromagnetic radiation with a water body
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4.4 Interaction of electromagnetic radiation with the ‘atmosphere

Seattering

The EMR received by a rxemote sensor (and that transmitted in the
case of active sensors) must pass through a portion or all of thc
atmosphere. As, the electromagnetic field of the radiation interacts -~

with the atmosphere, a reduction in field strength takes place ‘and at - Lo
certain frequencies the EMR may be totally absorbed. This attenuation =

£
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is caused by the loss of energy: from the EMR ‘t¢'.the gas'and other molecules
of the atmosphere, the amount of }a‘gter}uatj.pn';;'-:}epend'ing largely on the
frequency of the EMR (generally the higher the frequency, the higher the
attenuation) . At high frequencies where wavelengths approach the mean
diameter of atmpospheric particles and molecules, scattering becomes

apparent.

Scattering and attenuation of the incoming EMR to the Earth and the

reflected EMR <f£rom the Earth's surface is caused primarily by the

presence of ©O>cygen, ozone, carbon dioxide, water and. other molecules in

the atmosphere , as well as dust and smoke particles. Scattering caused
solely by gas molecules is known as 'Rayleigh scattering' which predominates
between 5,000 - 10,000 metres (Ref 19). 1In the lower atmosphere the
presence of water particles, . dust, smoke, industrial byproducts, pollen

and other aerosols cause what is known as 'Mie-scattering' which varies
greatly eccording to location [lespecially to the proximity of large

urban or industrial areas), meteorological conditions, time of day, etc.
In the visible region, Rayleigh scattering is approximately proportional

to 1™, whereas a combination of Mie and Rayleigh scattering as found

in the lower atmosphere was found by Curcio {Ref 20) to be proportiocnal to

A 1137006, Scattering is the major cause of EMR interference in the
vigible portion of the spectrum where absorption 1s found to be insignificant.
In the portion of the spectrum lying to either side of the visible however,
absorption is much more important, whilst in the longer wavelengths,

scattering become insignificant. |

Absorption - |
oy '.':_ Do ] . . - Yy

 Epavgywhich is absorped by the aumosphere produces an increase in its
temperature. and is re-radiated as thermal energy. Absorption of EMR
_takes place as a result of the energy necessary to move electrons in the
atoms and molecules of the atmosphere from lower to higher energy states.
The smaller the binding force between the nucleus and electrons of the §
atoms that make up the atmospheric gas molecule, the less energy is .-
required to displace the ‘electron to a higher energy l'evel;' ‘Also, the
higher the £requency, the higher is the available energy, of the EMR.

Thus for most solid substances, this required energy occurs in the
. infrared and shorter wavelengths, whilst for most atmospheric gases and
vapours, the emnergy required to produce absorption and resonance is in
the longer inErared and microwave regions. Because of this absorption,”
certain frequencies or bands in the infrared and microwave regions cannot.

be ysed for remote sensing purposes (see Figure 9),

Abmosphert« srsoatral wizidows.
-/
It has been shown that the Earth's atmosphere interferes in a complex
“manner with incoming and outgoing EMR and is subject to considerable

variation. Ne-wertheless, so-called 'spectral windows' can be identified
where, at certain frequencies, the amount of atmospheric interference is
low. Figure 1O Shows an approximation,of spectral transmittance of the
stmosphere and jonosphere for a range of wavelengths. It is' common to
‘attempt to restrict the spectral range of aerially mounted earth. sensors
to specific atmospheric spectral windows within the EMR frequency range

of interest. An example of the 'window' effect is shown in Figure 9..

for the attenuation of microwaves:by oxyger’ and water vapour. In ~
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practice it is not always possible simply to choose & suitable 'window',

through which to sense. A compromise is often necessary between the

{deal freguency required to yield the maximum infoniation about the

subject and that frequency which provides minimum signal degradation due

to atmospheric effects. It is also possible that the type of sonsor

needed to receive such a frequency is not suited for use on a particular

R aerial platform. All these factors must therefore be carefully considered ‘!:‘;!‘}_;,.--,_._4;
before a suitable s_e_nsor/plat:form/frequency of observation combination

can be selected.

Ground baeed platforms

The remote sensing of terrestrial objects from a ground base generally
allows the highest possible accuracy of point measurement to be made,
couplci with the capability of precise point location and complete
control over the frequency of measurement. Good examples of this type
of sensing are terrestrial photogramrﬁé'{i’ric studies (Ref 21 - see also
gnow depth p 139). tiith many <around-based installations, instrument
mountings may.be relatively simple ©o install and when mains electricity
is available, power supplins are unlimited. Horizontal atmospheric
attenuation may be a problem and i, some cases cenly relatively small
areas can be 'viewed' at once, rendering ‘large” scale surveys costly.
Restrictions on instrument type are few, these being largely ‘governed by
the rrevailing environmental conditions. Typical instrumentation can
range from simple hand held radiometers possessing a visual scale output
(Ref 22) to permanently based radar installations linked directly to a

computer either for instrument control or for on line processing of data
Lacod tcahwiques pl39). It is normal practice

(Ref 23 - see also grouwnd Lascd @
to use ground based measurements to test the validity of information
nerally valid to cali-

gathered from higher altitudes, but it iz not ge
brate high altitude sensors at ground level due to the unpredictable

effects of atmospheric attenuation.

5. SENSING APPARATUS . . A
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5,1 ° Sensor platforms

The type of sensor platform chosen to carry out remote sensing observa-

. tior.: depends on numerous different factors relating to the nature of the

measurement problem to be tackled and the type of data output regquired.
The type of sensor to be used, coupled with the required accuracy, spatial

and temporal frequency and duration of observations are important factors
to be considered, but equally important factors such as operational costs

and their effectiveness, manpower requirements and data processing require~
ments must be assessed before deciding on the use of a particular platform,

Table 2 gives an indication of likely platform capabilities.

TBLE 2 PERFORMANCE OF SOME TYPICAL SENSOR PLATFORMS

i R e

- ¢apable of 1ifting an operator with' _
" of 30 metres (Ref 24). - However,the purchase cost or, rental of the

- S f"_',,-;f_‘r'.; R ) Co e
. . .Three types.cf balloon g.j_re', considere

Towere and similar structures

are sited in areas of high relief, only a
To overcome this, towers .
angle of incidence to .. .

Unless ‘ground based sensors
very oblique view of the ground is possible.
or similar elevated structures allow the sensors'
the ground to be increased, which 1§ especially useful when .studying the
EMR of crops. or of small controlled experiments.  For studies requiring

wide spatial sampling, mobile hydraulic-arm’platforms commonly known as

' cherry-pickers' allow great flexibility and speed of use and may be
4 variety Of sensors'up to a height

large variety of -such’ vehidles is-rather high. -

| S Maximum Service Bffective AT I P B S A .
Facility | Payload | Ceiling | Ground Speed. Low cost remotely dontrolled platforms Lo oy
(kg) i (km) (km hz~?!) et S : R | L
o i in order to gain a truly ‘aerial' view for a smail outlay, various types
o Hydx‘aﬁffli,c Platform s10 | 0.03 - ~ of model aircraft, model helicopters and kites have been used to carry -
T : simple sensors up to heights of 500 metresrand more (Refs 25, 26 and 27).
9F°S$ Country Vehicle 7000 - - o As special permission is required in the UK to fly model aircraft having
Free Balloon 2000 48 variable : a gross weight of more than 'ZLO 1bs, the type:if sensors carried so far .
& C - I appear to have been réstricted to various forms of automatic amateur -
Tethered Baliocon 5000 4 , o O photographic camera. However, ‘with future improvements in electronics
Adrship . . _ 1500 1.5 | ©o-80" ' technology, it is ,{Quite feasible that simple vidicon systems could be
,‘ | - o flown and this wouyld overcome the main problem of lack of positional
Arcraft - civil ‘ ; 18900 9 200 - 600 | . control. The cheapness and speed of operation of this ‘type of platform, *
Alrcraft - military 4000 22 A 2000 - " coupled wit{h their\-‘ab}lity ‘to operate from unprepare_d_ground make their
Ca o e N e Rk future development highly desirable, especially for the monitoring of
| HEl‘1‘=°Pter _‘ . 3000 A 5 '\\:\ | 0 - 300 - | many short-lived hydrological events which at present are very difficult
ounding Rocket | 608 Riite L %1400 e to record. . o P P "
> — ' " Balloons ( o |

T .

& here; but for all three the same’
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principles of lmuynm Yy apply whuln .lllnw 1!!1‘ mn 1punyload or mm:nnum
operationa]l altitude to be caleulosted. fRef 21, 1no wain variables

being 1) the volume of the balloon, 2) the type of gas used to infiate
it 1) the temporatures of the gas and re"'ioundinq air at any time. during

flight. o

Free-flight balloons such as those used for meteorological ubservations
are relatively cheap and can attain altitudes of 50 kilometres, or
alternatively they can be set to *'float' at a given altitude.. No control
over their positioning is possible and wind speeds at all altitudes must
“ be allowed for. Maximum payload capabilities depend on the balloon

volume and required operational altitude, but may lie between 5 - 2000 koo

Instrumentation must be automatic and may be retrievable by parachute.
Manned hot air balloons are capable of carrying more varied instru-
mentation, but directional control is still not possible.

Tethered Lalloons can gperate up to an altitude of 5 kileometres with
& fair degree of positional control. “Smaller versions operating at
heights of a few hundred metres have been successfully used in much
the same way as model aircraft, but with the disadvantage of longer
pro-flight preparation procedures. Winds of up to 35 km/hour have not
creatted problems (Ref 28) and photogrammetric mapping is feasible.

After considerable use during the 1920's, airships are once again being
manufactured and promise to offer a.relatively stable and controllable
platform capable of supporting a payload of about 1500 kg although
cases for the econom‘c manufactsir~" oF hJCh larger a‘fships have been
put forward (Rfl 9).\ ns wel. .~ n; ; po51tional accuracy, airships
have the advantage over’ ‘aircrafs . ;exng able to remain stationary
“while airbe:ne for long perioda-i,g_écessary. A large work area could
enable several sensor systems to e operated simultaneously and opera-
tional heights of up to 1500 metres are typical. Conventional line
scanning sensors could not be used in airships due to their low forward
velocity, but it should: '~ pO“Slble to design a suitable new =canning

or . rocording system.
Holicopters

Modern helicopters come in many different forms with widely varying
payload capabilities (up to several thousand kilograms) and maximum
speeds (up to about 300 km/hour). Their obvious advantages lie in

their manoeuvring and hovering ability and their capability of vertical
take off and landing from unprepared areas. This favours their operation
in mountainous or inaccessible areas where they may act both as sensor
platform and as transportation for ground observation teams. Disadvan-

©. % tages are their high operation costs (about four times that of aircraft

having similar payload capabilities) and high body vibration which

necessitates special shock absorbing mountings for other “than hand held
sensors. Servicing requirements are much more critical for helicopters
thanf aircraft and daily checks may be necessary.
i e ,/-, i .

Low aZtrtude aireraft (< 4000 meures)

. Aircraft are pronably the most w:.dely used form of . aerial platform, due
partially to their availabil:.ty, but also because of their suitability
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. often favoured (eg Hercules, Belfast) ads sSeveral senusors can be ope—_-_-_xatpd e

| altitudes.

' necessary pre-flight preparation time, ete.
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for carrying all types of sensors over a very wide range of speeds ~ and
They are especially suited frr the ‘cperation of line-smanning

cquipment (see p. 42) and they do not have such nronounced vibrati-:m
prc" oms as helicopters. oo i

Remote ‘sensing below 4000 metres altitude can be carried out from ..Eny

airecraf ft, with the final choice being dependent orn sush factors as

aa.rcrait stability, running or rental costs, the type of sensors te«—o be |
used, maximum airborne time, availability ‘of on board navigationa]. aiqs.
Most sensors require e —— 1 S
form of mountinyg. system which is attached to the airframe in order to:.
either maintain & known sensor altitude in relation to.the aircraft, oxr
more commonly; with the aid of a gymbal or gyroscope system, tc ma==mntain -
a constant attitude in relation to the ground (Ref 30).- If the aimmecraft
is: only occasionally required to carry remote sensing equipment,, i may
~be possible to . attach the sensors to, the outside of the aircraft az=d
cover them with an aerodynamic pod. ‘This is often necessary with
mil tary airf-raft where internal space is short. For regular use !...—-..aowever.
“{t''i8 more convenient to mount instruments internelly and cut a hoillk: in -
the fuselage floor in order to obtaip a vertical field of view, w’m:‘mt

providing in-flight access to the sensors.

rj._

when very accurate aircraft positioning is requireu, such as for
blanket photogrammetric surveys, it is usual to choose a relativel_',-r
laigc aircraft with good stability characteristrcs in order to” minimise
the effect of -air turbulence; this being most pronounced at low _
a1 titudes. Also, the more sophisticated navigational aids and autac—, o
pilots are not usually fitted to light aircraft. For qualitative

' surveys however, lighe,: single engined aircraft are often quite adequate
. and have the advantage of ‘considerably lower operational costs.

¥ =}

both types of survey, high wing ‘designs are desi. rable: because of tE—=maeir

superior downward visibility. The necessary electricali power consz—amtion
of several sensors and recording-equipment, gyro mounts and de-icirm=mg L
facilities may occasionally be a limiting factor on the use of sma.-tll _

aircraf*

H'Lgfz altwude au'cm:t ( > 4000 matres)

; “.“\"{:“ )
RN . . . o fay
fr

Aircraft operating anove about 3500 met-res require either an . oxygem
supply or a cabin pressurisarion system for the crew and an opticaXx _ '
window or de-icing system for the sensors is advisable. Flying at very
Tigh altitude is costly because of -the ‘type .of. aircraft reguired, ommmut

“aircraft performance -and range.are increased because of,the 1e¢ss dem==pnge | [ T SRS S

“air so that some large area surveys may become. more cost effective S
from high altitudes. Up to altitudes of 10 km, large aircraft are

aimultaneously, and costs may therefore be reduced if several organ»....isa-— “j"

'tions can share  the same aircraft for test or: experimental -fYlights<

G0 o -

" Above 10 km altitude,; however, high performance military aircraft .

required which are generally of a amaller bodied variety (ag Lockhe:awed 02)

with less payload capabilitv. |

Lo

Al though ne majority of signal attenuation occurs in’ thexlower,
atmospner‘ﬁ ‘there'is ‘still-a gradual increase with: increasing altit:mmde

whicb ma" prove restrictive and costly if high performance aircraft..

.l‘.,..
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are to be kept on stand-by until clear conditions exist. For this
reagon, infrared and microwave sensors become most cost advantageous
when used in such.‘gircraft, because of their haze and cloud penetration

capabilities,

.
i
fy
ey

: ' cally for long periods. Equipment costs are thus very high due to the
rigorous specifications and extensive ground test procedures. Manned
l space stations are altogether larger, making possible the use and
interchange of several complementary sensors which allow specific
. | experiments to be undertaken under the direct control of the 'laboratory
’ crew. The use of less sophisticated instrumentation is also possible.

R Ny

Remote sensing from high altitudes allows instantaneous monitoring of
large ground areas, with. all the advantages which this entails, plus
the fact that a reduction in ground resolution is likely to occur.
This can sometimes be used to advantage however as it is, in effect,
- a form of data compression (6.3) which could enable surface trends
sguch as fault lines, ocean currents, etc to be followed (Refs 31 and 32).

transmitted data and the first order imagery may be c¢onveniently
returned to Earth with the crew. A:problem with both manned :
and unmanned orbiting satellites is that their orbit cannot be greatly

altered during flight, and hence the chosen orbit is usually a compro-
mise between several mission requirements. mnowever, future manned ,
orbiting satellites which will have shuttle links to Earth, should be L
capable of major orbital changes via the mother shuttle (Ref 36) | R
along with greater flexibility of sensor instrumentation.

manned satellites as the recorded gro.nd resolutions are superior to

Alternatively, if sensors with smaller fields of view are chosen

-{ie with longer focal lengths), edge distortions become less apparent
o » ., -and topographic measurement accuracies are less affected by large
e varjations in relief (Ref 33).  This, coupled with the fact that
| positional control is often easier: at higher altitudes due to calmer
alr, means that less rectification of data may be necessary.

L
1 1

l Direct data recording on photographic emulsion is often favoured on

The synoptié view of the Earth attainable from satellite ‘platforms
allows countrywide surveys to be undertaken without the time lag
problems associated with obtaining data from similar low altitude
" surveys. However, as the field of view of any sensor increases, be it
due to increased altitude or increased acceptance angle, its resulting
ground resolving ability is reduced. Present satellite imagery is thus
unsuitable for many ground studies due to {ts relatively low ground

resolution, especially when sensing in the longer wavelengths.

" Roekets

Oonly rockets or rocket-launched satellites can carry sensors above
100 km altitude. Sounding rockets typically attain maximum heights
(apogee) of between 100-2000 km with payload capabilities ranging
L from 10 kg to several thousand kilograms (Ref 24). In-addition to
AT their high altitude ability, rockets can be rapidly launched in order
o to either monitor short lived events or to take advantage of clear -
i weather conditions. In such cuses (assuming sensor compatibility} the
, use of small rockets may bemore econcmical than xeeping a high
altitude aircraft on gtandby. In undeveloped regions rockets may
again have the advantage that they can be launched from mobile plat-
forms, w.ereas high altitude aircraft require long, high quality,
runway f£atilities. As payloads are generally recoverable from sounding
rockets, on-board data recording and storage systems are normally used
(Ref 34) and direct photographic recording techniques are often favoured

(Ref 35) but line-scanning or vidicon systems may also be used

The nature of a satellite's orbit affects the.frequency at which
e point on the Earth's surface. .

day are possible if coverage over
but where global cover is called for,

|

y ) observations may be made at any on

Frequencies of several passes per

only a single point is required,
this may increase to, for example, one pass in 18 days in the case of

_ LANDSAT 1 and 2 satellites. A geostationary orbit may be chosen to

v lf . enable continuous monitoring of a part of the Earth's surface, but the

: ] area under observation is restricted to mid-latitudes unless an inclined
or eccentric circular 24 hour orbit is used (Ref 37). The use of

1 single vector linescanning devices is however not possible in geo-

|

(Ref 24).
 some mador disadvantages of rockets are that (a) only very short l stationary satellites due to the lack of relative motion between
pericds of surveillance are possible - typically less than 10 minutes, ; sensor and ground.: ”
(b) cost increases rapidly with increase in payload weight or volume, o | .
(¢} instrumentation must be automatic and capable of withstarjding gevere *’ . 0f all remote:sensing exercises, those relying on satellites as
shocks, (d) rocket cperations are generally restricted to low popula- .- instrument plitfo ms require by far the greatest advanced planning
" tion areas where motor parts can fall to ground without causing danger _ effort and outlay in terms of time, manpower and overall cost and as
and where sensors and data can be recovered and finally (e) the : ' . such it 1is essential to establish that the benefits. accruing from such.
possibility of rocket or system failure must be allowed for as their S I exercises can justify their initiation. |
reliability may be around 90%. | S P S | o
e . ’ S P o 5.2 Passive sensors S )
‘. SateZZites E; ',__ ) - ; L . . L o o
. o oo | :;-;;_,;érf{r‘»_g-?\assive sensors rely on the reflected radiation component of -the
Satellites may be at present classified as either free flying unmanned; -, © incoming solar illumination in the ultraviolet, visible and near
free flying manned; or shuttle 'attached spacecraft.  Generally, free ' “infrared wavelengths, or upon the emission of radiation in the inter-
R | " flying unmanned satellites have the most flexible orbit possibilities. Y mediate (or thermal) infrared and microwave frequencies. 'In addition,” "
B " due to their relatively low launch mass, but this also acts as a’' - ., very short wave gamma radiation is emitted from the Earth.as a result . .. . ... ..
 restriction to on board sensing equipment which must function automati- '} of natural radioactive breakdown and may be detected from low R |
. T . - S - o ST S A ' | altitudes. 'Active' sensors provide their own source of electro-
o 1lumination.:

magnetic illumination and it is the reflection of this i

o
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the reflective optics.

from the target of lnterest which is detected. An example of a

simple 'active®' sensing system is the recording of an object in total
darkness using a photographic camera ‘fitted with an electronic flash
attachment. In the ultraviolet to infrared wavelength range, lasers
may be used as the illumination source for active remote sensing,
whilst in the microwave and radio" region, radars are employed.
Extensive technical details and: operat10na1 consideratioris of the main
sensor types can be found in such documents as the EMI Handbook of
Remote Sens:.ng Techniques {Ref 24), but some of the most important
factors will be summarised here. !

F rzntnqmph? ¢ Cameras

The: photograph:.c camera is undoubtedly the most well known and still by
far the most widely used type of remote sensor, albelt in many diffarent
forme. The bacic principles of operation of the photc "aphic camera will
therefore not be described, but only those special factors which must be
considered fFor its use as a scientific instrument. This is not to say
that é}ll cameras used for remote sensing purposes need be specially
desighed - indeed, as the quality of mass produced optics is constantly.
improving, more and more off-the-shelf "amateur’ equipment is being

seleé-ted for basic remote sensing work.

In: comparison with other remote sensors, the photoyraphic camera is
efficient in that its image resolution is very high and thus a large
amount of data can be collected virtually instantaneously over the whole
frame. Typically, 10 million data bits can be stored on a single 70 mm
x 70 mm film negative (Ref 38). 1In addition, as a result of extensive
testing and development, most established photographic systems have a
high reliability factor. Photographic cameras can record EMR from about
0.3 microns to O.9. mi;:rons, the lower figure being delermined by the
limit of t*ansm:.ttance of optical glass and the higher figure due to the
seneitivitﬁy iimit of present film emulsions. Special lenseq such as _ .
- quartz or fluorite may extend this range (Ref 39). fThe geom tric and

* transmission properties of a lens depend on its composition’ émd design,

the quality of its surface grinding, the stability: of its index of
refraction and the effect of coatings applied to reduce reflection and
improve colour rendition. Even with the use of high quality materials
and techniques,
especially in the ultra violet and infrared wavelengths, during its
passage through the multiple elements of a refractive lens. For this
reason reflective optics (ie mirrors) are sometimes used in these high
loss regions where the advantage of increased signal strength at the
recording £ilm end outweighs the slight loss in geometrn.c accuracy of

For any lens/film combination, a measure of the image guality is often
quoted as a function of resolving power in relation to the original

scene. - Thus,

This however gives no indication of the contrast of

partmular camera.
A more.

the original scene or how accurately it has been reproduced.:
meaningful measure of system performance is- that of its modulat:.on

a considerable loss in electromagnetic transmission occurs,

_J.f a test card is used, under the prevalllng conditions of
light intensity, image- object distance, camera setting ctc., a resolution
- of say 100- lines/mm may be recorded on the resulting negative for a - :
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-%'\ _F_I_q_l._l.l_!_E__l_}, Schematic of photographic camera

'tr.msfer function (Ref 57). Basically this shows in qgraphical forw the
ability of the lens or lens/film combination to roproduce a toerios of
grid lines which modulate, both in their contrast to the background, amed
1.n their spacxng density. To cnable such a function to b csitabl l'»llfd,
however, a densitometric'analysis of the film negative s roqui rod ('lt-u

p 61)
'I‘he wavelength of EMR passing through a lens can be controllr-d by th o

»:Lnsertion of filters in the optical path, but their presence .Lntrodur.qe

quality of materials

mox geometric distortions to the final image. The
of unwanted EMR and -

used in a filter ‘determines ‘how-sharp is the cutoff
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so the mistake should not be made of placing poor quality filters on a
nigh quality camera system. Some typical filter spectrophotometric
curves are given in the 'Kodak Range of Light Filters' publication

{(Ref 40).

Other factors which affect image gquality when operating from a moving
platform are the effectiveness of stabilisation of the camera and the
ability to compensate for object'motion - both of these effects being
normally reduced by the use of very high shutter speeds. In extreme
cases obvious blurring of the image occurs, but otherwise the loss of
image quality may be difficult to pinpoint. Loss of image quality may
also occur as a result of incorrect film exposure which may be difficult
to assess from aerial platforms. The presence of atmospheric scattering
from haze, mist and pollutants can cause direct exposure readings to be
incorrect. For aircraft photography, exposure calculators have been
dewvised which take into account sclar altitude, aircraft altitude and
speed, film type and haze condition to enable correct exposure to be

computed ({(Ref 41).

}ra'ble 3 shows the characteristics of some well known aerial £ilms and:it

can be seen that as film sensitivity and resolving power vary greatly,
care ful matching of film type to survey requirement is necessary. This
is especially so if the first order film must be used for the production
of different types of second order copy, or if information on widely

di Ffering surface features must be extracted from the one film base. In
addition to the composition of the film emulsion, the stability of the
£film base is very important espeCially when used for photogrammetric
purposes. Most, aerial films are now 'ester' or 'mylar' polyester based,
as this material is considerably stronger and more stable to temperature
and humidity variations than the old acetate variety. To reduce the
possibility of additional distortions occurring during film exposure,
all cameras have some form of film flattening device, which may simply
be a polished metal pressure plate acting on the film, or the film may
be more pos! ‘tively sandwiched between the pressure plate and a sheet of
flat optical glass (see Figure 1l and metric camerae p 29).

Film development must be carried out to repeatably high standards, which
reguires strict control over chemical temperature, quality and freshness,
film humidity and cleanliness, to ensure that the quality obtained on
exposing the film is not degraded during its processing (a possibility

"which is sometimes not fully appreciated).

The main types of photographic camera w}uch are used for remote sensing
purposes are as follows:- :

(a) Amateur Cameras. The term 'amateur' refers to equipment which can
be readily purchased by the general public from photographic shops etc,
Amateur cameras can be used successfully in situations where a high
degree of spatial precision is not required. . Their main advantage over
professional equipment is their lower purchase cost resulting from mass
production techniques and lower running costs as a consequence of the
availability of a wide range of cheap f£ilm and accessories (Ref 53).

" Although their main application.lies in the recording of qualitative

information (Ref 42}, 1t has been possible to obtain quite accurate

- photogrammetric ground measurements with- good quality 35 mm equipment,
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TABLE 3  SENSITIVITY AND RESOLUTION OF KODAK AERIAL FILMS

! Sensitivity Resolving power (lines/mm)
| Type (aerial £ilm at test object contrast:
speed) 2 1000:1 1.6:1
High definition !
aerial 3414 8 630 ! 250
Panatomic X 1 f
3400 64 160 | 63
Plus X % :
Aerographic 2402 ; 200 100 5 S0
Double X ' é N i
Aerographic 2405 320 BQ 5 40
vy ! |
Tri X f
Aerographic 2403 640 80 | 20
| i
Infra~-red [ i
Aerographic 2424 200 80 4 - 32
Aerochrome ’ ‘ ¥
Infra-red 2443 40 63 32
Ektachrome
Aercgraphic 2448 32 80O 40

2 perial film speed for monochrome negative material is defined as
3/2E where E is the exposure (in metre-candela-seconds) at the
point on the characteristic curve where the density is 0.3 above
base plus fog density, under strictly defined conditions given in
ANSI Standard PH2.34-1969. A doubling of aerial film speed number

denotes a doubling of sensitivity.

provided that the internal orientation of the camera system is known
(Ref 43). Where a larger fi].m format is required, 70 mm x 70 mm

mcameras such as the Hasselblad EL are extremely versatile and are widely

used for remote sensing purposes both in standard form (Ref 44) or after
the inclusion o;. a registerxplate as in the spave modified version
(Ref 45) which can almost be classified as a metric camera, ;

(b) Metric Cameras. These are cameras with Wthh precise p‘notogram-'
metric measurements can be taken due" to the fact that any geometric

| distortions imposed on the image by the camera are known (Ref 46) and

can be allowed for at the data plotting stage by the use of corrector
The film emulsion used in this type of camera was often laid

Vs

plates.
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'ﬁﬁﬂgétggf.images have been aligned to give accurate superimposition, all
" sets of subsequent images: should ‘remain in register. This is not so when
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on a glass base to ensure high stability, but now ester based film is
generally used in eithersheet or roll film form. The film is kept flat
against an optical-flat, glass register plate, normally by a vacuum
system. The register plate has accurate fiducial marks engraved on it
which define the optical centre in the final image, and a grid system
or Reseau may also I'e engraved to aid imagery scaling (Ref 47).
Additional data such as frame number, real time, aircraft altitude or
attitude may be displayed along the edge of the image frame (Ref 48).

Metric cameras used in aerial surveys are usually of a 9" x 9" film
format with standard lens focal lengths of 6 inches and 9 inches,k
However, with recent improvements in lens technology, some wide angle
lenses such as the 90° Orbigon are becoming more widely used (Ref 49).
Metric cameras designed for taking ground based photogrammetric measure-
ments possess similar features to their aerial equivalent, but are
generally of a smaller image format. For distant measurements, the
addition of an accurate directional aiming facility is required which
may be inbuilt into the camera (Ref 50} or the camera may be attached
to a theodolite (Ref.51). Using these facilities, a single camera may
pe used to take stereo- pairs of photographs (see snow depth pl39).
where - .clatively close-up measurements are reguired, a pair of perman-
ently crientated cameras mounted on an adjustable boom allows instan-

taneous - 3tereo photographym(Ref 52Jm.'

tre final choice of cameraﬁforlgﬁﬁh*i?f”:ﬁp mission depends on many

variables, biut Clegg and. Svh r?'ii?!irpgziably the virtues and short-

comings of the 9", 70 mm and- 35 min - m?g types (Ref 53). "Q
, : RAER\S/aN

(c) Multzspecuraz Cameras. Multlspectral photographs may be taken *

either by mounting together several identical cameras or by using an ;

arrangement in which, several identical lenses record their separate l

1mages on a common film. In both cases selected filters are fitted to
“the various lenses in order to record different spectral ranges. In
the past, up to sixteen-lens systems have been used to investigate
narrow band changes in EMR of bodles subject to various controlled b
conditions, Such systems may pe ‘suitable for initial testing purposes,’
but the quantity of data they produce is too large to justify their
regular use, Four-camera systems have now become popular for operational
multi-spectral surveys, and several manufacturers such as Hasselblad
‘and Vinten produce suitable mountings and camera linkages to enable their
cameras to be used for this purpose (Ref 54). The advantage of having
separate cameras is that different film types can be used, but it is
essential that the cameras be accurately bore- sighfed and their shutters
accurately synchronised to allow identical scene coverage. With a
commoa~film camera (Ref 55), filtration and exposure settings are the
only factors which differ for each image, as the lens optical axes are
pre-aligned and a common focal plane shutter with mulitiple slits ensures
perfect synchronisation. ‘A very useful and time saving advantage of the
common~film variety (usually 9" roll film) is that, when interpreting
the images on a suitable multispectral viewing device (Ref 55), once one

_ diﬂ

i

H, i

H;e“arxte films are used and often tedlous image adjustments are necessary
%db\atn -acceptable registratlon. | - 3 1L
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(@) Strip Cameras. This type of camera allows a continuous record of

the ground below the flight path of an aerial platform to be made. A
stationary lens provides the image in the normal way, but a slit plate,
placed in front of the film, only allows a fine line across the film to

be exposed at any instant. The film is transported at a speed relative:
to the height and speed of the platform so that no blurring of the image'n
occurs and a continuous record of the flight-path results. This type of
camera is generally used for flight-path recording to aid the location of
other non-continuous imagery rather than as a sole data source,

(e) Panoramic Cameras. Panoramic scenes (typically horizon to horizon)
can be obtained from aerial platforms in various ways. The use of
superwide-angle 'fish-eye' lenses on conventional cameras can produce
180° all round vision in a single exposure, but the distortion of the
image, especially towards the edges, is excessive. A horizon to horizon
strip effect, in a plane normal to the flight path, is produced by the
wid principle, scanning lens camera which produces a less distorted,
high resolution image. This basic idea is continued in the highly
sophisticated military reconnaissance panorama cameras which, in
combination with the strip camera principle, provide continuous very
high resolution, low distortion imagery (Ref 56).

Although the direct photographic system is a very simple and efficient
way of storina vast quantities of information, computer controlled data
analysis techniques cannot be carried out directly from the photo image.
The image must first be scanned by a d nisitometer in order to convert the
emulsion grain densities into digital ‘©¥ analcgue form. This conversion
process is time consuming, costly and must inevitably result in some

loss of image quality.

Vidioon Camcras
o W e SNy

‘'The necessity to convert'from photographic image to~dini Ldl or analogue

"'signal to carry out computer processing is by-passed by .using a vidicon

(television) camera. Vidicons also have the added reliability advantage

of no or very few moving parts., Also, the vidicon cameéra retains the

synoptic advantage of the photographic camera in that all points in the”

image are derived at virtually the same instant in time by the 3ncorporation

of a shutter mechanism, unlike the variocus forms of linescanner which will

be described shortly. There are two type of vidicon camera, the direct

beam and the return beam.

(a) Direet Beam Vidicon. A diagrammatic arrangement of a basic direct
beam vidicon tube is shown in Figure l14.  The tube is normally an o
evacuated glass envelope containing an electron gun which faces a thin
photoconductive insulating layer (the target) deposited on the end
window of the tube. The electron beam is scanned over the surface of
the target, thus removing any positive charge and stabilizing the target
at zero voltage. Between the target and the inner window surface is a
transparent film of conducting material held at a positive potential of .
about 30 volts. When an image is formed on the target, its illuminated -
regions become slightly conductive and start to collect a pOSlthe
potential from the charged layer in. proportion to the brightness of the
illumination. «This positive charged pattern is.retained without degrada-
tion until the electron beam scans the surface again and restores it to
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FIGURE ‘14 Diagrammatic arrangement of basic vidicon tube.

“extend this range up to 10°:1.

" direct beam vidicon, "the image production on the target is instantaneous .

ZeXo equilibr1um by depositing electrons. An analogue signal then
appears .asiu Ai%olacement current in the back-plate connection and.this
is then anp to be subsequently stored or displayed in some. form.:

.;,1e

Direct beam Vidicons have been extensively used in the past from aerial
ptatforms and have the advantage of a very large useful dynamic light
range (variation in scene brightness) typically of between 100:1 and
1000:1 in bright conditions. The use of a lens aperture system can

an extensive account of the capabilities
of both direct and return beam vidicons and of the possible modifications
to the basic vidicon principle are given in Ref: 58, a NASA report on
advanced Scanners and Imaging bystem for Earth Observations.

(b) Return Beam Vidicon (RRV).' This is probably .the most widely used

form of vidicon tube, due mainly: to its higher efficiency at low light
levels. Whereas the direct beam vidicon relies on the strengthyof the
incoming radiation: to induce a: signal, the return beam version relies .on ey
the strength. of the returning electron beam ‘after it has neutraliEJC *: i
charge on the target.
1ight and that the target can be made smaller without loss of resoiw-
tion. Figure 15 shows a simplified RBV layout. High target illumina-
tion results in a high induced charge and a weak returning electron
beam which is then amplifiedin an electron multiplier. As in the

f:.""

and by means of a photographic camera type shutter, the photo induced
image can be retained for several seconds. This is often necessary,

(on satellite platforms for instance) where target scanning must be
carried out slowly because of the limitations of the on board recording
and telemetry systems Also, slower scan rates allow higher resoclutions
and higher signal/noise ratios can be achieved.
resolution is higher with RBV's, they have a lower dynamic range, ie

‘they cannot handle extremes of light. The LANDSAT satellite RBV system :

for instance has a dynamic range of only 30:1. _ . _ "
h v RIS g

t'

The spectral sen51t1v1ty of the vidicon is dependent on the comp051- e e **;*;f

tion .of the photoconductor target (Ref 58). Their electromagnetic _
sensitivity extends from the ultra’ violet to near infrared wavelengths s

_(Figure 16) and with special materials thermal infra red sensing is

This means that the system can operate in ﬁo' AT R

Although the image R P

d"‘ P )
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possible. Within this range, discrete wavebands can be monitored by

s

placing filters within-the cameras ©optical path. However, because of
" (typically 15-30 seconds), - the -lag time: ‘between different ‘spectral bands,““
'Tfl usxng only one vidicon, would be unacceptable. To' produce simultaneous
A multispectral imagery, either separate boresighted vidicon tubes must
be used, or, for better image registration, one Optlcal image may be
“split” (using for example ‘dichroic imirtors) and directed to each vidicon
(Figure 17 )ummhlterna*%wely where.exact .fegistration of images: is not
: cssential, a-singlie,"fast c¢ycle tube can be‘used, with each separately
filtered image. bnlng et‘“”'”in .a V1deo memory unit, prxor to its
recordinq (Ref 39) ' S L S

Erd

e ety

)] . . AR N S AR

“the slow cycle 'period required to ensure good photometrlc accuracy &

LENS - -
FILTER -

FILTER
DICHROIC |  LENS -

f{/‘jmnmn 1 //,‘

il

e -— L ENS

RBY

- -FILTER

FIGURE 17 Optical arrangement

of a typical multispectral vidicon

For daylight remote sensing from manned platforms, direct. photographic
recording is at the moment probably more desirable than the use of .
vidicon recording techniques. However, in poor light.conditions.or when
operating from unmanned platforms, the advantages of ,»vidicons far out- .
weigh those of the photographic camera, espacially” ‘When their possible
thermal capabilities are taken into account.

by

Non=-geanning mdioma ters

The main components of a remote sensing radiometer are (1) a lens
system to concentrate the EMR, (2) filters to limit its wavelength, P
(3) a.detector to convert the EMR into elettrical energy .. : e
-~ (4) electronics Lo amplz.fy the” stgnal, “{(8) .a-'signal recorder or I
<+  display system, (6) an cptional :Lm- SR reference radiation source to
allow absolute radiation measvres: i : . » made. Their function,is to
‘measure the magnitude’ of theflar - . ce which arises from reflected L
- or scattered.solar radiation oI r'ru.s-'.aion from the Earth's ‘
surface.or atmosphere. The. elect:. , “power available at the radio- . . .
meters detector head is proportionam‘ toa«. . field .of view of its optics.. e
Spot radiometer measurements taken froni aer:.al platforms are limited in
use due to their predetermined field of view and spectral range. ' Narrow '
angle radxometers can sample only a very small percentage of the available
" 'scene, and’ although ‘their resolution and measurement accuracy may-be-high - - ono s
their results are difficult to relate to spatially variable 'parameters.
In contrast, . w..de angle radiometers produce a mean radiatiun ‘value for a
glven fa,eld whltmmay be useful for monitoring changes in large uniform -
"‘bodles such’ as¥ee?! Hor SNow surfaces. Non-scanning radiometers are’ often v
..uSedvas. bagk-up' :-:Jmstrumentatzon to more comprehensive sensors.. For. D
S‘example-a spot ‘ra diometer may record absolute EMR-values along:-the’ central
path of a photograph:.c aerial survey, from which further information may-;

'._be extrapolated, ts.mg scene brightness values, ufrom the photographs. ‘
. B T e I P 1o e e e s 3“-':,75,;12:!1""
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fadiotneters may be used to measure EMR throughout the range from ultra-
violet wavelengths to radio frequencies, but are most commonly used in
the infrared and microwave reqions. Portable infrared radiometers for
exatple allow very accurate ground verification measurements of surface
tenpexature to be taken {(Ref 22 .

(a) Visgible Light Radiometer. A very simple form of radiometer is the
vell knov.: photographic light meter. Figure 18 is a circuit diagram of
a typz.cal exposure meter in which the electromagnetic detector is in the
fom ©f a cadmium sulphide nhoto resistor which changes its electrical
resistance inversely to the Strength of visible EMR falling on its
surface . This variable resistance changes the current passing around

the circuit which is recorded on a visual ammeter scale.
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uradiation onto ‘the- temperature controlled infrered stecLor.

' . ,u-‘ o Cho?Per:
N e detector tu be“directly 0
after cuttmg off this source; ‘it ullows rhU’ dr-tectorw,my o rric‘a
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b mess:.vity'.’.,a a function of the dielectric constant and to a lesser
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FIGURE 19 ° Typical infrared radiometer with internal reference soups® |
(c) Microwave Radiometere. Microwave radiometers record em;tted raddd™
.tion in the 1 mm-l metre wavelength region, but are normally restricced
s . to one of the several microwave 'windows' which occur at approscimaty” v
L ,..frequencies of 1.4, 5.0, 13.5, 37 and 90 GHz (see Figure 11 for equida‘-
o {lent wavelengths). The microwave radiometer measures brightnes= temQEW- .
LATNER, which is a function ‘of both thé temperature and dielectric constsam
.ot t:e ground and may be expressed by the function:
T “,1 ‘l‘a =,.e Tg + (l-e) Ts | . ; JM -
f4f‘.\'v.£herei; ' Ta_ ,.é-,'i;_.'brightness temperature measured at the anLenna _ m :

' ‘”temperature of ground in degrees Kelvin‘ -
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In. the ‘microwave region, nséful
hors zontallry and vertically polarised emission of a body (Ref -G ang
-F.i.gure 20). . For instance, surface roughness effects .are more. appareqf-f,_,
'1n the: brigntness temperature mea.sured by vertically polarized\__ X3 '
waves. ‘. e . S . e
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whilst infrared radiation can be collected with a small optical system,

signal strength is so small in the microwave region that some form of

ant.una is required for its collection, the size of which determines

_ the maximum spatial resolution oi‘ the signal. The pencil beam antenna

~ is the most commonly used and here the maximum signal intensity is

concentrated in a small round spot (see Figure 21). ' The parabolic

- reflector concentrates the incoming radiation onto a small horn which

. . further concentrates the energy prior to' its amplification. Takeoff feeds
‘can be mounted so as to select a horizontaily or vertically polarized

_ signal. A description of different antenna designs is given in the

‘EurOpean Space Research Organisation Report CR-71 (Ref 61).

The broad band EMR detected by a microwave detector does not differ

J o fstatistically from the EM noise produced by the receiver itself, or by

the background noise which is fed to the receiver by the antenna, there-
fore the receiver must be highly sensifive (their power rating generally
lies petween 10~ and 10720 watts). The most commonly used receiver
configuration is- ‘the signal modulated Dicke type (Figure 22). Here, the
incoming microwave signal is alternated with a constant source reference
signail prior to its amplification, which'fivans that any variations in
receiver—-gain act on both the signal and: reference so that their relation-
ship is not altered. The signal may then be filtered to the required
__band width and then recorded in either ana\logue“_ or digital form. .Air-
‘craft microwave radiometexrs of the Dicke type have been used-for ,
frequencies ranging from l 4 lOO GHz (20-0 3 cit wavelength)

'I‘he signal received by a pencil beam antenna is not exactly as its
_name implies, the difference bétween the ideal and actual configuration

0L
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FIGURE 22 Signal modulated radiometer receiver

being shown in Fiq.u.re'23a and the resulting output signei as shown in

_Figure 23b. The effect of the side lobes is to produce signal noise and

therefore complete rectification of the signal is complex. However,
values of surface temperature correct to * 0.1 - O. 59K are poeeible

using microwave systems, this representing the mean value of the ground
resolution element. The ground resolution is related to the altitude of
the platfom and to the beam width of the radiometer antenna; - the beam=
width being a function of wavelength and size of antenna aperture, thus:-

= 1,2 x % radians

* beamwidth
:wavelength

diameter of antenna.

&
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A For a plat:form at a height H, the: effective ground resolution would be . .o ", . --»1,55;,
For example, assuming A=30mm and D = 1 metre, at a platform B i
he?ght of 5 km, the ground resolution would'be 180 me t.ies dnd at‘a N
satellite altitude of 500 km.the ground <esolutinn would be 18 kilo-
metres! “ Thus,” in order to ‘achieve acceptable ground resolutions, very- -
large antennaa are required,fespectally a.t the,,‘l.onge:r: *wavelenqths., U
' R ""i:,;""". R SEREY. [ gt : ” . R
Speatrametero O O R R L L
gt - divd 1 U 'lj-,'.i" . . S
S spectrometers datect ' EMR in a.similar. way to :adlmetexs,fbut“have

T the addititn cf a dispersive’ element within their opt4 <al path A
S such v a, prism, optical grating or: variable incerfe:ence filter e
& (Pigure 24 ‘and- Ref 62). This breaks the ifcominé ‘EMR ™ dnto narrow
i _spectr al bands which may be measurea separately using ~wariocus: types of

e detector.= If a mechanical or. electrical chopping systen is included to
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. - F-XGURE 24

‘Such a. system is eepet.z.elly S
operation and data handlmu as: may “be found in satellite systems, and RAEE
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Spectrometer contigurations\

‘zlternately v;.ewed by the detector, then absolute levols of sxgnal )
The use of circular: varial?,le;_

strength may be derived (see Figure 25).
interference fllters as the d:.spersive element, enables a narrow band--

pass (eg 8-14 nicrons) to be sampled across the whole wavelength range.
of- the instrument.to a high degree of precision - any given wavelength
‘being selected by, the rotation Of the vheel to a particular angle. =

ulted tof.hz.gh speed computer controlled

it has the. advantage of reqm.ring only a single detector (Ref 8.
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Figure 26 shows the most commonly used scanning configuration in which,
ideally, strips of ground perpendicular to the flight path are scanned
at a rate relative to the speed and altitude of the aircraft and to the
resolution of the radiometer, so that no gaps or overlapping of ground

HE

strips occur. Image distortion occurs as a result of the changing inci- |
dent angles of the optical path to the ground and because of the result- !
ing variation in scale due to changing surface relief and to erratic O
platform movements (more so with aircraft than with sat.ellites) These = ,\

distortions can largely be overcome by ‘the use of suitable inertial
detectors and rectification procedures with, the result that in the case
of the LANDSAT multispectral scanner imagery for example, {(where the
high plat:fonn altitude helps to reduce scanning distortions), quite

high cartographic accuracies can be achieved (Ref 65). .
7
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26 Geometry of basic airborne scanning system A e
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VIBRATING ‘MIRROR  SCANNER

FIGURE: 27 "Scannins actions of iiﬁescannér:'m‘lrr;ﬁ o

ok e o St "‘{:\‘.:3;(»’

A schematic layout of the most commonly used single scanning radiometer
head is shown in Figure 27c. This design achieves a ground scannisg
‘action by the mechanical rotation of an elliptical mirror inClined at
450 to its rotational axis which is set parallel to the platform flight
line. As the mirror traverses the ground swath, the relutive orienta-
tion of the incoming radiation path through the objective of the instru-
ment does not change, because the system is entirely symmetrical about
its axis. This makes the design ideal for the inclusion of an absolute
radiometric calibration source. This would normally be sited above the
ground— facing aperture sc that alternate ground and calibration signals
are obtained for each mirror revolution. Many other means of scanning
exist which may produce oscillating, linear or conical scanning actions
(see Figure 27a and b and Ref 62) but the above rotational system is the
most commonly used. Scanner heads having a single mirror rather than

" two or moxe mirror facets are generally favoured because ¢f the diffi-

culty in achieving identical performance from each facet of a multi-
facet systen. ) i e L .
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(a} Infrared Lineecanners. These generally operate in the atmospheric
infrared 'windows' of 3 - 5 microns and 8 - 14 nicrons wavelength, thus
allowing day or night time surface temperature sensing, but not cloud
penetration. The strength of infrared radiation of the Earth's surface,
as measured by a line scanner, is a function of surface emissivity and

temperature, thus:-

kw (1) 4

E

where E infrared radiation

k = a constant

w emissivity of the viewed object

T = ground temperature.

A typical infrared scanning and image recording system 1is ‘shown in

Figure 28 in which the incoming infrared EMR is focussed onto a suitable
detector (Ref 66) such as mercury cadmium telluride which is normally
super-cooled by a liquid inert gas to increase its sensitivity. The

' mirror is rotated by an electric motor, at normally several thousand

r.p.m., so that for each resolution, it views first the ground source
then the, cooled black body signal. Recording of the detector's linear
electronic video output, after amplification, can be either directly
onto magnetic tape, or by the exposure of a photographic f£ilm via a glow

Sy st.ecnomcsu]“v —————
o “'#M vioEO SIGNAL

AMPLIFIED .VIDEO SIGNAL L

/
P
-

SCAHWNER
DRIVE MOTOR

vi| FLm y
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RECORDER MIRROR

~ SCANNING

GLow wa; RECORDING OPTICS : “opTICS
N ‘ S MIRAOR -
_ _ ~ INFRARED
SCANNER MIRROR ‘ RADIATION o

‘ .

BLACK BODY REFERENCE SOURCE

| FIGURE 28 Schematic di'agr'al_n of an airborne infrarqa sg_snn:l_n'g‘ qyaltem-'-_-
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the brightness of which is made proportional to the intensity of

tube,
black body reference

the detected infrared radiation in relation to the
source. If this method of recording is used, Some removal of image

distortion can be accomplished by curving the film as it is exposed, to
reproduce in reverse the scanner ground trigonometry (Figure 29).
petailed desciiptions of infrared scanning systems are numerous (egq
Ref 58) and a r.»d account of theoretical scanner performance and cali-

bration is given in Reference 197.

polarised signals. The scan rate is dependent on the platform height
and velocity, but nurmally lies between O.1 - 10 scans/sec. In most
cases the scarner beam path is tilted away from the vertical to enable
easier identification of surface types to be made through their
differential angular emission properties (Ref 67).

S ER
| .

More efficient scanning can be accomplished through the use of "'g'evkéral
antenna lobes (normally three set 120° apart) which are rotated around

© ' wARTING LATERAL SCALE : - o |
4t ——H o | a single axis (Figure 30). The lobes are either switched in turn to
. '; the receiver as they can pass through the desired angle or else each |
— lobe may have its own receiver. The latter facilitates better resolution
of temperature as a result of longer signal integration time in the
. receiver. ./ 5 two angularly locked lobes, set n metres apart are .
B ./ connarted tu separate receivers, it is possible to process the signals
4 by computer so as to reproduce the effect of a single antenna n metres
in diameter. This has the advantage of giving higher ground resolution i
o . l " without the need of a very large antenna. More comprehensive details
- i of scanner design and operational modes can be found in the ESRO report
. N ' CR-71 (Ref 61). " - o '
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(b) Mierowave Linescanners. ;The principie of microwave detection is E l
Jdentica’ to that of the non-imaging”Wicrovave rddiometer but with the = g -tcam stme |
[ ey e AT ;Jn v ] I’ o : A
. addition of aiscanning action which may b(;ﬁif;:g(?hie,vg\d either {ne_ch’an_i_q;_nlly& - R
or electronicdily. The mechanical scanner uses a narrow beam antenna - ' ' o
“ similar to that described in microwave radiometere p-37 which is SR
4 . continuous y,.u‘mo'{ved‘,through a designated angular range, perpendicular to
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~ _the'f il ‘*{‘of “the platform, ‘the fogward motion . of which produces . iy ' ' e - . ;
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The large physical dimensions of mechanical microwave scanners renders caje of the theoretical spectral signatures of the two dissimilar Earth
them unsuitable for many applications, especially for spaceborne sensing materials X and Y in Figure 32. If a singlé band radiometric measure-
and for this reason, electronic scanning devices have been developed. ment was taken in regions A or C, the mean radiation detected from the '
Figqure 31 shows an electronic miqrqwéwe aerial which consists of an | _two materials would be very similar. 1If however a second measurement
T array of detecting elements whose phase can be controlled in order to ...-wag taken at B or D, the digtéxence would become immediately upparent. .
R reproduce the properties of a large scazaing antenna (Ref 68). The ' The approximate spect: 11 reflectance for some Earth materials 1is ‘ghown"” |

in Pigure 33. The study of the spectra of such bodies under different
~environmental -condi‘-;ions is the subject of much research and some of ,
. the best documented relationships are described at length in Reference 69.

main advantages of this type of scanning system is that no moveable or
mechanical parts ace requized, a fast scanning ability is possible and
computer control of the phase and amplitude of each element allows great

' | flexibility of data collection. For an antenna matrix having a large ;?"13 _‘ o
' number of elements, not only can the antenna be:m shape, width and A N 8 C S

- - polarisation be changed through computex control, but also a variety of
u scan modes such as linear, circular or conical can pe included in the

program. The high purchase cost of electrical scanning syst:us at
. present limits their use, but improved technology should r¢ Glt in a
R ' future lowering cof cost. Similarly, at the moment, technical problems
‘preclude their use ‘at longer wavelengths, but these also should eventually

be overcome.
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A series of excellent contractor report publications produced fp*r ESRO

« cover all aspects of passive microwave radiometry and have: the fol xo‘w;.-- i
ing identification ccdes:- CR-71, CR~74, CR-75, CR-116  (sece also Ref 61)

e b

(e} Multispectral Linescanners. The multispectral linescanper combines .
the abilities of both ‘spectrometer and linescanner (Figure 34). Whereas
the previously described scanners detect ground radiation in only a

_ singie spectral band, bg it wide or narrow, the multispectral scanner o
‘has' the capability Ofrecordingagroundscene in two or - more spectral, w*’*‘{/’
" regions, identical in both time and space. The advantage of this is that i

a more accurate identification of ground. features is possible, coupled
W€ a ‘greater proportio
...of their spectral”signa ture can be identxtiedy™ ‘
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‘with a greater understanding of their conditil ’f
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oi,gxample, ftake the ™ = = "
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The basic imaging multispectral scanner is identical to the single ! _ . Coe T ‘ Do et
channel scanning radiometer,: .= ‘described in scanning radiometers p 42 . "'"" "'"“ A :'m-bn ::;:e ::" Lo {; T T & R
with the addition of somufrun: nfl_d!i.spersive element in the optical .o, T Tl o

wE ter described on p 40. Generally -
eﬁ sralpcted in the rnult:..spectral e
i *-':‘“""iqure 34 shows'a schema.tic ’ i
g seisral. gystem may consist of ~ series\
_ -'rsgq. “{Ref '24), but the func'tion oF alli
. ‘of them is to acct.a:at:éJ : 'M“im‘atrument £ie¢ld of view and'to. . ¥
efficiently collect ént airkp: 'i".-;‘ f“‘.!.i.of the "sn‘ ectt.d.spr',j :rLii}.\‘,bands in’
order to achieve a-: h:.-.frn.s'%\ naivto-nolse rath.. for minimim signal = -
loss, mixrror optics’ as.é?}‘r‘: ten" preferred to 1eﬂnse¢t The electromagneticw
'energv Lollected by thei Optical system is focuss’ed onto an aperture, - oo )
the gize of. which. ds‘.‘?irlés the: ~ystem instant field of view and.whirch -

..n .t

forms the input to aiv sypropna!.e beam splitter {rigure 35}).., ,Jn‘“t pis

'-'J‘ A "'l'

case a d.a.chroxc mirror is used, withs n, when placed at 4'0 to"tb sptanal
path, allows half’of the EMR ‘to pas’’ straight through its’fh s.ff J.lvered!
glass and reFlects the other half through 90° (Fig’ 36). L‘»ett.cror nea::l..[‘."
sensitive ‘to di,.ferent spectral bands can be oiavsd uamef‘ ‘f’ path\'cf thufi
resulting identical beams. The cutoff of “the snsoff‘a"‘ »ased- by’ ‘each HL
detector, can be modified if necessary by rlacing stitable ‘filters lnf«i-h.u

optical path prior to the detector, Anot shc?wn in Figur.,l,.,rn

path as incorporated in’ tha
© L+ more widely spaced‘sw; ‘ﬁ't.z;m?_,‘_
scanner howeVer 1:'*& A
multispecrral scaAn

o of lenses or mirror:'
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l“visual output may be secondarily provided.
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. microwave sy stems but
- microwave L 1umination so

- briefly descx ibed here. . . |
: : v RN s

Figure 37a shows ‘an idealised

(Be)' and ‘the depression dngle (8).

111, a_;

each band but multichannel
More detailed information on

1 scanning systems is available in contractox reports as given

details of some specific instrumentation similar to
Directory of Advanced

magnetic tape with separate channels for

in Raference ©9 and
that desctibed in this section <an be found in the

European Remeote Sensing Instruments (Ref 70).

5.3 ﬂgtive =ensors I B

Active sensox's provide their -own source of electromagnetic illumination TEARAIN

and it is the reflection of this illumination from the target of interest
which is detected. An example of a simple ‘'active’ senssing gystem is
the recording of an object in total darkness using a photographic camera

ARCRAFY

fitted with an electronic flash attachment. 1In the ultraviolet to infra-

OEPRESSION
Angie @

l ILLUMINATED cnouno
motn v n

rod wavelength range, lasers may te used as the illumination source for
active remte sensing, whilst in the microwave and radio region, radars

are employed® . _ }

Mierosye radar - M e L
n much the same way as peseiVe ST

they record -the return signal from thelir own
urce rather than being reliant on natdrally

occurrinq radiation. Microwave radars may operate at wavelnngtrfss Lxang=.
“{ng from about 6mm - 1 m, but any one system generally operatec fat only
a single frequency. This allows good operational repeatabi ity which
faci]itates the possibility of surface recognition, i‘ndepenﬁent i
weather ohditions. Many types of rada exist but the vers:.on gene;ally
"ed for Eaxr£h resources observations is the sideways-look:.ng uarLetj,

Microwave radar receivers function 1
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a‘p . 5‘

configuratlon of the- fan shaped rudar

;ﬁlse which is emtted 'in a plane normal to the flight path. of* the o
2l

tlal, pla‘_furm’ ‘The ‘total width of: the ground*'illuminated [0 PR
ﬂsfe fﬁtncticn of, the p) atform altitude, ‘the transmitter angulax upre’Ad

The short pulses/of mi Svowave | |
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+hie instant,zhe. . i

radfation, { ehaded drea) trav
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A comprehe:ﬁcive ‘account of sidé 1ook radar system«s and their applicat..on* '
o both resourcp surveys'is g*ven '{n thei ESRO contrat,tor reportuseries

R n,\ i ‘3 RO iﬁ‘w T : o Lk i R U e v (Ref ?1) nd in the EMI report (Ref ‘4) R S 1;’{ o . M LR s AR
N Gl,nerdlly real dp@ttu*n antennas transmit in a s:Lngle polarised plane 1 _ R , o } , o
o " agd resgfve“in’ the safe plane. "The addition cof a second acrial receiving ¢ et . ¢ T S
f ¥ msd p]ane offs et ‘)OC’ to the first allaws more :Lnformation "to pe gathnred" :"Seat e‘raT e 3 \f_;“;' o N o & S B
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i S, 8 nthe id aparture s stems were develo ed in order, to model the. effect
NGO o}f, o vzr? 1§r - riLalyaperture“antenna ghich wouIE allov high ground The intetisity of the backscattered EMR, however, .is recordéd as.a percentage
G g}- P 4. cf that t:ransmltted and is recorded sequentia.:.ly trom first, to, last returns U, 3
oo e 9 resellitions.té be recorded. (Figure’ 39)¢ The method of syqthes..s is, o0 R dny 1 405" s dinati hé imo At o iy
LA - quite Coinplex;” but’ essentially what is done“is to' record’on photocnaphic s oiFigure’ y'co-ordindting these ‘time“intervals with'the geometry. ofithe . ', .
e _# fiim’ s c;thode ray tube, both the phase, and am 11tude of '\_nenground bean, it is possib.ue to. obtain the values of backsr*attering frpm .the same: < L
S Yy ’ phas P Mww ground pm.nt for, dz.fferent reday :anid ent. angles,,,,o the surface as "the plat= "

1bt\1'rn""signal from:different platform pc:sitions "4 relatifn to the , “&omil

| 3 “form moves forward= and thus to gain a reater knowlpdge of the. surface o
= pgeophas v t - , o 14 ontinwus film- recdifm 9 R
s Pha e ofe“ ery stable~ gfpren?e\\_c})sc;ll?tqrw " Thi‘s contd ; i e geometry o (Figu'c. '1.1) , e W e e
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‘.a water body .(Ref 72).. . 1In. order to detect the. spectral snifts.in the
) returning beam, a spectrometer grating may be introduced into the .
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The continuous wave Doppler scnfterometer records the change in
”frequency of a continuously transuitted radar beam due to the forward
~"motion of the plaiform and the reflecting and backscatteri.iy effects
of the terrain.. At the same time a rearward pointing antenna records
the fall in frequency due to the receding beam returns and, once again,
data on specific ground points can be obtained from more iian one
incident angle (Figure 42 and Ref 16).

Small Scele Large BScale '
Structure Struclure _ A =4 1
3.3 GHz 16 QM2 '
" Scatterometer Scatterometer \
iMunle IMit- : o -
Polstization] Polatization) i !

,_,./ - -~ o s ' - |

" Ground Cell

FIGUBE 42 Geometry of Doppler wave scatterometry

Lasers ' . . | A
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Lasers operate in the ultra violet, visible and near infrared electro-

- magnetic region, their most significant feature being the coherence of

- the beam of EMR which they emit. A high power light source: (generally

a gas discharge tube) emitting in the wavelength of interest is 7
accurately centred on the focal point of an optical train designed to
concentrate the electromagnetic energy intoc a narrow beam of parallel
-radiation (Figure 43), this sometimes being achieved by also passing

the EMR" through a crystal of uniform molecular structure. It may be -
necessary to cool the unit if high beam outputs are required. By
electronically or mechanically pulsing the light output and recording
the round trip time of travel to a surface, a simple ranging device
can be constructed (Ref 16) which may be referred to as a LIDAR

{(Light detection.and ranging) A typical layout of a laser transmitter ',
and receiver is shown in Figure 44. : e

C A4
[}
i

According to the degree ‘and nature of scatter and polarisation in the
return signal, information can be obtained on surface ‘texture such as’ -
sea surface conditions, or the presence of pollution on, or within, b

[V
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D" detector optical train, whilst the added abiiity 'tov alter the wavelength

of the transmitted laser beam with variabile g;re_iji'ilters {often called
a tu~able laser) enables the most suitable weselangth to be selected

for .- iven situation, e.g. water depth measurement as described on
paje . v o

[
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in this chapter and many variations on the ‘basic design exist according

to data requirements.

* PHOTODIODE
v * f < COLLIMATING CPTICS

6. DATA ANALYSIS

FIGURE 43 Functional diagram of laser profiler

'_ Only the main categories of remote éensor have been described briefly

[a— e —_— pra—

¢ o 6.1 Data recording and transmission

Soli¢ Mate - . N
Leser Profiler l ' J . o : o _ _
- - | E This section describes the main ways in which remotely sensed data may
- ) | : f .be recorded and returned to a data centre where information may be '
& B e IR Laser | l g | extracted from it. The same systems are applicable for both ground =
/H pPhotedetector ] | ' based and aerial platforms and in both cases the main factor governing
IR Laser : the methods of data recording is whether a physical transference of the
Profiter || Tranamits record to the data centre is possible, or whether a transmitted message
I} poncil Ream . ' | i ' ~must carry the information. M. o oo Lo
H § Tn ! f Physical Data ‘Trang ference TR R @
| " 2 lt“*""""“ ' . ! ; ' wWhere a_phys‘i'cal‘ transfereng_le'_of storgd‘ data is possi.bl_e. one o’f;".‘_t:ha'l
I _.! { simplest and most efficient forms of data collection is direct.photos
- Z N e B graphy (see p 27 ). With a photographic system, a l"a'rge_volume of high
e . “ 3 I g l resclution data can be rapidly collected and stored prior to its trans-
“ i Y - , ference to a gfounq" base where processing _an‘;i'interpretation'-- can be -
i - - ’ B _carried out. The main problem with this system, especially for small '
- " o ' __ ; ' ' space-craft platforms, is the relatively large amount of space required
Strona return L . j for film storage. In addition to direct photographic techniques, photo-
) _.,.n.lf,,.m S __ o ; e graphic film may be used indirectly to store information from other
- water surface F ’ . ool ' imaging sensors. For example, the modulated electrical ocutput from- .
o O L . g §e linescanners, vidicons or radar can be used to vary the brightness of a
. ’}!0!‘! return e i 1 glow tube ox cathode ray tube which in turn transfers the information
e Lo " E onto a photographic £ilm through progressive exposure of the film - _
doo ' ‘ (see p 42 ). Alternatively, graphical cathode ray tube outputs or radar
o ' : traces may be instantaneously recorded with a photographic recording
e o ' ~camera., - o .7 o e )

v the form of graphs (eg microwave radiometer), type dig ital output, or ..
- punched tape  (eg gamma ray scintillometer). Again, the volumeof L
- paper- produced may-cause problems,- S0-in. spacecraft, .paper.output is.... .. . ..

it Wy

. FIGURE 44 Mode of operation of laser altimeter or profiler

- virtually never used.

. . . :
. L

o
' ' For hon;imaéin'g:..éégsoré,' data output may be recorded onpaperrolle a0

Lo TR .
¥} . ’ . : D . . .



prokably the most wideiy used and flexix. 'i”'da..a recordi ng )
magnetic. tape. ‘Large .volumes' of data may be stored on rapee
‘having 12 tracks or more, the’'main advantage being that the recorded
'*ignal is f£irst generation ie it has come dizectly from the sensor
Jithout txansformation other than amplification, and should thereiore
‘be of the highest quality. ‘Generally an analogue signal is recorded
“at-a high packing density, but it may occasionally be possible ‘yith

. prior conVersion, to record a computer co.npatible tape in the first

| instance . 'his may be necessary’ in some satelljtlz installations where

Nowadays ,
- medium is=s

Uy ‘

x‘-.- :

f_'.i

T
!

- Transm. r;oed Data lmnsf‘erenc(, L I

Lo Where phy sical data transference .‘LS not possible, or igt undesiiable,
"W the sensevd data mu3t be converted by some means into a. radio signal
“.v < whieh e2n e received at :the. ground station.r_ ‘When thesensor output . is™
"7 .. an electxrically pulsed or modulated signal, its conversion. to airadio
signal ie rxelatively strairhtforward, involving- simple electron cs.i
some - case.-s (eg: orbit‘al sat’r ili “88) it ‘may not. be possible totransmit
the data immediately, so that data’ recording by orie of the previously
i - mentioned methods may still be necessary prior tc, .H-s radio trans-
| nission. Such intermediate steps ‘cause additional; data degradation
w .« however amnd should be avoided wherever possible. Ji %
g ri.ginal data is recorded photographically, ‘the image
b irflfo::zazs.iﬁ, (which will be in, the form of emulsion grain densities)
RV “must be . converted first inte an analr*que electrical signal, the:n into‘
b a radioc sidigpal, The £irst process may- be carried out by one of .
" geveral <£4i1lm scanning methods which - are. described in the following.
| section amnd whose principles of operation are very similarﬁfor botht
4 - aerial and ground installations, All film scanners convert the plzo lo.”_—
5 K gv‘aphic dmage into a ‘'video' Signal which, after further electron o]

i ' conversiom, can be telemetred as a radio signal.,g Lo

N to the raw data, other information on sensor. ‘operational
e :'ix_ o ;Zr;:‘:::::;zz (such as reference voltages, electrical component functions
and stabil ities) which enable sensor-induced errors ‘and drifts to be
! calculated, mst also be relayed te the receiving station. For this
reason, most transmitted data must pass. through further transferenge
procedures at the ground base before analysis is possxble. (Ref_. 73).

oo

LW

6 2 Data handlin‘,_ - : ' SR L J

.The . process of data handling" normally takes place at a ground-based |
data processing centre, the first stage usually being a straight- :
“furitard conversion of the ‘data into a more manageable. form (this being.
dependent_ on the data interpretation processes to be used) .The raw
data normally arrives in one of the following forms: - photographic «,
image, analogue magnetic tape, digital magnetic tape, punched paper 3
o tape, prrn*ed Eaper tape, graphical trace, or modulated radio Signars
-and any of ‘these may in theory 'be. converted ‘to any of the followirg:y
forrns by data handling: techniques
_ computer oompatible tape (ccT) , digital CCT, computer compatible
R IO " punched tape or card, graphical form, printed digital form (could be

. ‘,41

S eRE e e

MR e

onboard compui‘er processing of data must be carried out. '(Ref 73; .. ai;j“

.‘\\

“ photographic image, analoguemu: ':,

In &

; s analogue signal

~ on ‘the ‘drum,
SO maxitum . scan xrates are. restri...ted.-

S
o
P

R SRITIN Pko*ﬁ_bpf{pq7 ﬂfd@o

.sity as sensed by.the. detettor is: dependent on- the intervening
-emulsion: den51ty (Fig 45).

. q\ W

but‘ ‘some of the more commonly used ones are. described below.

, for further, comtbuter manipulation.\ A SR S

_photographic irages.may be scannrd O“;‘;a drum\c.en dtometer arrangement
" (Ref 78)"in which the film is, wrapped'

. B ' : ; ‘ 0
T ! 0 co % !

CI j . i
)\ S .1\

oy m e ;fpr_iritaiu’.), map or plan fo .vn, television picture etc. of .
e t., ’in some; caies the raw: data ‘mey already be in an acceptable
forrn, ano no con.-rsion will e nabcessary. The available methods of

conversion: of one'data form .to ancther are too vast to describe here,

S

74 L ‘ a‘” S o ‘ B

A ‘
Jireot photogmphu.! tec’zmqf,:.'s !

/”

Exposed photographic £ilm is rrocessed to provide, in most cases,
either positive prints or positive transparencies. Unaided

visual interpretation of these images may provide all the required
information, inwhich-case the imagery will uncz2rgo no further
processes (Ref 74) .other than possible rectification, which may be e e 3
necessary to minimise unwanted oistortion. n N “ IR

o g
||.l . . - N . %]
Iy __,'.'1.' " - N SUFE e

U
Al
., )L

r'ewers, photogrammetric

y ”@wastems (s1lide rojectors,‘)_
split image viewers, enlaro1no orl'o’u-Jag cametras etc““3Aef 76) may-
allow topographic heights ‘or conhaax ”,o be extracted,- surface featuree
to be ‘interpreted and delireated anohqualitative compaxisons of suriace
features to .be drawn from data which has.been recorded, or can\be ir e
conqertei to imagery..u. e _m..t_. Jgrur. . e e s e e s e g

i i Fe TR
JI.F- f\l - . i TR i

| N f

NS o
PZanzmeters and oo-ordinare dzgixﬂeors.w~e‘
Manually 1perafed planiméters allow Ctga"*to be measured directly from'J
photographic images or (if the photo’scala is not known) proportional
comparisons to be’'made. The' co-ordinate . uigitizer does the same, but
‘via a computer; programme which. processes”the digitaglco-ordinates of, -
a feature-as traced by a. cursor\head (Ref /7). By applyino suitable.
computer programmes,sthe cb-ordinate digi iser can av~pnbe used for -
handling graphical data in ord?r to either jmeasure thegarea,under a
pnrticular trade orto convert a gr‘ri Eel line onto a'tigital form

‘ “":..'_i
kf i

e 7','
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e inans Yy T A . . TINEAEa P I e

Densv, tomeiters-

e L T

i s

'I'hese are used‘to convert tne modulating den;m ies of a photographic X
image into a’ c{amputer compatible analooue G Ligital form. . Single:

aroun& a’ transparent transport
drum which is made to rotate. A light“soorce’is situated on one side of
the £ilm and a 'small’ photodetector on-the otHér so that the light inten-
photo=--

Adighe -
so that’ B
analogue
system

As the drum and\'image rotates, the
and detector moveu in a ’direction peroendicular to the rotation
the image if‘ scann\.o.

»-Pl

........

2

light-emitting dev1ce which gradually exposes the: film as it rotates
Traditional “light sources are usually slow to. react and
If a: laser light source is used

pe M
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- % E’igure 4‘7 shows a fl 1ing spot scanzper scvematic m read and write mode.

When.‘.xtracting }information from a photographic image. the cathode :ay

FOCUSING
ML ube provides a constant: Light gource which scans the.image ..ace.

»

e The.. "iaht. moc.ulated by the £ilm density, is then focusestd onto’ " ., .
‘ - } \fa pnoto-mulrinl.!.e:' !"meﬁ H’M’I% wh:lcn records the: J?sight intensity.
".JL, e ’ Ir\ the” 1te mede, the intensitj of ‘the. cathode ray' tube scannino dot
I £ z.adu:-ated according to the data input and this exposés the £ilm in
B »,‘,‘ji»";;. a’ etanni.ng ‘Act1on, (Ref 791 These processeb can be easily and very
. rapidly “*ont'rollvd by~ computer methods and are suitable. for- aﬂi,aptation
e g more Ladw.ncec! ‘faicvmation abstraotion techn c;ues (Ref .80 ““\ -
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;Another form of very high prec:.sion laser scanner/recorder which

- works on principles similar to the scanning radiometer (see. p 42 )
is used with long film strips rather than with indlvidual frames.

' In the scannlng mode, the constant’ llght source is a fine laser beam

{Fig 48)- which, after reflection off a roLaLirq pyramidal reflector
is focussed onto the film surface and” ‘scalis across the film strip. The

*ilm is curved to the radius of the. focussed beam and is transported f,

I T = in a. dlrectlon paralleluto the sc;mner a:us. “The lz.ght transmltted by |
SRR e e "thc film is recorded by a photomultiplier Wthh produces a modulatbd
C v B e ... analogue srgnal In the. wrrte'mode ‘the lasér beam is modulatcd aCtord—
. .ing. to. the data srgnal and thohﬂ;lm is. exposed llne by llne‘as w1th
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invest’igations should only be done within that '\rea . the *asb *f +hs .

: 'f"photcgraph being ignired for th.: time being.” A’ difterent ‘Torm of

+ data comprez:-'ion might be, for example, ‘to *1aqsny & numbe*' ot -

recognif&blc‘ tree species on a colour photciraph: ioto the’ broad
gioupin’ s 01 either deciduous or conifirous:; Taki ng an imagery (‘:h' ;xp
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the higher.is the saip?t i L.L..L freqt.en)cy necessary in order to detect any i |
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i iy ;Ift. Ehpes m.ive geometry oia iscnc-or,,to ¢he'ground, ‘either; due to v S N b o |
o platfqm mweme"'*'. 1.0t1, ey variations\ in surface relief, or, to, inaccuracies or by taking into account. meusurable geometric distortions._ A warped.
e ”;¢ ih the w-’ﬁh\n svﬁsor {q:s rE‘\\o °deo*)‘?1':e ground ec..ene (Fig 50) optical grid is the result, which allows.the eye to be aware of thz. direction .
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' - - ometric a.ameras, ‘have Hleeﬁ uséd 'fo:r "many “years and their scale and however, is comp lete “image reconstructiol ‘wheré (£6 within 91‘,’"" ' e
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receﬁt use of man"“’.iift‘ernnf types of op*ical/mechanital/&tectric.a fae echniques mu e used whereby sensor calibration r P L
- ' 1ccation cata and external factors such as Earth curvature, atmos='-

.pheric: '*efraction etc must be taken into account. Final adjustments _
may be made ina similar way" ‘to’ photogrammetric rectification whereby vt
several ground control points of known relative position are correctly BT
reconstructed in the image. Such rectification techniques are different

;,aensnrs hus ..nitiated tF‘e developme:'t t}f new rectification techniques
't ‘handlevthe p\_"sibie \.‘hriations"i __Hvor output and ‘{11 the\case
“of lin(tscauners for: -**amplﬂ)’ to ovéy ~o.~e anvimage“distortions“inherent -

in the, dt.u.!.g“l‘l of. tne_sensor (Fiq 4.,. «
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larforms may r.ﬂ ' .;v.ue cmoneLric ox internal 1nstrument adjust-

,/ .ﬁ mefi to be«madem Wk L “' may allow later adju stments. fox platform
:'w llnt to }Ee mdre masily maue (Ref. 84)." Generally, rectification

e g “‘ ”6f 1i es‘cllrJf&\rmproﬂ.‘iucer" imagery is much more difficult than instantaneous

T \'i syrogtically\ oroouced J.magery, as . instrument and pla..form change: '-an‘
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A differont form of rnctificarjcm i-a c'ulled for when differcnt ‘images
of the same sScene are to be supnrimpc,r‘cd. When simul tancous 1maqing
_of a scene is undertaken from the samr. »latform but. with different
sensors, image matching may not be tv- difficult, but complex
differences may exist between images taken at different times, possibly
- even from different platform types. In such a case, a large number of
-"_recognisable points on both images. must” be correlated SO .as to be
certain that any geometric differences have been removed ' 'I'he final
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- ‘mmbined,,ma,n may of “o'\-'en st.ill be distorted in relation to the
'attual ground” =:c ene, but Lh..a.- may not matter if only scene differences
..between the twc.\ ‘images are'required. For the interpretation of multi~
q;ectrai ,toa'era ¢ exact image registration is essential otherwise
&% (Ref. 85).

rﬁ" T y
Prior to ..he enhacement of data, it may be possibile to carry out
further“ adjustmenfs to the signal in order to replace predictable
losses \ the sensing or transmission system such as those of high
frequenr-ies. Corrections can also be made to remove the effect of other
predio..able or measurable components such as surface shading or sun
angle/effect, the effect of sensor look angle on surface reflections and
-~ mission e..c’ on the resulting atmospheric attenuatfion, At this stage
“‘some ground control information may be used to enable unwanted ground
variation effects to be accounted for, such as changes in surface
temperature, soil moisture or different agricultural pra:tices on

otherwise identical surface types.

Whereas geometrxc manipulations alter the geometry of an image but leave
its radiometric content unchanged, pre-processing techniques are

generally radiometric transformations in which the grey level or colour
of an image 1& "altered, but its geometry is left unchanged. Generally
such radiometric transformations are performed on images in order to
enhance certain features of importance. { \

Densoty\ slwmg

For a monochromatic image, the whole density range covered in the image
is first divided into a number of segments. The density of each data
point is measured and all those falling within a particular segment
density range are assigned a single grey level density. 'The ‘'overall
effect is to reduce a continuous tone image to one composed of several
grey steps, At the boundary of consecutive grey levela, an-image
density 'contour" is formed (Ref 86).,

~ Colour addition

If, in order to retain detail, a large number of grey levols are chosen
in the density slicing process, it is often difficult for ‘the’ human eye
to easily distinguish between them. To make this recognition process
casiet, colours can be aeeigned to each grey lmavel. Whilst in mono- H
chrome only 6 or 7 density steps can be easily recognised, this .can be.
‘extended to upwards of &0 using a combination of Aifferent colour -

densities (Ref. 87). = i

I

Densif;y mtiaing

Where multiepectral images of the same scene are available, density |
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In’ orc\er to am;.l.j.‘fi-' t.he tonal changes in an image, the image is first | :
segmented into soveral density ranges, then each grey level range is :
extended to'a £a31 tonal range ie almost black to white, Subtle '
contreat hangee ar'e thue more eaeily recognised (Ref, 88), "
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" Inage aivothing co ST e
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. This pz‘c segs reduci: s ‘the effect of random 'noise, which often ocours REE

when eer‘eing at short wavele> ~the., It- 418 carried out by averaging .
densiiy.. ..’ ues around each data. At .mich once again allows subtle

tonal,: Huw w;\';s 4o be detected which wiulg, otherwise be lost in the

'no,ieeuy. 5 £u };a.xew Ny smoothing may also be c.u'ried out: in a similar Lo e

way (Rof, B o TR S R
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Edge enha,zcement\ S o )\'«5‘,-1. " *’»? ‘. : ‘,“ Vo
This isu a n-ethoc. wheweby ‘iir.es cah be produced where 1arge deneity D T A
differences are det.t:cte-a. A line-drawing effect results in which RR RPN 112
siuch features as roads, boiidings, field boundaries etc are-sharply = - = SRS
outlined (Ref. 81, Vol 2 p. 14--9). A similar result can be nbtained T
photographically with the uﬂ pf Agfacontour f£ilm (Ref, 90 & 91). ¢ v 7
" Spatial frequency filtering 3 ’/ o | SR v T \\ 5
B RN AR
The removal of unwanted frequenciee from the E‘ourier traneform ofu R S T By
a sicoal .can be achieved in this way. The Foufier trarsfer: function AP
is o oonen of a piece of data to & simple frequency aine waver e /S
1..01: e the respons:e. is known, the complex data record ‘can be - L |
Brize ﬁ;,..,w_ ‘&yseries of,ysimple sine waves of -different. frequency:.and’: A L
ampiﬁcu \Fourier anulysis)., Each of these, sine components can be; vy - ,’

trandie ..L\‘_-d S5 means; ‘of .the transfer function and ‘when 'added *ogether, / R \i\
..a rec;.-nstruction oL’ t.he original signal should be. poesible. 'I‘he ‘o . oy
‘removal of some. 04‘ these frequency components may ‘allow certain |
features to be er.hanced; in effet:'t a- frequency l'noiee removal
(Ref. 92 & 93}.. Cu

Directional filtering . S T P SEE N VRN ARNY G P N
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This operation retains or eliminates all pict:u.re’ff informatvbr/fat & .
frecuencies in a certain spatial direction urd therefore szsulrsiiin f'.:)'-“-f.’__"‘_:
enhancement of features set perpendicularly to that eire»"*i:..i ':n.l. H,J'he |

g

efféct is somewhat similar to polarisation and is used to e'\hmce{ :

~linear ground features such as crop rows, geological taults :'.. i jw
bedding planes, la+4 .:ice drainage patterns etc. (Ref 94)

-y
0y

“"-".?}:-l Co R v

C'Zusfer analysis | ok

'I‘his is 'in offect a matherratical technique Wthh results in data
reduction and edge. enhancnment. - Each data bit is taken separutelv o
and compared with its surrounding neighbours within a" given ‘distance. .
A threshold range is defined whereby neighbouring points, may be o
regarded as being the same as, or being different to, the central
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+ possible. .

- in‘a single waveband, their spat

"y S
{ ‘\1 .

e L
[ n’"} ,\_‘-, LR

e aim being to create clusters of similar points as large as

Further reduction may take place by regarding each cluster

as a single point and repeating the process with wider range limits.
ey i‘fering value

soundaries <can then be drawn between clusters w ¥ o ﬁ/
(Ref. 95). B ’ //

point, th

Flicker analysis 1._.

allows multispectral or time seerated

is a wiewing process which
i oo viewed alternately in quick succession

images of the same scene to be ter
either by switching of the two image um :
mechanic}arl chopping of two 1ight sources. The effect is to accentuate

any differences in the two images. Where no differences exist the

image will appear
' cna:gxge of state, (the more obvious the flickering, the greater is:

the change (Ref. 96)). This type of analysis requires exact registra-

splay systems are also capable
tion of the two images. - Television display sj F

of flicker projection of digitsed data.

6.6 Feature extraction

B
I

thods of feature extraction are necessary where

large amounts of data (especially when recorded in digital form) are to
be handled on an operational or day to day basis. The methods used for
Tautomatic?® feature recognition are too complex to be. described here,
and they may often be tautomatic' only for the recognition of fairly L
simple or specific features. 1In most cases, considerable direct contro
.and. decignion ma ing “is required by the operator who uses the computer
‘as a tool to speed his feature extraction capability. where complex B
interpretive decisions are required the human brain, with its vast
a-priori knovledge, is st‘ *he aost‘efficient feature recognition,
" extraction and’ classifica i . wstem.' Nevertheless, both 'eyeball)
and remputer controlled ¢ - i'»"- .:Lon techniques rely on the same basic
pri....iples of feature extret . Lof s  Individual features may be: . recog=

nised 1argely by their shape,”

Computer controlled me

ial pattern (or texture). or their

spectral signature when multispect*al or other spectral discriminating

imaging is wused (Ref. 99) . | -

For a single waveband image, th
'signal brightness and, in the case of monochrome photography, this,

coupled with signal pattern enables an enormous amount of information
about a scene to be recorded. -Simple, recognigsable and repeatable

: ‘patterns may be formed by crop management practices (row widths, plant

'8 ng, contour ploughing,
(gzgdigg planes,, f’aulzs) , linear features (roads, railways, rivers,
canals, field boundaries) and other man made features ‘siich s buildings.
‘Textural differehces may further pinpoint\variations in any of these :
features. Where such definite features are to be expected in computer

- handled- imagery, .la-priori' _
so that:.the. remot;; ,ly sensed s:.gnai can be compared to a set of expected
signals. (Ref. 100). Where no 'a-priori': knowledge is included,

_ _ |
'features ' may be recognisable merely by ti. eir difference, with

o @ interpretation procedures being undertaken after their extraction.
o (Ref. lOl) - _ . o P o

T .
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nation sources or by linked

still, whereas flickering of the, image indicates a.. ...,

‘their image density (tone or brightness)
e image density is proportion vl to BT
terracing etc), geological. features .

information can be included in the programme -

" along with most other homogeneous surface features.

: distinguish between diffrrent crop types or, t:ii‘.c‘:’:e'r:iraf1

.»to minimise data handling procedures.
'is not particularly clezr, it may be advantageous. to, increase the

“tion decisions” are bein ng. made

" of the given data ana1y51s stages may be covered :Ln one procedure.“

When multispectral imagery of a ground scene is available, more
specific spectral 'signatures' can be recognised and a fairly precise
definition of the feature is c«ften possible (see p. 48 ). For this
reason, multispectral data is better suited to computer handling
-techniques and very high feature recognition success rates have been
achieved which enable crop and vegetation types to be defined (Ref. 102)
Water bodies for

example can be recognised to a very high degree of. success due to

their almost total ahsorption of infrared wavelengths (Ref. 103). Aan

introduction to some basic feature extraction techniques is given in
Ref, 81 and also in section 5 of the EMI Handbook of Remote Sensing
Techniques (Ref. 24), whilst more specific and advanced techniques are
ro be found in the numerous LARS (Laboratory of Advanced Remote
Sensing) informaf-ion notes of Purdue University, Indiana. ’

-.'

- 6.7 Peature classification

This is generally the last process to be carried out on remotely

rgénsed:data, but if the required degree of classification precision is

known kefore data handling procedures are started, the whole system
can be geared toward that end. It would be pcint’m"s for example to
. types of

impervious surface at the. imaye enhancement or ftature extraction S
stage if the required classification was only for urban and’ agricul—-

tural areas to be definead. . , G eir

I‘.,_ . ~r 1 f
Assuming t} at the 1nformation requirement from the data is tightly
defined, ‘it'#s advisable . to keep its classification as si‘nple .as

possible; fusing the least number of classification qroups), in order
If, however, the ‘end requirement

number of classificaticn groups in the first stage rather than bei'ng‘

forced to reprocess the data because of lack. of informution. |
. b I 1. )

1\..:

Where automatic claSSifi :tiuu procedures are employed, the decisional
criteria are gentrally ltl« ‘cal in nature, 'Supervised! claseifica-
tion techniques we]vi,. o i.of comparing known features with.those. = « .-
to be. classified. “'Uns.., ~*J,ed' methnds such as clustering . (see p. 697).
first- separate differeut compcn nts and then assigny each to a particu-
reliance on extensive grounm truth information. 'Adaptive techniques
adapt the decisxon rtle to the data meing recognised, and as recogni- '
g, «she already classified data is_used to
update and increase the” effiCiency of ' the decision rule. The main
advantages of this“are ‘that high- recognition accuracies are possible

and a reduction in necessary ground truth information (Ref, 104) .can

be achieved, “ , e s

"
i

; .
The problem of data analys's has been tac}fled as a series of 1ogica]
steps\through which one must. pas., in order to obtain maximum informa-
tion from a ple\ce of remotely” sensed imagery. In practice; however,
(depending on the requirement) this procedure need not be rigidly .

Similarly, it may be found that, using i ccrtain technique, several =~ ° =

. ‘F‘. o Yl ” i
3‘Ij‘ e - e, ol
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adhered to and short cuts to the end p -oduct may sometimes bé possible.: ¥




. each of the hydrological variables.:

It is very useful however to be able to split the analysis procedure
into stages, as the prospect of tackling 'Data analysis' en-bloc is
rather daunting and useful available information contained within
the imagery may possibly be overlooked.

. .
AV

6.8 Ground ver‘fication measurements-

‘Accurate remo*ely sensed imaoe rnterpretation is only possible if high

quality ground truth obaervatlons are available, botn as a basis and

a confirmation of correct ground classification and state. The easiest
way of reducing errors in such a system is to ensure that the timing of
ground truth observations and the remote sensing of a particular scene
are coincident, especia.ily where quantitative or ground state informatiun
is requlred. The accuracy, frequency and distributional pattern of
ground state measurements must be carefully tailored to the regquire-
ments and limitations of a remote sensing mission. For example, it
would be wasteful and unnecessary to take water surface temperature
measurements every 5 metres to an accuracy of + 0.1°C if the sensor

was only capable of resolving a 100 metre ground element to an average
temperature of + 1°C.” Similarly it ‘'would be uncorrect to interpolate.
surface water isotherms at 0.19C intervals if ground verificatien
measurements were correct to only % 0.5°C. when high ground resolutions
are attainable, it is advantageous to physically mark the positicn of
ground measurements by putting out reference mﬁrkers which will be
visible in the final imagery (Ref. 74 & 79)+ ‘' This then accurately

fixes a correct point of measurement on the image. An extension of

this procedure is the laying out of a series of reference panels of

~known colour, brightness temperature ot reflectance - probably the
s hest confrol available where temporal variations are to he measured

Y (Ref. 98) .

" For Iower resolu-ion imagery, ground measurements could

be sited at easily located potnts such as at river or road junctions
to allow accurate location on~‘the 1mage, provided that by doing so,

no bias is introduced into the ground element sampling. T

7. THE MEASUREME'” oF HYDROLOGICAL VARIABLES USING

h .
Y -)‘,

This chapter describes how remote sensing techn quec ;gbr-used e measure
The, ch0rce .r 1;p¢'¢1cular technrque

depends on the regquired frequency and acculacy JJ rﬁ erenr- Table 4 showe

- gome typical hydrological measurement requrrementsthm\r/ v

AWl Topography and land use . N

prerap%y o IR, " v

of specxflc areas requlre an undersLandinq
s altitude and

§ e e

Most Earth' science studies
of the effects of such physical surface parameters a
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TABLE 4A TYPICAL MEASUREMENT REQUIREMENTS OF HYDROLOGICAL VARIABLES
] . ! |
Hydrological ng::::;‘“ s !
Element Accuracy - Frequency
A B c :
DRAINAGE BASIN
(HARACTERISTICS i
Drainage area 0 VY 100 [ (t1% of water- (every 10 years)
- shed area) |
Channel dimen- 30 30 100 | (25% of length) (every S years or
sions and after major flood
patterns ~ event) a
Overland flow 30 30 100 | (£5% of length) " (every § years) v
~ length . , o
Surface slope 30 100 (£5% hor. (every 5 years)'
+5 cm vert.)
Land cover 100 100 100 | (£1% of water- (every year)
type " shed area) a
Albedo 100 300 1,000 | (5%) (6 hourly)
SURFACE WATER A B C
Areal extent 10 30 100 | (5%) (daily) (daily) (4 days) | o
| Saturated . | | 10 30 100 - | (5%) ‘(daily) (daily) - (4-days) - |-
soil area el S ' _ g ' AR
Flood errent_ 10 30 100 (1 hour) (12 hrs) (it day) | - v o
Flood plain 10 10 10 (5 yrs) (5 yrs) ~ * (5.yrs) R
boundarzes (& after mejor flood events) X B i
Lake or,rr"er - T
str*n . 1 - - - | tlcm (10 min) (15 min) a hr) o
: qu ‘&J‘J,qm SR ) (30 min} (1 hour) (4 hrs) i
WATER, LT Lo - | iy
o i s A
Turbidity " |30 100 1,00 | (:0.5 FIU) (daily)
‘Suspendad 3 .. 100 . 1,000 £10 dail o,
Tsediment By 10 LR, o em faatin -
Colour 30 100 1,000 | (£10 mg Pt/1) =~ (daily) !
Aglae bloom 30 100 1,000 Lo o (2-3 days)
Surface film 30 100 1,000 - Haily) |
detection DR - ca , 4 . o
Surface water 30 100 1,000 | (0.03°C in (6 hours) f
temperature: g 0-19 range) ' | i
+0, 1°C in i-4 ! v o
range other-
ey wise 319C)
Temperature - '(+0 259C) b
-profile . ) }
PRECIPITATION 100 +2 mm if <40mm Sl
EVAPORATION OR | 100 st 0™
EVAPOTRA NS- i =
PIRATION -
- ";u(\ uﬂ’w
. , T . L A T w . &P o :
* Bstimates for,drainage basins of the following sizes:- ” IR
A - < 100 km?
| B- 100 -1 o_oo ka *
C - >1000 k. .
M
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_TABLE 4B  TYPICAL MEASUREMENT REQUIREMENTS OF HYDROLOGICAL VARIABLES

TABLE 4C

Estmntes for drninage basins of the follohring sizes:-

"'A- - < 100 km?

B- 100 - 1,000 km®
C - 51000 km’

’t\

ESTIMATION

s

tlydrological Element *Resolution Accuracy Frequericy:
| A B c | \
m .
Snowline 0 7100 1,000 - (ily)
Snow cover, 300 1,000 10,000 (¢ 5% of snow | (Inily)
’ e area)
Water cquivalent 100 300 1,000) § +2rmmif <2em| Daily
Free 'water ‘content;:: -~~~ - 100 300 1,000 ) £10%  if >2am |
‘Stiow’ sur\f\ace tempen:*“rd v . 100 300, ;,C(D + 19C (6=hourly)
Surface ‘albedo ¢ IJ}” o “q\ |00 300 1,000 D _(97?’9"””@;
'GROUNDWATER 'DETECTION -~ = " 7. s
Muifer mapping \‘.\I' e 109 v 100 100 - N (s years)
Location of discharge to rivars 30’ 1\30 30° b - /f (weckl)r)ml
Location of discharge to lakes 100 | ‘loo " 100 - | (weekly)
Location of springs % 30 .- 30 L= “15 years)
GROUNDWATER LEVEL 00, 1,000 ‘1,000 | e b | siry)
SOIL TYPE ) | 100 1,000 1,000 nooT (5 years) ",
. : : b ! " ..
UNSATURATED ZONE IR T :
.| Mbisture content profile 100 30 1,000 ‘| 10 of field (dai.ng);j;f
. e _ ’ capacity - : , b
Temperature profile 100 30 1,000 | (©.59) "(daily)
Infiltration/Percolation 10 300 1,000 (10%) ) (dauy)
Depth of seasonal frost 100 300 44,000 § (108 (weekl)')

A

DATA REQUIREMENTS FOR LARGE SCALE ATMOSPHFRIC WATER BALANCE

| liydrological Eiement " Resclution 'A_ccurecy h 'Fr.cquchd
Precipitation 10k | F Zmif< :g m | g-hourly
| Evaporation,. Evapo 100 kn (£ .54) .~ T (6-hourly)
_transpiration - L SR ST T
| Atmospheric Moisture, ‘atorage 100 lm (¢ 5%) (G-hourlly) 1.
|'Atmospheric Moisture Flux L 100 km | G¢ 5Y) (6-hourly) -
dlvergcnc(, S o Coe S o

;;/, : i
PR S/ A
Vi b SRR z/ o

pa

G

- magnitude and direction of ground slope. ThlS is especially true for -
hydrological process stud:.es and for catchment ‘water-balance studies.
'I‘he actual. surface _:hape may be of interest in detecting hydrological
features such s sink holes, ‘stream heads or erosional and depositional
structures: such as water-bearing gravel deposits., Surface texture or.

- roughness . measurements may be required in order to. estimate surface
water storage capabilities, AS an indication of possible over-land

‘ storm-watex flow rates,, or fcar surface evaporatlon estimates.
B ,a, RO ) " N L . "

Active microwave imagtng prohably has i.he greatest potential for
dellneatlng variations in surface topography. Unlike spectral sensmg
methods where the elect*omagnetic signal received from a body is
highly dependent uwon its chemical composition, the return signal from
an active microwave sensor (siee' . 52 J. 1s less affected by body m’ ,
compoeit‘ion, but is ?nghly "dependent on its surface phyeical state. 7
This i because “the ground surface is illuminated from a discrete
point ‘zource (the antenna) as cpposed to the relatively diffuse
" atmospheric radzation. " The 1ntensitv of the" teflected return signal
is largelv’ daﬁpendent on}the angle ‘of incidence of ths body surface’
to this sourge. Thus, hill slopes facing the antenna will appear -
er.qruer thar. similar slopes falling away from the, antenna {see
]FJQ- 51) . . The surface roughness characteristics o . the body in
-relation fo-the wavelength of the microwave illumlnatlon used: also
' affects’the return signal strength. For example, both ploughed’ and
sk harrowed fields  may produce the same brightness signal at>long- wave
" “lengths (say 30 cm) whereas a marked difference would be apparent at
say 2'cm. Concave surfaces . larger than one wavelength will concentrate
the return signal, ‘resulting in a bright image, whereas convex

| surfaces will tend to scatter the beam, result:.ng in a darker |
B lmage (see Fig. 51) . B o SN

{.J P i .
'I'hocgh microwave ‘radar imagery iS very much in its infancy, there has
:fi'j .mn considerable success in the use' of sideways looking-radar (c-ee |
“ipi"52 ) for surface topographic studies (Ref 106) , stream network ¢ i
analyses from upland topographic information (Ref 106), 2nd geological ﬁ
interpretation from surface features (Ref 107). By detecting th
polarising effect on the or:.glnal ss.gnal (p. 54 ), considerable addl—
ticial information can be obtained on surface types,’ especially for
the enhancement of trends such,as geological fractures, lattice
drainage tYPESf sand ridges etc. Although active microwave techniques
appear to have great future potential for morphometrlc rlassification,
several .sensor operation difficulties exist such as loss of.data in
shadow ureas, inaccurate image positioning due to 'layover' (see Fig. 52)
und varJ able errors caused by uncorrected platform movements and. navi-
gational drift (Ref 108) . High image resolutions.are attainable using
- Synthetic aperture techniques, but with real aperture ‘systems, resolution
is mediocre (see p. 52 ). Some additional disadvantages of radar for
small projects are the high cost, poor-availability in the UK.t oo -
 necessity for experiencedrinterpreters and the requiremgiit of extensivo 51)
 grolnd control” (Ref 109). The ‘ability of active microwaves to.enhance . . .. .
small surface features is of great advantage to many topographlc studies, .- .
- but their. all-weather capability would only occasionally: be a prerequ:Lsuc::'-:
_where consistently extensxve cloud cover is experlenced.:,-

e e e e i e gt e e

'\,,.Norrnally therefore, first consideratlon should be glven to conventional
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VARIATION OF EF"ECTW'TY ;5’8-:'“':““"0" mapped areas, where satellite imagery may be the prime data source, - . M
. g OF ANGLE LQUNVE_ S ~ » ..~ vt imagery . taken in autumn or spring should be chosen whénMSundangloSJare'%_u e e
B T ' we A . : . - “ Ca lows {Ref 113). ~Again, it may be advantageous to retainyimage detail in TR R
FIGUPE-51 Effect’'of look angle and topography. on-SLAR -imagery .. - . = - 'the. form Of an’ orthophoto map and using LANDSAT imagery fér:eximple,’ . . . .- . .
e e | A ; o ' “ L T _”ﬂdﬁs of:scales up to 1:100,000 can be produced to accuracies similar: to T U S ¢
p. : o !
those a"hleved by conventional methods (Ref il4). . e '
“stereo aerial photography taken from a-height conducive to”the surface L :-~~-h , SR P N
A : S B '-“f'-gr_ \z e : et s IR TR I v B TR L e T e
fa“ tatl reqairnment © Using imaquy of photogrammefric quality, topo- 'L? -:“36 o R E R o R
."geaphic. heights or contours-of the yround can be constructed, -from. e U PO P £ RO AR SR SRV S A

;which ground slope and aspect can be mcasured much more quickly chan

Although the U.K.. has probably the. nost extensive qround survny coveraqr- .

A ‘-‘rom ground surveys. . As an alternative to ‘conventionil mapping,” the in theé world, ‘much is’ still not available “at the requirpd scale -~ or - is k
p production of orthophoto maps (Ref. 110) combines topographic map detail often out of date. When specific Ainfermation is required;- ‘such as: urban A A
‘ - with the additional infilling of tonal phot.oqraphic informition® wuhout ‘. or, :ural land use, the 51tuat10n becones ;‘i‘f-;; wo _.,e. g TH."S; of course,J e
, .any loss in;map accuracy. In order to. enhanco surf“ucra tokture, and } J
¥, ’relief. photographs should be taken-at a- time of ‘16w . sun anrnle to : 0

1 - Increase t‘ho shadow Sffec " e;.posure and development. of the {idlm must |
© . obe"diEh 48 it retain shadow detailsnd colour film.shouid be used where'
pos ible. to 1mprove detail- irl‘ the shadow areas (Ref ]l/) . In-pooxrly - -

“1east, not through tbﬁ?‘"se"of conventional ground survey .:teohniques.w‘
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As an attc"mg 29 overcome thn.s toble-:m, map rev;smn fzam [er;.al pnoto-
graphs, is now bein}s used Eor so@je ordnance Survey eclitiohs 'whereby

transparennt ortho-corres ~fead px:,.ri.a".rarhs. are overiaid on Mevious edit _iop
maps and @ny changes’ noted, . For \example in 1969, the R.N F. comnl st

i

“hsed largely this ‘aerial lnformati\ n'to produce ‘1: so‘rx)r; updated urban
wland use Taaps by overiay techniques (Ref 115). Computerised methods of
" map updating are bezng developed by the Experimental Carographic Unit
(Ref 116) and i Ho*e widespread acceptance of automated ‘map rewvision
'and eventuallyf auwmated ma ur.“beys and production can be expu.t.edi
in the futurew(ﬂef ;17) 'at .the modent however, automatic methods
are used ldz\gely for feature genrarala.satlcn in the production of emall
scale mMpPsS o For map rev,x.sz.on, . r.ne gutomati.c recognition of" sharg ly
defined bcu.ndaries, such as roads, field boundaries or buildingsa can

be achfeverd by digi? :isation of #Me.aerial’phdiblyraph (see densitometers
p. 61) to -reduce it 'to'a computer-compatible form, in order:that gdge -
detecting algor*fhms can be applied (Ref 118). Feature boundaries, can
then be ulsplayed) n-a graph plotter or, dimilar output.
clagsiflic-=z tion ‘a8 e 1 a5 feature, éolineatxon is required, mnre comple
spectral <or text\f{ra‘... recognivion techniques must e emplc.ycu.

H

'

ehudies, fur the /l.stuuat\,on of catg‘lmﬂnt \r(dtLI.' ba“mc-:, whero fhf"
”\mgetation typu/mdy affect evaporétion, . mterceptzon and. surfam runofx.

indig h‘twe ofhsoil moisture- coﬁditiun.: i (Ref 119) o of .thca oc.uurrence,,of
Ciofr hydt»alogical slantt .r.':li'l("'t:f (Raf”“l-?h /('t‘he dm::“li.:'lﬁtiun of permanent

) ’ wot‘and’ or of flood pldu ‘post{neiénd -;,a,l- e 1mpo' tant ‘for the predic--

o, peioh, of s"-orage vulu‘nesﬁ,g" v't'..;trm mtg;r €3 xi,glz.kely ,f.{i rrer'r}flood leveis, -

L4 Wit Fhee recoqni;mon ofﬁ,c\.rtain c\nt vatlon p.'.cg tices. such ‘as conr?ur
pld 1th q or slope"terrac.lng,‘ r\.ould signi“ican fl.y affa‘c+ fhe predicthm

ainfall xun"'f.f rateq. o b
SRS \‘\ \«,,;,;-,~~ = ‘

| 'Iof thr. ubove bydrolom.cm.,;y rc.late\d and uee f[e t. may be very
.’\"'"uiié'* .n surface, .distribution afd as somi,.,‘uay ‘also cnange rc-\-idl/ in,

W odtime, e mest efficient. way of monitoring isu¢h’ chenges igl from an

g aézf al vic—.:,.'dpint yhexela’ Planitetric view of; the orounﬁ van be ob'-j-_tmec_i.

‘Nh'mnrmtyg..:n the akllls cf an.. e>;penenced ph\c(;[tos.n*erpreter, ‘a . greax. m.al

SUNEES lahdfxm.e”information c:..n be m.i‘ained fzomithe \ﬁimple{;t of gxerial

\{-m HE )llllotﬁgﬁ(,ph 5. \}

g xjatmj o £ major land use gatecorﬂes Lap__bn accompl istied by visual

.oy .L)‘ntm\{, itation of iow, lcvel o]::hque or ve*\rt‘iccal ph/u-oqrarl)\lq, “counled -

""ﬁ&f“%"tl ltr.ib"e around control obsef:vationa. In urbah arddas®for f"de[J]C.'

' "*“r Ma\}\er‘ﬂ Aoundt that, using Tow Hbel  $1500° ft)true mslr:ur 5o

LT vy ., '}".:r Ny <~ . v

-’.‘ 5 ik ‘\\';- ku

S

i HAR
J"’Pe-‘:‘ t“Ollld ‘Ber aé&urately dist'x.’/nqui shed (Rx.f A ._.) . ,“;(In .er-v"’*{ml
"11 (""hr('h' 1\,1..ur F.nccj
Ny

PR ?‘*,-'!ffu-.r“yy,.
Py
Sl s.‘lfa‘ o w
‘u]ti\avrpw}'lf* :j\_lldi.&(.'f(- "lCJ—" _ug,\,ul- YPd h\et oen. t.hp
' is pa .....
Ahd \d APPINNUSY ‘the nyror w':gy £l ” e L i

'vw'

grdunﬂ nhc: Ervats Am\

Al adana’:e view of-a parh.culur ‘site e q. awkwardly: placpdu nofﬂ‘*
‘surfécos:w,x‘t.hln large industrlal complexes, ‘hidden hack gardﬂsr:s etc.,
*“'*ﬂalﬁ\of“mi*' \rere readilyc»observed from 'the. aerial.)viewpomt*.“. It must
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Tt ’!due to “tne past knowlr'irge and famll

*.black and white aertal phdt.ograph§\of the U.K. and i-‘aan_} Surveys L 5{

when aui.o-natic y

In rnra] ar{‘aq,“ }h) né ur-,e clansificatm “may be requlred in hydro’oqical\-

ST ST N AN TS - TP T

ratet ..,Vegetatlon vquour., 0r thw occurrenr'e of’ certaz.a .«peczee 'may pe e

. ,f ! . -
"neaar,nc:urface ground watez ur “B1.. n“'"‘{*““aef 1200, nr oueurface 1ithology i

Where €3 istflng largerszale- maps. u\\f an ared exist, ac~-urate _

'y n'lf ’

horu;h&::hv ta}.eh" fiom a light" dirt"re-.Lt, eilght, ategories, of imperviou: B

-'*’“r;rnuz{d\sur:‘.rey.: 'rhls was! qenordU) due‘*toﬁﬂin-wm.uyw o&i,,’.ac,c,p\,.,\\pwvvi\t_1nc;

R L .
Ty . i
S A e dn i e

) f.';,c; b x.nterpreter uirh, in this case, a. typicel U K. urban scene, - Ifr totally
7 ‘unfamiliar photoqraphy were ‘tackled in the same way.' it is most likely
that feature recognition would be ,,J.ess successful. For. ..his :ear;:\n, , P
A & s highly ¥ 'ant«geous 'that pe sons involved with. photo--tnterpreratirm;.»< i
should have a tirst hand- knowledqﬁﬁ o‘-‘ the g:uund scene, or ”of a S\!éjlur
area. Interpreter learning also meuns 't} 1 rapetitive suryeys becrme ' o
| proaressively more efficient, wifth cme-of"“ ‘mcaeures being ‘the’ leaet
efficient., Vv RURTR _ll‘_., e S
(E‘or more extenine land use surveys, the stereo image af forded by f
. 1;:nm.m;l:ammet_ru: quality imagery may facilitate ecasier lnt.crpre atl.on T TP
,of land use'types. Although a considerab]e amount of J.nforrnat'c.\'z cqn_ N U S
v oe obtained from black and white photr*. S<aphs, chzs...‘duly ozwgited ., |
S _ti-_at roiour photography is superjor in de:%n;:ﬁg* ]and ue“e t:ypes”?u*ef 143) ’ f.
was7thalhuman eye can distinquish more ‘shades of colour 'than' leveisz: of AN
gerness. ' For.the separation of different veg etation types, colovr. . .5
infrared film may be better still,.as changes in- near- infraresd.leaf.
o r\%t’loctance ‘may d:.stinguish species’ hdving almost: identical - -'155,&*1:_
. &olouration (Réf 1247 . Colour infrarsd £ilm has been ‘used" in‘ aez:ial
surveys for forest inventories {(Ref .125%), for the de;meation ol
coustal . wetlands by recognition of vegetatlon spec;es (hef 126), dnd ,
for tnef de innation of river’flood plains in forested ‘areas by 1dent1~
_ f; cafmn QL pnreatophjte sgeuie'f (Ref 1741 . _An addxtionax& arivantagef, ot
ﬁ;.of doldur infrared £ilm is that, within a given planty’ s'ﬁe\ties, )chanr’es,f:,;j_,_
w g A olzage area, density and condition can often be, .r‘c."ec ed as ) Ll T
_:,'A"._,,'-variations in the magneta coloured near-inir.'*aren. sensiti.ve\\\\...'averwof o i
' tne film (see Fig. 53).  Such changes in plant condition mAYERE )
W z.ndicative of. hydrologirally related finctors whic-h w:l,ll be discuﬂsed
later., - : : o
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- Visual image interpretatz.on techniques are usually most cost

’)\3 “effective when only small quantities of data are to be handled or when

. » - broad land use categories are required, such as can be readily
-extracted from the previously mentioned film types. For countrywide
land use surveys, automatic recognition techniques are more likely to
he cost effective. Where subtle variations between surface types

| must be resolved, then multispectral methods must be considered.
_ As explained on p. 48, objects can often be recognised by . their
' spectral signature i.e. the intensity of electromagnetic radiation

(EMR) emzu,.ed by th.em. at different wavelengths. Multispectral imaging

, _‘.effectiw.,h;{‘-,gmple:: portions of a body's spectrgl signature, by

oy Measur, 0p ud\ R withain specific ranges of W Lﬁ};ength In the case

s "’"“?"of mu"*i‘sperr \.:,al photography for example, thr* ‘g1 intensity of EMR

sliecrded’ i eich of the  (normally four) wavé“uﬁaw’ generally enables

".the sﬁectral \\Eesponse to be ‘attributed to 2 pirficular body (see

Fig. 'i" «3fithe separation of only ‘a few sp"ulfic features is

: requifed, tne)qnultispectral bands. can be selectﬂd at wavelengths

v whate maximum separatj.on of the Spnctral curves )exlsts e.g. at the

igure 32. The normal procequie for choosing the

most suitable bands is first to take ground spectro-radiometric
rcadings of features ©fFf interest, in order to determine their spectral
response {Ref 12B) usually in relatwn to a reference target. Suitable
£i{lters can then be used to observe the features in.narrow wavebands
where maximum response cifferences occur e.g. in Figun. 24, 4n order
to separate the'moss from the holly, a narrovw band pass £ilter in the
5.5 um reqgion’ could be used. The use of four'different spectral
%) band«: (often blue, green, red and near infrared) enables classificetion
of mary land use types without producing unmanageable amounts of data
~and indeed fewer bands should be used if these would give adequate

! 00a.
o ;00 “ | : 0
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.+ Applications of Remote Sensing at Purdue University who have had great
- success in crop and land use identificatjon (Ref 129}, and of remote

" it fo a digital form (St...e P ftnma-';nn- e

results. However, to fully utilise the available information from
multispectral sources, computer pre-processing and classification
techniques, as described in 6.5 to 6.7 are desirable and considerable
research has been carried out in rerfecting such land use recognition
methods. One of the leaders in this field is the Laboratory for

monitorinq of changes in plant physiology (Ref 130 .

The cheapest form of multispectral imagery is obtained photographically I
using suitably filtered cameras, o»f which the main types are described e
on p. 30 . Ceolour =dditive display techniques can be applied dlrectly

to the photographu uuqative to allow visuali interpretation and

require a capital osziay’ mr? avnd £3,000-5,000 for the display instru-

ment. Computer analyx-“...l. ._,.:dgraphic imagery may however be costly, -
='c:'ﬂsitﬂ-ﬂetr:l:: scan t#e image is first necessary te reduce

61). Where high data:

acquisition rates are expected, the higher purchase cost of a muiti~

spectral scanner will probably be offset in the long term kY cheaper

data analysis costs, the output already being in a computer compatible

form (see p. 48). 1In the U.K., it is unlikely that individual organisa-

tions other than survey companies could justify the cost of a multi-

spectral scanning system, but several camera systems are alrcady in

use by air survey firms, research bodies and universities. (Ref 1:1).
For any type of multispectrdl survey, however, high quality ground g
control measurements are vital, as changing incoming radiation levels,
film processing ‘or- instruilent variations etc. can all greatly affect

the final image and must thus be fully accounted for if temporal

comparisons are to be made.

‘l"-

Considerable success has been achieved in mapping laand use categories
.from orbital altitudes. The greatest volume of work has, of course, [
been carried out on LANDSAT data, but some of the most detailed
mapping has been achieved using high resolution photography from the

Skylab manned. satellite. The approximate ground resolution of 30 ft

afforded by the RCB mapping camera was used to produce land use maps

in both urban and rural areas in which at least 17 categories of land

use were distinguished (Ref 132), The 18 day orbital frequency of

LANDSAT does not cause problems for most land use mapping requirements,
as imagery can be chosen when weather conditions are clearest. The : .
multispectral capability of LANDSAT makes up to a certain extent for R
its poorer resolution in relation to Skylab, so that land use mapping - Sl
and especially the recngnition of long term land use change, have )
become the greatest overall contribution of LANDSAT imagery.. A geview . 0
of some LANDSAT land use work is given in the Manual of anotc. o
Sensing {Ref 133) and several papers in the Commonwealth Survey 0Ff1c-nr
Conference (Ref 134 and. 135) were concerned with tha c.qnt.ographxc
capabil:ties of LANDSAT data. From a hydrological polnt of view, tht
synoptic capability of satellite data is of enormous advanrdge over
alrcraf;‘acqulred data, as whole regions can be recorded in ro'gmqlr )
image, ‘thus alluwing large scale surface trends” to"be- observeh. Such
changes would often be lost in the mosaicing of aeridl photographs and
direct compariscons could not be . made because of both the time lag ‘
between the photographic exposure of- ‘widely separateduimaaecs, and
because of the likely _di_ffergncoo in photographic prooosksino of‘ time
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separate images. The latter problem may still occur in satellite
imagery, due to sensor drift, but internal calibration reference
sources help overcome this (see p. S1). The importance of synoptic
variations will be more fully explained in the following sections

relat:z.ng to specific hydrological problems.

7.2 water extent

Open water surfaces e

The jetection of previcusly unmapped water bodies, or the measurement

- of known water body extent is generally an awkward and time consuming

exercise when attempted at ground level, due often tc the difficulty
of ‘access afforded by water bodies and their immediate surroundings.

ny adapting an aerial viewpoint, water extent is much easier to assess,.

2

as shielding by vegetation is usually only effective around “the peri-
meter of large water bodies. Water extent is probably the easiest
earth feature for remote sensing systems to delineate due to its

high contvast with land features in certain wavelengths (see Fig. 33) !:

In addition, ground verification of water extent is straightforward
in that a definite yes/no answer can often be given with fewer grades
of qualification than with other varianles such as soil moisture,

- which requires considerable add.\.txonal explanet.;on of related ground

oF

state.

Undoubtedly one of the most effective remote sensing methods of

‘detect,:l.ng water is through the use of sensors operating in the near

infrared region (approximately 0.75 - 1.0 microns). This spectral
band (see p. 8 ) is especially useful for differentiating vegetation

and water, and can, to a moderate degree, overcome the prevxously
mentioned shielding problem often affected by vegetation of vary:.ng .

density. The reason for this is that water almost totally absorbs

near infrared radiation, whilst healthy vegetation is a .,trong near

- infrared reflector. .On colour infrared film for example, a nigh

contrast exists between the recorded deep blue of water: .and the bnght

4o -

magenta-red of healthy, green vegetation (see Fi3js 53 and Sb) (m
natural ceclour film, however, vegetation often appears as varying. .

shades of olive whilst water in the.shade of trees may be a. grey/g*eun

colour making differentiation of the two very difficult, 'Water, as
recorded on true colour film can vary-greatly in colour according to

‘its depth and to the colour of 'any dissolved or:-suspended solids etc
(see », 92 ). . With colour infrered film, although variations in colour

o0 4do; r;.r.*c:u;, the . predom:.nant h.‘ue rolour of water features is retained,
--u,.--‘-.::‘.‘}us_ullown.g more cons:.st;em. viacer recognition. Land/water contrast
is so strong "in the near lnf'verrvl hand that automatic recngnition of

L.h

" precision (Ref ]37)

R T

water is possible.using computer processed multispectral data. Tests
carried out at Purdue University {Ref 136) indicate that ‘water bodies

‘above a given size ¢an be correctly recognised 95 times out of 100
,using such «.echn;ques, and NASA (Naticnal Aeyrmantdes
'Administra‘-lon) have now produced a low cecst programme for-handling

Cat T C'T}—*(‘(\ '

LANJ’?\T data whic‘n enables bodies of water greater than @ acres to be

recognised correctly with Detter thar 95% precision, whilst water
features greater/ than 4 hectares-can:ba:recognised with. Almost: 100% .

of approximafegy‘ 4.3 acres, receniir

-

“:":irtjonal deta processino |
. PEATINN v if‘

v’ B
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Although a“T MJT)*‘AT pixel has a ground resolutlon
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techniques suggest that the presence of water bodies as small as 1.33
acres can be detected as a result of their strong spectral signature
(Ref 137). , Although LANDSAT imagery has been used for monitoring

the extent uf Plzy» duakes and wetlands in California (Refs 138 and

139), for such a tecriigue to be of use in Europe for water resource
management, much hizher ground resolutions would be necessaryi this
being confirmed by the findings of the World Meteorological Organisation
meeting on Satellite Applications in Hydrology (Ref 140). Of course
it can be arqued tirat satellite monitoring of water extent is not
- required in Europe, as adequate measures are taken already from the

s eround. An alternative approach might be to telemeter water level
““recorder information from a dense network of instruments to a‘central
point for water management purposes. Real-time data could be obtained
to accuracies similar to or better than present satellite data without
being reliant on cloud cover conditions® (Ref 141). The problem of
extensive cloué' cover over Eurocpe restricts sateilite monitoring systems
to the use of microwave sensors. Although high altitude aircraft -could
supply the required quality of data their operation is uneconomical for.
repetitive monitoring cf large areas and they are susceptible to cloud

restraints.,

Wherc extensive water extent data is required, the method of coll ection
must be carefully matched to the overall requiremeént -~ remote sensing
methods sometimes, but not always being the most satisfactoly solution.
‘"hermal infrared radiometry may be used to delineate water features,
as generally they exhibit a different temperature to the surrounding
land, although not always. For best thermal separation of land and -

_water, observations should be made generally before sunr'iée; ‘Unless .
thermal information is required in addition to water extent information,

thermal infrared techniques would not normally be the first choice for

15} et
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of hedges,
‘stream network were visible, the information would be of much greater

water in the upper stream channel reaches.

.detectable. For overseas applications, the detection and mapping of

. )
St peams aried rivers

Whilst relatively large water bodies such as lakes and reservoirs can

be directly sensed using the aforementioned techniques, for the recog-
nition of sstream networks, inferential methods may be required due to the
small surface arca of open water inveolved. For example, it was found
chat the low resolution of an airborne scanning thermal radiometer

created di £fjiculties in the delineation of small streams, even though a
good land/water temperature gradient existed. However, Brown and Holz
(Ref 142) found that low level (750 metres) infrared scanner imagery was
capable of resolving streams 1.5 m wide. Side looking radar (see p. 52)
provides excellent definition of surface topography, from which, the
location of stream channels can often be inferred, especially in areas

o€ high relief (Ref 142). However, field checks should be undertaken to
confirm that streams do exist and that dry valleys are not to be expected.
In addition, where streams are large enough to be detected on side looking
radar, they appear black due to their low migrowave reflectance. The

all weather capability of side looking radar,‘;',r%vould therefore make it the .

first choice for such requirements as defining potential reservoir catch-
ment characteristics in mountainous regions possessing a high incidence

" of cloud (Ref 106).

With small scale or low resolution data, such as satellite imagery,

the presence of minor streams is often apparent due to the *inear
enhancement effect of changes in vegetation, topography, or human land
use, rather than from the water signal itself. Thus in open moorland
s&reas, such as are found in the Central Pennines for example, the
presence ~f very low order streams only a few feet wide can be clearly
inferred from LANDSAT images as a result of topographic enhancement even
though the ground resclution of the LANDSAT sensors is only 80 metres.
On the other hand, great difficulty may be experienced in visually
identifying quite large rivers in flat terrain, such as tne Fenland

and Wash area; where vegetation is similar on both river banks (Ref 122).

‘Where computer processing of digital information is used however, the

minimum.#idth of a river which should theoretically always be detectable
as water is 2 x the sensor pixel size (Ref 138).

Satellite imagery may be of great value for delineating-stream networks
in poorly mapped areas such as the Middle East or parts of the U.S.A,
(Ref 144) but it is of little value in the U.K. where 1% 0.S. maps.
accurately delineate much smaller streams than are visible from satellite
platfcrms. Although the high resolution capability of low level infra-
red photography may be in theory capable of resolving first order |
streams, thus allowing the definition of a complete U.K. stream network,
in practice, shading problems are often encountered duce to the presence
trees, buildings etc. Even if the water surface of a completn

value for runoff predictions for example, {'sing contributing area models
(Ref 145) i€ a positive indication of water movement were also obtain-
able.  Without this knowledge, an overestimate of the contributing arca
will result, due to the inclysion of stationary scctions of impounded
Although some measurement -

of water velocity is possible“using remote sensing methods (see section
7.6) it is unlikely that velocities below 30 cm/sec will be practically
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'interest from ground: radiometricimeasurements.

spasmodic stream systems (wadis etc) may be of great importance in
water resource s+udies (Ref 146), for which purposes the synoptic cover-
age of satellite data is likely to be the most suitable. In the U.K.,
the detection of unusual surface storm runoff would be of great advan-
tage for structure design purposes an  for studies of land use change
effects and low cost aerial photography may often bz adequate for such

requirements.

Flooaing

In the United States, LANDSAT: multispectral imagery has been

successfully used for mapping inundated areas of large river flood _

plains such as the Mississippi (Ref 147) in order to identify priority '’

areas for flood relief aid. Because of the physiological stress -

placed on the vegetation by water-liogging, its near infraccd reflect-

ances were reduced for extended periods. This allowed successful ™

retrospective mapping of the inundated areas fur at least five days

after the flood water recession. La*er work suggests that the effect

may ke apparent in some cases for several weeks after floeding

(Ref 148) but this is more likely to be due to a long-term vegetational

change rather thuan continued plant stressing. - Personal work in the

#.X. has shown that flood boundaries over arable and grassland areas

are often detectable for at least five days after flood racession,

using low altitude colour infrared photography:as the sensing medium

from which flood boundaries can be drawn (see Figure 56 and Ref 149).

For vegetated areas it may therefore be feasible to carry out’

low cost flood monitoring of a whole river system after a flood

in order to identify areas requiring flood alleviation attention for

examp:ie. . Due to the great pressures of housing and indugtf;‘lial

expa_r'ision on land availability, new building is often established ir_a

areas which may be subject to infreguent flood (Ref 150). wAeriadin.

established flood frequency 1imits would provide a permanent rec‘r.i:;.”:..’_i;-f;";-,{:‘;..;'

of pastflooding which. coulé. e used to great; advantage in the si-ti~;§a;“?§g_};H:;gf,' o

of new development, and when ava R

used. ! | | e ':
‘ . I

i

detiands .

el

When dirsct vision of water surfaces is impaired, such as in marsh
or other permanent wetland areas, it is often possible to detgpmine
the extent of waterlogging by the recognition of marshland plant
species. Ground based ecological studies have shown that in many
climatic reqgions, plant species distribution is highly dependent- on
the prevailing ground state in the transition zones betwoen water
bodies and dry ground (Ref 151). Thus it may be possible to
distinguish summer and winter water levels purcly by ider}};i fication

of the dominant plant species (Ref 152 - 155). 1f the indicator
spacins is markedly different in colour or texture to its neighbonrs,
then conventicnal black and white, true colour or coloyr intrared '-ﬁ%l.“'
may be adequate for its delineation.. However, for more pO's_i;i'vg AR
identification of similar species, multispectral photography or
multispectral linescan (see p. ‘80 . and p. 48) wsuld normally - o

i
B
"

be used, after estrblishing the spectral signature of the spec _
Microwave sensing
-l : o - - . 3 :\}'L} !

o ]
e v

ilable, such records are now being” .’ \\\
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FIGURE 56

River Thames flood of
February-1877
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"‘3Before attempting to assess water penetratlor prmpertleb =}% water depth

Water penetration for sub-surface mappin
J

':iydlsfllled wurer lies near O, 48 microns.
dewnwelliing light made by yiist ‘and Wenderoth” (Ref 157) also indicate.

87

eeystems. especially of the longer‘wavelengths'laround 20 cm), would

derive only a small proportion of their ground signal from short

'Amarshland vegetation so that an overall low signal would be recorded
as a result of the underlying water, thus allowing adeguate delineation

of its extent (Ref 106).

7.3 Water penetration and depth measurement

eﬁtimatlon using remote sensing techniques, it ls ‘whitr récapping on
th= basic reflectance properties of wat cer bodxes {ﬂee ‘also section 4.3). \
Incdoming solar radiation fincident on a water: urlace, is partially

refiected at the surface, tnis being largely speeular reflectance

‘see p. 15),.%Hut it may be. diffuse. when the water surfaage ir’very

rough, Th;..emainder of the radiatlon entering a,bottomless water . .
- body. is sub’- St to depletion as a ‘result of either abeoxotlon und i
scatternﬂg by the pure water moleculer, or L 2 ceatterlnc._diffraction
and refl:c:ion 'wy diséolved or suspended particles 1unLPe water. In o
‘cotnpLeteliy’ clear water) sunlight may nenetrate- severalfaundred metres | :'f,
(Re! ' 156) and so, rhecretically a «mall -amount of backscattered o
e.radlation ‘should also'Le prdsent lrom this eeoth.;irIn ‘practice, signal - R}
;jlevdls from such depth are too smell ‘to be recognlcable amongst - - RO
‘1nstrumenr noise and atmospheric var atvons. wht'h may be large. L D
As can-be'seen in Figute ,S,pthe maximum tranJml ssion’ of light in S S

Unuerwuter measurements of

1 L : ! wai :
o TR that, 1u relatively clear vpte maximumn llbht transmission occurs in o
. ‘:jthe bluefgreen reﬂidn &F akeut 0.5’ microns {fee Figure 57) and prim-
S ’T;aclly cle to abcoxptionhf%he Lransmitnaxce values at longer and . yﬂ
e enorter‘maVelen- <hs wlthln the" vi,lble spectrum, fall off rapidly. v
i . W -,' \J ey ,‘7 | st
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Because of this, it is not surprising to find that tests using different
tyes of hoth available and experimental film emulsions, have shown that
those nost sensitive to radiance in the 0.5 micron region are most

=114 table for water penetration and for the detection of ocean bottom
det ail (Ref 158). Lockwood et al concluded from their tests that the
mos=1t suitable f£ilm for general sub-surface detail mapping, was the
readily available Ektachrone EF Aerographic with Wratten 3 haze filter,
gi~ring a spectral sensitivity of 0.45 - 0.65 microns. A 2 layer film
specially devised for water penetration (Refs 159 and 160) with spectral
reals at 0.48 and 0.55 microns, was capable of similar penetration to '
the Ektachrome film, but lacked colour contrast.  Keller (Ref 161)

guotes natural colour £ilm as having a penetration capability of around : ,

25 £t in clear waters and compares the suitability of readily:available

£4i 1o ‘emulsions for different types of ocean observation work. L '

» g, » Vg

E»x+t ensive studies have been undertaken using satellite imagery to map -
ater features, and in the majority of those utilising LANDSAT
either the green RBV (return beam vidicon) band of 0.475- |
£r. =775 nicrons was found to be most suitable for mapping underwater

" Fea<ures and turbidity variations, or more commonly, when using the MSS

(maal tispectral scanner) data, the green 0.5-0.6 micron band was found

s we—rior for water penetration and sediment mapping purposesf‘(Ref\?.lGZ)i..

Fr«omm LANDSAT imagery, it has been possible in ghallow coastal waters to .. : l

map wWithin useful accuracies, such variables as sea bed vegetation (Ref
16 3 ) sediment types and sand bars (Ref 164) and ocean depth up to about

g

20 tmetres (Ref 165),

-

So far, we have been looking at restricted but still moderately broad -

band technigues of sensing sub~surface wacor detail. Because of

the complexity of factors affecting the trangai+*2nce of under water - . . . .

detail such as surface roughness, size andiioii.ug” of suspended particus,. .
I IR ‘ i

1 ate matter, bottom type (Ref 156) etc. narrow band multispectral v 1 % oy
metthods can be more carefully 'tuned' to the prevailing conditions and. . |
fer better chances of success than. fixed broad band methods. .~ '

thexefore of .
Foxr example rn clear, deep ocean water, sensing in the blue region is . '

best, vhereas ";;f\_heavily sedimented coastal water, sensing in the vt o

gr een-yellow A-é‘j;p_n_would yield better results (see Table 5). ~ Yost o : '
and wendei: - ..inef 166) took multispectral photographs of coloured - S
t.ff.::;getsbotnonand\t\?elow the sea water g‘ﬁf“rface in order tc measufe . SRR
“E31e: attediation of the water at different wavelengths.“./ Their . Y oo

me asurements indicated that (for coastal water in tha" Gulf of Mexico) '~ ™ l

the -*a'b;ulity to  detect--underwater objects was best in the 0.493 - 0.543 mi- F
&3 bhndivand also, very importantly, that considerzbise .additional film.. . ., .. =
exprosure was necessary to reveal underwater detail:.cimpared to exposure - i !
coxxect for surface light conditions. The enhancement of underwater DU
ob>-jects and’of subtle changes of water colour due to changes in
suspended particles (see p. 92} was achieved by using a purely:.spéctral .
iclesntification technique whereby the large variations in scene brightness- » '
as foind in coastal waters, were completely removed. Generally, these T
£indings and techniques can be applied to, imagery taken from all
alt itudes, except that atmospheric haze effects increase with increase in "’ .
ad:t dtude, with a resulting-loss-of contrast below about 0.5 microns. '
For  this reason, a compromise is often necessary between choosing the .

opt imum wavelength for penetration of a water body and its correspondence }7)“'" |

::’l_ff'ar:;t’h-é suitable atmospheric ‘'window' (see p. 17)}. = - D A =

B
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TABLE 5 TYPICAL TRANSMISSION CHARACTERISTICS OF LARGE WATER BODIES

B R A ' T ‘ -
) : : A Wavel»ngths of Per cent transmission
CoRY :ﬁh*Tﬁ?es*of Ccean Water maximum transmission i per metre i
. Ll hﬂ_ﬂf | (in microns) he s iy
.7 . . e i
; . ' ) e ol
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It coastal water is except*onally clear, it is possible to contour under-
(Refs 161 a

graphs.
least three referent.,rargets or. points of known relative position are

Vr&ted (Ref 1¢). urface water conditions must of course be relatively_c
- calm and acs uraCies aze likely to better where a textured sea bed exists,
~ such as roc ks or: vegc1atiun as- opposed to a»uniform. sandy bed.

|
Loy . = i 4 Vo ““

e 'f.,-n,imf 0. SO Vo A LB H 2 R R SR
Accu“ate proriiing of water. ﬁepth oanwbe<accompliuned with lasers,.whereby
a pulseu w*bnereht.laser iigh* 3oq:c'ﬁaaeep,¢w37)mis\pc:ntta downwards

r surface:at right

? 1

from-the sensor platform so as fo 44:4kv<w‘” e

. 1

angles.. A‘atroﬂo reflectod al X PR nceived from the water
surface, £cllowed closely 7 :' L flecad sanal from the floor X
| 5f t%n” at;r body (see ’l”_m_ﬂ\l “fF,,pv '3 .which the 1aser bnam “
e tan efrectively penetr‘“‘ g ,tkfuﬂS”oﬁ the ‘water clarity;

atmospheuic attenuation‘aﬁI\Ia‘ar_strength and frequency, but in cJoar .
Ju#n to”abodt 50 metres should be feasible |

A res from satellites (Ref 169). if

Jooly a eingle fredftnc"'lc;cr isfavailable,'one operating in the blue-

L‘green region will’ g“étw
‘ lasers, the best wavulength can be chosen to sliit the water colour.
calculatito of water depth”is a function of tine of travel of a given

J$

L)

“The

the" detector head,‘minus the round trip time from the sensor to the water
surface and back An average 1ndex of refraction measurement of the

r/ rql

ey

ey

wrequired in’ each photograph, to enable the stereo model to be reconstruc-ﬁ?

pulse of lihht for' ‘the round trip from laser gun to water bed and back to

; leh,‘by the measurement of parallax in stereo-pair photo-'mhﬁh; |
“The'" conetraints of normal photogrammetry still hold in thadt at_l,;,

g%bd ‘water oenetratjon (Ref 170), but with tunablo““uf
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. Often sonars underestimate water depth due to echoes resulting from

: r:larity‘Lar'ej;_j;i:},i_,fgr'hi,‘ can there be a relial; a

- Sattinger devised a met
' the differences of attenuation of two such narrow'w

“ about by the selective transmission of a

~also the ratio of the reflectance of the bottom material for the two

 ratio of the red to blue reflected light w
- .depth. the : |
' “gensor angle, atmosphericef fects,-
. ‘Gonstant 'at any given instant and therefore should
 thé ratio value. In areas of uniform water transmissivity and. smooth

[ERTESNE PN

“sandy B
usifi £his.method down to 28 £t with an accuracy of + 20%, but uncer
“béxier¥lighting conditions, measurements down’ to about 50 ‘ft could'be "~ e

g
R
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Laser profilers allow the most accurate aerial measurement of water depth,
but only at & point or along a flight l1ine, which offers rather a poor
sample. For this reason laser profilers are best used in conjunction
with imaging depth estimation techniques where they provide an accurate
deptnh reference along the centre line of an image, which can then be
extrapolated to the whole image frame. In their report on 'Photometric
and Polarimetric Mapping of Water Turbidity and Water Depth' (Ref 171),
the /srumman Aerospace Corporation repeatedly expressec how useful a laser
ranging system would have been in providing accurate depth measurements
along the centre line of their passive imaging scanner data. Only
occasional manual checks of water depth should be required to check the

laser performance. 0

,,
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Acoustic methods of water depth measurement ‘have been in wide use for
many years in the well known form of shipborne 'Scnar' echo sounders.
Their mode of operation is similar tc. the laser profiler in that water
depth is directly proportional to the time of travel of a sound wave
from the sensor to the ocean bed.  The main restrictions of shipborne
senar is their slow areal mapping rate), their restriction to ‘safe'
waters and their poor resolution. Sonar surveys in the past may have
suffer=d from low positional accuracy and Polcyn and Sattinger (Ref 172)
i1lustrate the number of doubtful soundings made by sonar techniques.

.

intermediate scattering layers which are oflte'n present in water bodies.
Nevertheless,-.or local surveys, small craft fitted with sonar previde

the cheapest underwater mapping method.

&

N

The greatest potential for remote water depth mapping is in lakes,
estuaries and shallow coastal waters. In relatively shallow water, the
reflected daylight components from the bed of the water body is large

and it is the attenuation of tl'ig;s comp_ohzqnt upon whitch many infér\\red water
depth estimates rely (see Section 4.3 andTJFig._ 9). Polcyn and Sattinger -
(Ref 172) realised however that only in a

ézas where bottom type and water
. correlation between recorded
‘'The use of multispectral scanning methods
(see p. 8O) enapies two or more narrow bands of data to be used to sample
the spectral signature of each underwater resolution element. Polcyn and
hod of water depth determination by measuring
avebands, brought

given uniform body of water.

‘Because of water's marked: differential absorption of say, red and, blue’
i11 exist in the light

wavelengths, a relatively large difference w

‘extinction coefficients of these wavelengths (a function of the depth
to which light of a given wavelength will penetrate a pure water column
'~ see Fig. 55). 1f thé ‘transmissivity of the water body 1s known and ..

—

signal and degri of weler.

chosen wavelengths ‘¢stablished by on-site measurements), then the.

{11 be a function of the watgir
Other variables such as the intensity and anale of illumination,
she 'sea- surface roughness. etc., will be = -
not greatly affect

=

‘Béttom characteristics, water depth measurements were.possible
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expected (Ref 173). More recent work by the Grumman Aerospace Corpor-
ation (Ref 171) using tbis technique with a digital photometric mapper

has shown that depth increments as small as 1 ft in 35 ft of coastal

water can be resclved. Generally, however, accuracies of about 10% at

50 ft ‘aepths using three spectral bands are normal. Such tzchniques

are best conducted from low. altitudes, otherwise differential atmospheric

attenuation effacts would have tc be measured.

Kolipinski ¢t al (Ref 174) also used multispectral scanner data to
recognise 'water of -iifferent depth ranges, but by a much simpler method.
They relied on comparisons ‘of multispectral data of unmapped areas, with
the spectral signatures of known depth local control points or ‘train-
ing areas' and were able reliably to idantify water between O-3. ft,

3-5 ft and 5-15 ft. The. ¢alse detection of tree shadcws as deep water
constituted -about 1.5% of the total deep water recognition area. They
alsc found that if the Everglades region of Florida, different depths of
shallow water could be inferred from the dominant plant species distri-
.bution, which could be readily classified using multispectral data.
Sutcliffe (Ref 155) also related speéies types to water depth ranges in
the Southern Sudd swamp region of” the White Nile, and similar relation-
ships are to be found in salt and freshwater wetland in the U.K. {Ref

2151).

Whilst multispect:_al scanner data has .bégn ,used".fot mbst of the above
' water depth measurements, analysis of multispectral photography would
- provide similar relationships, but very strict-control of film exposure.

the imagery.  Multispectral scanner data is thereforé more reliable and
is easier and crieaper to process. o e e

The characteristics of surface waves, such as their wavelength and
periodicity, (which may be recorded on aerial imagery), .can also.be . . . .
used to estimate water depth, some-of;ﬁhese-methods}beingbdescfibed ip N
Ref 172. : : _
velocity which is related to their waye period-ard wavelength.: -As the
waves approach water.of depth less than about half .a wavelerigth, their
velocity and subsejuently their wavelength decreases considerably. By .
measuring their wivelength in deep water (L) and also in shallow water-

ra?.io_ L/L_ can be found, which is functionally related to d/L_,”so that
water de’pgh () can be determined. If it is not possible ‘to monitor i .
the wave trains as they pass from' deep to shallow water; itwis still
 possible to calculate water depth over shallow water only, provide{d_

‘method, the velocity of the waves can be measured in relation to some

can be estimated with an accuracy largely dependent on the regularity of
Such methods of depth estimation are suitable for many large

. to vVd .

small water bodies or physically complex shorelines. = Their main =~

- . . -

'equipmént is really necéssary and data analysis is straightforward.

< R C T R

and pracessing would be required, followed by densitometric ‘analysis of =

Waves advancing through un;;esj_;r-icted;df:;ep.water,f’ have a. L

that successive, short-interval photographs can be taken. Usingthls

91

(L) {this often beirg possible from a single photeograph) the wavelength .. . ..

fixed reference point which must be present within each photograph. =
.Given the velocity and wavelength in. shallow water, the:mean water-depth . e

the wave patterns as once d/L_ % % the wave velocity becomes proportional .-

| lake shorelines and cbastal watsrs of fairly uniform slope, but not for -l

- .advantage over the multispectral .techniques.is that no. specjalised. .. . "

. R : : . : ey R Y v PR TR LT S Ty e e e
... . .Optical Fourier. processing..(see page 69) of the wave pattern images has =~ = O .
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 cololy film,
'mappeld with - unfiltered black and white panchromatic film, the use of

however been used to highlight slight wave diffractions ‘caused by under-
water shoals, and to speed depth calculations over large areas. A

method has been used which measures such refractive effects on the wave
trains caused by changing water depth, but its applications are reaily
restricted to straight beaches having parallel contours; otherwise very
complex calculations are necessary. The likely presence of underwater
shoals can also be roughly located by visual analysis if Fourier transform

methods are not available.

A 7.4 Water' quality and turbiditx

Many of the remote sensing methods used to achieve water penetration and
Lo estinte water depth must take account of water quality effects and

g0 it is often a small step to redesign such methods to observe variations
in water quality when the water depth and bottom characteristics are known.
Many remote water quality sensing techniques work more eucceesfully in
deep water where bottom effects are negligible, and therefore in shallow -
lakes and rivers more control observations are generally required. “'As
the effects of suspended Organic and inorganic material and those of
digsolved minerals are somewhat similar from a remcte sensing point of
view, they will all be dealt with {n this section. Most suspended

materials and Some dissolved materials generally cause a change in

emitted light intensity from a water body or a change in its colour due

. -to their presence. - Using simple photographic recording techniques,

differences in water colour or brightness can frequently be recognised
feither a8 variations ir image density in the case of black and white film,
or ‘mre usefully as changes in colour hue, saturation and brightness with =
Although di fferences in water colour can be detected and’

tolour film represents the first step towards identification of the organic,
inorganlc or chemical cause of the colour change.  Thus, effluent outfalls

- -from 'certain ‘types of-industry may be recognieable, for example the

"‘briqht red waste colouration from a-tomato.canning factory (Ref 175) dense
white.from the wastc materials used in paper making (Ref 176), black from

' coal washings (Ref 177) etc. Similarly, if. the ~colour of a suspended

‘sediment can be detected, it may be possible to determine whether it
derives fiom a particular source of erosion (Ref 178). As long as
| only qualitative information is required, from aerial photographs, un-

" controlled’ photography with minimal" ground verification ‘may satisfy

| the requirements. :

| ”Matcmals im suspension

e -Once*heasures of suspended sediment concentrations or dissolved chemical:
. .concentrations are required, many more fact/ors must be taken into con-
... sideration such as the intensity and angle of sun 1lluminatlon, atmos~
v 'pheric and water surface conditions, water depth and bottom reflectance,
. film exposure and processing variations and of course ground control
. aspects, most of these effects having beén dealt with in outline in

Chapter-4..- . Good- descriptions exist of the basic physical and Opthdl

L iff;?'fproperties of natural water bodies bearing dissolved and, suspended

materials, eqg the. ESRO Contractor Report on Spectral Properties of

Materiala (Ref 156) {see also.Refs 175 and 179). The: following

- Turbidity is a measure of light attenuation thro

" can all affectthe. scattering of light, it is 'not-pot
v ""turbidity directly to weight per unit volume o‘-‘ mate

Figure 58 shows the relative importance of scatteriny and absorption as
mechanisms of attenuation and how they are dependent upon wavelength
within the visible region of the spectrum. Table 5 shows the atten-
uation/wavelength relationship as found in typical surface waters, whilst
FPigure 59 shows a typical alteration of the reflectance spectra of a deep
body of water when increasing concentrations of particulate matter of

constant colour are added.

0.04 .
T- FIGURE S8

Typical relationship between
scattering and absorption for
near shore waters
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for. different sites. 'l'he relationship must. first be determined by on
site measurement of water transmission and by analysis of suspended
sediment samples which should be talren coincidentally with the remote

sensing overflights. : h

Probably the most that can be achieved with - the use of broad band photo-
graphic film is to relate imaye or colour density with the integrated
measured concentration of suspended or dissolved solids in a body of
water. If a simple relationship can be shown to exist between these
two variables, then contouring of the water's concentration over a
given depth may be possible. A drastic reduction in the number of water.
samples required can thus be expected when compared to conventional .
- water quality mapping methods which rely solely on point water sampling.
Such an exercise was carried out by Lillesand et al (Ref 180) who vsed.
colour infrared film to monitor the waste outfali plume from a paper:' °
mill into'the Lower Falls River, wiscongin. ~ The results of their work
showed thmt; "For typical non-thermal discharges, photo-image density
measurements can be used quantitatively to predict water quality
throughout the mixing zone if (1) a systematic relationship is deter-
mined between water sample reflectance-and some measure of water qual-
ity (suspended solids, turbidity, etc); (2) the relaticnship between
film exposure and scene reflectance is accounted for; and (3) the
-relationship between film density and film exposure is. adequately
"approximated. If these ‘three criceria are met, the measured image
densities can be-used to find £ilm exposure levels, film exposure
levels can be used to find scene reflectance levels and scene reflec~-
tance levels can be used to predict water quality parameter values"
Similar work was carried out by Psuty and . Allen (Ref' 181) on digitised
35 mm photographs of a .coastal sewade outfall plume. They carried
out trend surface analysis of’the data and; found a high:correlation
- between the image density.effects caused by the sewage presence. and. . i
‘of in-situ dissolved o&ygen ‘concentrations. Blanchard and Leamer |
-+(Ref 182) made spectral reflectance measurements, of water from
~ various.sources containing suspended sediment and found ‘that peak”
. .Gediment reflectance:generally occurred around .57 um.’ In order to
gain some measure of effluent concentrations at different depths
within a water body rather'than simply surface or depth- integrated
-~ - egtimates, it is neéessary to return once-again to.multi-spectral
sensing techniques. Because: different wavelengths of light are
~ abgorbed by water bodies to varying degrees ‘depending on:their state,.
" certain wavelengths are ‘capable of greater depth penetrdtion into the
. water than others (see Figs. 55 and 57), and therefore the. resulting
o radiation corresponding to: each waveband will result from different
_column:depths of water, Coker et al (Ref 183) looked at the response
e of LANDSAT R B V imagery to a turbldity plume causod by dredging in
,. 0 Tampa Bay, Florida. The three: spectral bands: used were-green, red y
: and near infrared. ‘The near infrared radiation was almost totally
absorbed by the surface water so that only particulate matter at the’
very, surface caused a reflection of the radiation, Wh.lCh appeared as,
a small. light toned area ‘on . the i.mage (see rig. 60) Tho light" area
~on the red band was much larger than in the infrared, whilst the area
.. of. t'he plume recorded in the . green. band was | subsequently larger than
I‘_the red _ Also in each band the centre of the area was observed to '

......
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“‘that the particles u\‘ere at av greater settling depth.

_increase in depth.could be readily, inferred.

~ recorded image signal ‘strength.s - .- T

gpectroradiometric calculations are necessary which are; generally best
- .applied by computer processing.-.,; Ref 171 describes how subsurface e
turbidity: profiles. were: achieved using a, 'digital photometric mapper'f‘-‘

-which may be!operated through narrow band-pass t‘ilters.'-

FIGURE 60

Extent of turbidity plume as
recordod on bands 1 2 ln 3
of Landut RBV l .

runmmrir PLUME

copete

'..sediment was highest in the centre of the plume and. that the outer o .

areas either. contained less particulate matter in suspension or else - N
Thus, although A B
a definite measuro of sediment concentration ‘with depth was not Pl pe e
possible, considerable information on the three dimensronal dynamics
of the plume was obtained and. .its outward spread coupled with its-
However w1th the
addition of point water samples taken within the three dimeneions

of the sediment plume, a complete. deeL\COUId be reconstructed\(see/
also Ref 184). Although we have been, dea 1ling here with variations
in suspended sediment, dissclved solids including tracer dyeé are
observed to behave in a’ somewhat similar fashion (but withiless .
light scattering effects) ‘and can similarly be observed as changes An 0 o

e

In order to obtain truly three—dimensional remotely sensed «information
on water quality variations using multispeotral techniques, complex

which is. bas:.cally a - very, stable single channel vidicon (see p. 32 ) I
..The analog g L

-output - from this instrument ard from a non—scanning photometer e
operating along the centre line of- the scanned field was.. converted to_,,,,.

S & b ' + : R Ry N au e
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a digital form ‘and was| stored directly onto computer compatible tape

(ccT).  Using this equipment configuration, it was possible to construct

a mdel of water depth which accounted for the effects of water attenuation

. of different wavelengths along with the effects of bottom reflectance,
" water reflectance, sky reflectance, polarisation etc. on a given water

0}
Byl

body, By taking measurements in different spectral bands such as the
‘green and red, different measured signal attenuation could be used to
_calculate water depth’as described:on page 90 . It was observed that
‘an increase in turbidity may often result in a decrease in reflectance

in the blue part of the spectrum, but in an increase in the red part due
to different forms of light scattering. In order to evaluate the degree

o Uf particular contamination, a measurable effect in either direction must

" be present. Successful estimations of water turbidity at given depthis

' were ‘carried out by measuring the resulting reduction .of polarisation of

light in the red region, but different modelling apprcaches were’ found
necessary for different physicai situations Although the polarmetric
approach was found to be the best single method, it was concluded that a
combination of polarimetric, multi-spectral and laser techniques coupled
with {n situ water sampling and measurements 'of incoming solar radiation’

~ would be the best combination. Computer compatible sensor outputs would

~ be necessary for the complex calculations involved.

Materials in solution

The delineation of dissolved solids may often be straightforward if they
exhibit a different colour against their ‘background water mass. “Adir-
borne spectrometers (see p. 40 ). and especially tunable laser spectro-
meters (see p. 57 and Fig. 61) have been used very successfully for

_ identifying solute types and considerable literature is available on the
types of sensors anag: analytical/techniques used. (For some examples see
Refs 185 and"'187) 'Laser-Raman spectroscopy is well suited for remote - -
sensinq as the spectrometer détects the effect on the’dissolved molecules

 of its own laser illumination source. thereby reducing the effect of.

changing solar illumination. 'rhis results in a more sensitive and more
system in comparison with conventional spectrometers.ﬂ When a mono-"
chromatic beam of light is shone into an aqueous solution. the molecules

1
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be made (see p.126) temperature medsurements within the ‘top few_ milli-

- surface temperature sensing: is:the infrared. radiometer. .which_ may be, used
" "either for taking. temperat_ure_ readings at ‘a“ point or‘temperature- profiles
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constituting that solution have a scattering effect on the incoming light
and the resulting small changes in wavelength (Raman shifts) provide
precise identification of the chemical composition of the solution. A
good introducticn to the Raman spectroscopy technique is given in Ref 188.
As low concentrations of materials in solution may often be difficult 'to
detect above the relatively high background water signal, it is highly
desirable to have a continuously tunable light source so that the wave-
length causing greatest resonance with the desired molecules can be
selected (Ref 189). This is known as Resocnance Raman Spectroscop*

By additicnally puising the light beam (generally a laser) a measure of

- time of travel can be used to calculate the object distance which enables

thres; dimensional measurements of solute concentration to be made. This

measurement is only availahle in point form or along a line of travel, as

scanning systems have not yet been developed, but equipment of this type
has the potential for use at all -altitudes above the Earth's surface.
whilst the increasingly complex instrumentation chosen for water quality
mon itoring obviously results in increased costs, these may be somewhat
offset by the ability to provide accurate data with: less intense ground
verification; a factor which may be of great importance in poorly access-

ible regions.

7.5 Water temperature’

- When . compared to many of the hydrological variables covered in this

chapter, water temperature measurement can be regarded as being .re-
latively straightforward using remote sensing techniques. what must be

_stressed at, the outset however, is that only the temperature of the
. surface of a water body is normally sensed and that this can ‘only be used
‘as an indicator of possible subsurface ‘water state. _
‘polate the surface temperature to greater depths, accurate models of water
~circulation or of water temperature profiles must be established. T

'In order to extra-.

. v

enable calculations such as evaporation rates from open ‘water bodies to

metres .of water may be adequate, but if surface temperature is to be

used as, an indicator of say current behaviour, additional information,

possibly in the form of in situ sampling would be required ' Another L oo
important -phenomenon which must be, recognised when using remotely sensed”.d,_ )
water temperature data is. the boundary layer, effect. , As a result of
heat exchange between the atmosphere and the water surface (see Fig. €2)

the top few millimetres ‘of water are normally at a different temperature .

) to the underlying ‘water by as much as 1= 2°¢ ‘except in turbulent’ conditions.
‘- such  boundary layer effects can generally be allowed for when relating |

remotely -zensed data to in situ water temperature measurements, but - where _

" high accuracies are required, great difficulty has been found in’ taking
. contact temperature measurements in such a thin surface 'skin' of water

" (Ref 156 (section 7.2)).
. __ative surface variations caused by density effects where the less_; saline

< vAdditional errors-may- result from unrepresent-

or warmer water: tends to ride over.the: more: dense layers.
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The most . common and as- yet the most successful sensor. used for
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along @ line <«Csee p. 36 ).
_ _changes in swuxfaces temperature over an area,
.. as variations in tone of a photographic image’ (see p. 45) .,
¢ ith" measured surface temperature at sev
be assigned an agsumed

rared radiometers nowadays are

image density W

an image, interndiate image densities can
most inf

. Fractioesa of Heat Transport

temperature (Ref 191).

(Ref 179).

. with look angle and is likely.
" these must be quantified before abso
especially when’ sensing from orbital altitudes.

given,

. fitted with amx jinterna
~ emmissivity wiich enables.
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Arcurate allowance for atmosphe
the sensed ‘=4 gnal to a known surface temperature 0
may be a reasonable approach for very small areas,
rather .unsati ssfactory calibration

atmospheric -wvariations cannot be a
extensive gr<aand control.
infy ared sens ors are generally filtered®

to~radiation in one of the. 'window wave
the most common being the 8.0 --13.5 micron region.
. region, the, eamnissivity of'a water surfac
ncxdence of the sensor ir

This means that: even in> sunlig
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FIGURE 62

Mechanisms of heat transport
‘in water/air boundary layer

T

technique for’ large areas,
ilowed for without the provision of

f this attenuation by ‘the atmosphere,
or have detectors made sensitive
length, regions (see p 18),

In 'this wavelength
vided that

e is about 90% pro

In linescanner form it is capable of measuring
this often being recorded ’

By correlating
eral points within

1 reference source of known. temperature and

absolute temperature measurements to be made .
the ground varies

eric effects and °
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ric effects can be made simply by relating
n the ground. 'I’his

but it.is a

“as local
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By measuring the proportions of water vapour, carbon dioxide, ozone, _
particulates and air temperature of an atmospheric column. models can

be constructed to estimate the likely absorption, emission and scattering
of the infrared signal so that corrections can be made to the apparent.
ground temperature, For detailed explanations of atmospheric effects

on infrared wavelengths, reports”such as those of the ESRO CR series are
ideal {Ref 192). Because the effects of atmospheric attenuation are
more pronounced as the path length increases, more complex calculations
may ‘be needed for satellite borne sensing. However, for platforms._
operating at a heignt of only a few hundred metres in clear conditions,'
atmospheric effects may lie within the range of acceptable temperature
measurement error, in which case no allowances woild be necessary. o
Normally errors caused.by the atmosphere increase almost linearly up to N
about 1000 metres and then increase less quickly above this height ‘due
The main cause of error is the difference’ in
temperature ‘between the atmosphere and the target, and the humidity
distribution within the interxvening block of atmosphere. In adverse
clear weather conditions these effects could result in a combined . error
of around 1. C at 300 metres sensor altitude, whilst the presence of thin
cloud could increase this error by 3 or 4 C or even mcre {Ref 143) .
Atmospheric effects can often be lessened by narrowing the spectral

_ range of sensitivity of the instrument to coincide with regions of low

atmospheric absorption for example from 18-14 microns to 9-11 microns.

- However a lower signal level would then result and hence a compromise

between the two requirements may sometimes be necessary. )

As monit oring of atmospheric constituents by direct sampling is very '
difficult, an.alternative approach is to have sensors operating in at
least two different wavelengths. As surface radiance is attenuated

_and path radiance from the atmosphere is added with increasing altitude,
such, a multispectral approach becomes more desirable as sensor altitudes

increase. - Apsorption by gases is strongly wavelength dependent, 56
comparison betwegen ground signals at two wavelengths which are absorbed
by different amounts, ‘enables correction for the.effect of the absorbing
material to be made. Anding et al (Ref 194) recommended the use of
three narrow infrared channels centred at 4.9, 9.1 and 11.0 microns.
Under cloud free conditions, the ratio of signals recorded in these
channels allows very accurate measurements of varying molecular absorp-
tion such as water vapour, carbon dioxide, ozone etc and partial corr-

ection for the presence of clouds:.was foundspossible; along with some.

correction for atmospheric scattering. ‘effects. An alternative but .
less accurate atmospheric correction technique is to observe a given
target at two or more path gngles. | 'If for example a target is viewed -
vertically and also at a 60 oblique angle, then the atmospheric path

1

“length 1is doubled and comparison of the two recorded signals allows

. “cerrection for the transmission loss.
. would causra error using this correction: methodx, and account’ must also

"'be taken c:f changes in surface characteristics such as reflectance,. ;

‘Streng layering in the atmosphere

emittance and roughness w:.th changing look angle

Thermal mfmred sersmg

Infrared radiometry has been extensively and successfully used for = = -
pmappinc the surface temperature of many different water types' and in- o
general . B canning or. imaging radiometers have proved ‘to be most popular. e
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( ;;gﬁi ,_?*temperatures. » Platt and Troup (Re’:

sﬁfﬁ5*'t~ Operation from - light ‘aircraft is feasible prov1ded that’ navigational

v 7 "accuracy and platform stability can be maintained to, prevent large dis-
tortions.__ (Some manufacturers of infrared and. multispectral scanners

- From relatively low altitude aircraft equipped with scanning infrared
t radiometers, stream and river surface temperatures have been mapped, o
often with the aim of detecting ground water or pollution inputs (Ref , _
195), and their mixing characteristics with. the main water body. R
DéﬂElLi et al (Ref 196) describe the mappinq of river temperatures at
1°C Yntervals in order to trace the outfall from a paper m%ll and =~
- power station using an 8-14 micron scanner, whilst Atwell ¢t al (Ref
+193) using the .same spectral, range, c¢laim surface temperature measure-
ments 'in- river experiments to be correct to + 0.3 C from an altitude of
3000 ft. The remotely sensed data was verified by measurements of
water temperature using thermistor thermometers which were accuratc to
+ 0. 1%c. Souto-Maior used 8-14 micron, thermal scanner aata. taken from
500-600 metres altitude for very' small scale studies of watei flow in
the vicinity of'a refuse rip by detecting seeps, sPrings and the location
of ground water into small ‘natural drainage channels (Ref 195).  Shore-
" -line springs were detected in lakewater (Ref.197) by the use of a Bendix
infrared scanner operating in both the 3-5.5 micron and B~14 micron
regions, and spring 'flows of <0.l litres/sec were readily observed as
they mixed with the warmer lake water. It ‘was found that sensor alti- .
tude variations below 900 metres did not have any noticeable effect on
the resulting data, indicating that atmospheric attenuation up to 900
‘metres was small " Similarly Boettcher et al successfully located ground
wattr inf_ows into several large rivers in Montana and Idaho (Ref 198)
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Temberature sonsing over the‘sea has been successfully used for detectinq
and tracking sewage and power station outfall waste (Ref 199 and 200),
for monitoring river outfall ‘plumes (Ref 201} and for mapping nearshore'
~ currents (Ref 202), - McAlister (Fef 203) found that sudden surface *
temperaturc discontinuities such as convection cells, wind streaks,
_n-meaking waves etc were particularly easy* to record. . Water temperature.
= ,_eensing from satellites is of.greatest application over Jarge lakes and’
-7 fceans where surface. resolutions of often several kilometres ‘may-be ad-
_ ”S'Jantageous in acting as a form of data reduction for obtaining mean water
204) compared satellite ‘and aircraft
infrared data of the same area. The satellite was NIMBUS IV with a lO 5-
. 12,5 micron THIR radiometer prOViding 8 km resolution from a height of
- 112 km, The aircraft flying at-3 ki was equippes:.with a similar scanner
having. a ground resolution.of 20 metres. . After correction for atmos- . .
pheréc effects, the ‘mean temoerature of a testmsite was found to be " |
221%4°C from NIMBUS.and 21.7°C, from the aircraft - a good . indication of. the
state' of the technoloyy in this field of remote- sensingU NOAA -2~4 - ™~
_imager\ has been widely USLd for surface temperature nappinq using tho

of the Great Lakes has been possmble to stated accuracies of 2 c (Re
205 and ‘See also Ref 206)”
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For coarse resolutibn, low frequency, clear weather thermal Jensinu”'
__requirements, satellites such as NIMBUS, NOAA, - EXPLORER etc can, or:
m'vull have some 11mited hjdrolog1cal use (see for exampl( p.l34). For
~.more. local- requirements, aircraft: infrared scanner 'sUrveys can be very
costly as  very few operationai systems are as yet available in ‘the U. K.
Bowever the overall size of infrared scanners ‘need not be great “and their.
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- surface temperature information is .to be. °xtrapolated

mccr"wave scha;ng

a’ resolution aell size of approximately 500 x 500 metres.~
‘computer cqntrolled colour quantization process, 32 shades ‘of colour

ground

7.6 "Water velocity and stream dischatge

-Lﬁﬁstructures are ‘not availabJe

S

i'*and surface roughness of the i
irma.e of river slope or energy gr,j

are given in Ref. 24). For basic thermal sensing of small areas,
relatively low cost and light weight imaging equipment is already
available, such as the Aga 680 Thermovision system which allows video
recording of a cathcode ray image.
order of £25,000 but these could well be reduced with the fm ure use of
non-cooled vidicon sensors (Ref 207). when thermal data is obtained

it must b2 remembered that only surface temperatures are recorded which
means’ that considerable in situ measurements will be necessary if sub-
However the
potential for future applications is greJt, especially in relatively =
¢loud-free regions and with the further 'development of digital process-
ing techniques and suitable algorithmic expressions (Ref 196), improved

three dimensional modelling of water: body temperature'should be feasible.-c,wv
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In order to overcome the weather dependence of infrared sensors,’water”‘ -

surface temperature can be measured using microwave, techniques even
though the' imount of microwave energy emitted by a water body is very
small. The temperature measured by microwave sensors is very depend-
ent on the emissivity of the water surface, which in turh is dependent
on its wave state and surface roughn.ss (Ref 208).,

passive microwave radiometer which, from an altitude of 10, 000 metres had
Using a-

could be asqigned to a scene to delineate variationv in surface temper~
ature more easily. - Images of ‘ground ‘and water’ ‘suy faces’ could be” :

obtained under all-weather, day or night conditions, flooded river areas"

being readily visible through :dense. cloud cover. By altering the; o
brightness temperature:range of the sensor, clouds- {which have: aﬂhigh

emissivity) could be observed ‘and-dstimates of their deénsity and water;;-
Surface;waterefemperature disciimination of, .« o
Aabout + 2 C was: possibre. et , R

content couLd bL made.
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In the long term, the all-weather capability of microwa m'svstems offers~,
gxeater potential than infrared systems and the achieVed*ground”resolatﬁon "

of"25 metres for the SEASAT microwave- radiometer demonstrates_that high “

resolutions are alreadv feasible. - . L
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-The atrial moa zremenu of, water veloCity is, mainly of use. for theﬂk} |

/estimation or water circulatory patterns in rivers, lakes and’ estuaries“ | -
and ‘for'the EQLimaLion of” water ‘discharge where’ conventional“measurinq BRI
‘ “As with the measurement of water e

temperature, “the main drawback witb remote sensing of water velocity is
that only water surFacefmeusurements‘are possible which means that dlu"ﬂ
atory gattern"'can only be estimated if
"construrted for: each-situation.. ... If,: for..

_tha_suriece velncity at 'points acrossthe-

‘river bed and sides’ “along with an’ est1-
a reasonable estimate of the -
"1_92 and Ref 210).0' Although

Even 50, purchase costs,are of the. .-

‘Ryan. (Ref 209 ,.Jﬁil_bm:m
- describes” the testing:-of a 1.55'cm (19.4 GHz) electrically-scanning -
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estimates of river sections have been made directly from underwater
information recorded on aerial photographs from surface turbulence
patterns (Ref 211) these would normally be obtained from ground inform-
ation or from aerial sensing at times of low wvater level. For esti-
,mating flow within large water bodies such as lakes or open sea, (which

‘can be regarded as essentially bottomless), additional in situ inform-

ation is required such as water temperature and salinity profiles in
order to account for laminar flow effects (Refs 161, 180 and 212).

One of the simplest methods of remotely estimating surface and subsur-
face water velocity is by the tracking of buoys or markers and these
methods will be considered first.

Tr-ackmg of artifieial rnarkers ,

'I‘he movement of the surface of a water body can be more easily observed
by & 2 additicon of fleating markers which can be of any convenient

buoyant material. If only surface velocities are-required, the buoyant
marker alone would be used, whilst by the addition of suitably designed
drogues, velocities at given. depths or “even. depth integrated velocities
can be estimated (see Figure 63). Ideally, markers should have a mass

‘only slightly less than that of water and a small vertical surface arew

above water level so as to minimise wind resjistance. If the markers:

are to be viewed from the air, a large hcrizontal area should be pre—

- gented of a colour and material which would provide high contrast....

- against the water background at the sensor operation wavelength.
" monitoring from high altitudes quite large markers will be required and
therefore cost may restrict the numbers which can be used.

- For

The track-

ing of 1arge markers from both helicopters and aeroplanes is commonplace
in estuary and coastal circulatory surveying (Ref 161) and as an alter-
native to visible or radar monitoring of the markers positions, individ-
ual transmitters may be fitted to each buoy so that a radio positional
fix mayrbe achieved (Ref 162). On a still larger scale, the TWERLE
ocednographic experiment in the Wokth~ -‘and Norwegian Sea relied on the
transmission of the position of buoys fitted with drogues at selected

: deptl.s, £o ‘the NIMBUS 6 satellite and a similar procedure-is planned

for the SEASAT programme. -It is unlikely however that such”large .

scale techniques would be used for hydrological purposes except posaibly
on very large lakes or reservoirs. Where detallec’ infomation of local
‘equired, small targnt-e 'h’éy he scattered on the water

v;t.'i'gnr Depth_ Integrated

1]

Surface markers for-eatlmntlon‘-w'cr'wnter volocity

e . 7
‘ Y
= 1

. " . s P . .
i e . ir o . . nor !
i W . R P A o I
. . . f . T

P

surface from boat or aeroplanes and may be tracked uring tifhe lapse
photography (Ref 214). Powdered aluminfum has been ‘ound to be suitable .
for this purpose as it disperses harmlessly after a few hours unlike
expanded polystyrene or similar materials. With the use of aerial
photogrammetric techniques the movements of surface drift cards have
been measured to velocity accuracied of +2 cm/sec and to directional
accuracies of 3 (Ref 212). B

4 . i

Tracking of natural surface mrkere

It is feasible to track natural surface water features such as foam

streaks, debris, algal patches (Ref 180), white water or individual waves

and to measure their movement by photogrammetry. The principle relies.

on the measurement of parallax differences as recorded on stereo photo-

graphs of the water surface (see Figure 64).” No parallax is observed :
~ for points wl .zc": ‘zave remdined stationary during the time interval between _

Direction of
Flg

No Parsllax o { .

e Em S e . mmme S e e o s am s e == e 3
Pl A Ny —--.-_-.-._‘:':'-"-—

No Water Movement

mm . : - 0

o* = . P B . . P o v P . . . c\’»
~Direction of _ : ‘ _ s

i el Gels imeis Sun | e rdeas =
R A R PR O TN e Wy T P s ]

-* " o . .
" Direction of , ; . _ e
Hl;hl

N

y Apperont image.

= = Wnlor

p g ]

”_;-_J o
: _tl_ . o . ) o . ’/..‘: :__ SRR PR . , ' y . r, . ) ) ) |
: -EIGURE 64 Measurement of sgri_{arce water movement with stereo-photography Lot

[ NP L By PN




exposure of the two photographs. Features which have moved in the same " o

direction as the aircraft will appear to lie below the water surface : ' :::“:'::e:”"
when viewed stereoscopically, those which moved in the opposite direction

to the aircraft will appear to lie above the water surface, whereas " ) l' 4 A‘ “
movements sideways will be recorded directly. This can be done for all | : |

recognisable features on the water surface and thus a synoptic plot of ' ( FIELD CALIBRATION LAMP *
water movement can be obtained. Stationary markers or land features sToP

should be present in both photographs in order to permit correct recon- , ELECTRONICS
~struction of the stereoscopic model. This technique chould be parti- _ B FIELD LEN "0”“ |

cularly useful for measuring the surface water velocity of rivers in re- _ 1 8 - col.u-:;tsne MOTOR
L

mote areas where in situ gauging methods would not be possible and also

: FLAY BEAMSPLITTEA
for flooded rivers where normal flow gauging structures may be overtopped N | MIRROR /
and where it would be daiagerous to venture by boat in order to take current - | )f' | ﬁ:mwﬁummen
meter measurements. Such a velocity sampling technique, coupled with | . ' | | A - v
the delineation of maximum flood water extent (see p. 85) and if nec-
essary with the provision of aerially determined flood pluin cross sections,
could prov:.de a complete remote sensing package for flood discharge est- :
imation.ln ’inaccessible areas. L ) | . B ,, o|4:cfi;:_ '.'SHN o ol Dy |emoTomuLTipiiEen
Tracking of natural water colour and ait :,fzcwl dye - CS ’ - .

DEMSER

rhﬁv‘-unor FILTERS

[T APERTURE WiNDOW

Numerous types of dye have been used in the past for tracking water move- - : .
ment, probably . the most widely used being fluorescein and rhodamine T ' | SEALED WINDOW
wvarieties (Ref 215). . After injection into water bodies, a measure of ' o
.the dye's dispersion is. generally obtained by either taking water samples
and analysing them for dye concencration, or by in situ measurement of ,
‘the dye's fluorescence for example, in the case of fluorescent dyes. ' S o . Coo

) : - FIGURE 65

W'

For dye sampling in large water bodies, boats have normally been 19@. e C _

RADIATION
FOOM !Aﬂﬂi

+

but this generally causes appreciable disturbance of the water urder 1n~'
vestigation. In both rivers and open water bodies, only a lunited . - N e N ¢ . | , o
number of water samples-can. be taken, with the result that often very o i . A B | Yo o
approximate trend lines between sample points’must be relied upon for N ' ‘- into” rivers or lakes, its colour contrast: with the surrounding water. is
dispersion inlormation. More recently, helicopters have bemn used to o N : --suflic*“ent to enable aerial recording of its' movement from which effluent’
increase the numbsr of samples taken in a given period (Ref 216}, but D O SN I discharge rates and water velocities may be inferred. . For _example,. -
still only a small proportion of the available information.is used and ~ ... - @& ~° . _microdensitometer measurements of the image density of a paper mill out=;
conditions may still change during the sampling operation. Point . e v falll pl umé’, as recorded on vertical 35 ‘mm aerial photographs, were used
~ sampling by helicopter may be speeded by the use of discrete chemical N N _ as a ‘m2asure ¢I the turbidity of the plume (Ref 180). - These t:ogetherd
... gensors such as the Fraunhofer Line Discriminator or continuous moni- .- . . .. " W 7 with similar phétc;raphic records of rhcdamine WT dye tracer, were use
toring along a flight line may be possible with the userof a suitable T . to estimate” the! rection of flow of river currents and rates of- disper-‘ﬂ. oy
fluorimeter . . (Fraunhofer line discriminators sense both the incoming... . " [ . - B - -sion of the plufne. in conjunction of course with in-situ sampling. o
radiation from the sun and the radiation from the water budy and: compare . L, K. e ., More accurate t”easures of surface water movement-have been ‘carried out
a sclected Fraunhofer line (known dark line) in the solar spectrum with g v using a- ‘Fiuorescent tracer dye imaging system (Ref 217).  The sensing
the spectrum of the water body (see Fig 65)). However, in order to o ey Y \lsystem providss; a real.time image of the dye dispersion in relation to
fully appreciate ‘the mechanism of dispersion of an :.njucted dye an aerlal ' o Ry R reference fe:\tures such as shore lines, marker buoys etc. - By ueing two,
.‘Lmaglng record is requlred Although actual chemical “concentrations' - ol e :
canrot be.measured.to the same accuracy as with in-—s:Ltu sampling, the . g e T rluorescence and one beyond the fluoreqcence emlssion of the dye as a
overall comparative picture is.likelv to yield more meanirgful inform- D B M PR ‘,‘T{‘reference to the water reflection) high'signal to noise ratios.are.
‘ation. - In most cases, water sampling would still be carried out during . Bt VY B A rossible even at very low dye concentrations (<5 parts per billion). ‘
aerlal “ens‘mg in order to prov;de known Pcmts within ,Lae comparative v e ST The information is recorded in .digital. form for subsequent computer pro-
picture. "At its simplest, remote sensing of dye-can be: in-the form of BECTRTAE B JRRY Y ANTEEI ot ssing-which is- essential to:obtain the necessary accurac;.es.g,__,w Acc.ur-
_ .']. m.ature camera photography using either colour, colour {nfrared or - . vate contourinq of dye concentv‘ation was possible which enabled’ mean e
'Ef1tered black and white emulsions, depending on’the type of dye to be « . 57w | i ind o . “Water velocitles. to be inferred after correction to "in-situ point velo-
Jetected For example, by choosing colour infrared film, the red colofir® U/ ‘g W g . o city;measurements: v, As was- previously; stressed,. many .of these. sensing
. of rhodamine dye would stand out strongly as a yellow c,o=our ‘against the R R [N ST technlques either measure surface water veloclty or, _in the case of-
“_deep blue background of water.  In many caseﬂ where eff’uent dlschaxqes -_tracer dY*‘-‘ tracking, an- 1ntegration Of water VEJ-OCiLY over .a. quEﬂ dePth
‘ . o e i TR ' I ".! i3 ‘: " "1 ) 'i R | "J'E P .‘..- ; \".:__"-: e S O Lo 'l'_;‘;' o ‘ 1;. ?'e (x R s . r; B T P ) SFE

'\\ f‘
. ’ 1 wa 'l‘. f\' u : 4,\'\ oy
o . ' TR R




.1ikel 7 indicators ‘of total system’ discharge.
posi“i.ive ielationship between total” flowing stream length within an im- o
pE:"VJ.O.‘lS clay catchment and total catchment discharge can exist (Ref 145)

f.. indicating ’that it may be feasible to estimate river disdharge from an
LM . . .
S \, .

In an attempt to measure the velocity profile with depth, Hodder (Ref
218) released discretely coloured dyes at different depths within a
large water body and used narrow band interference fiiters to discrim-
inate betwazn dyes.  The releases were made at depths which matched the
“extinction depth (‘see p. 87) for l1ight within the respective dye band-
width, so that each dye would be invisible below that depth. The tech-
nique had not been fully pe.:fected when reported, but it obviously

of fers considerable scope for future research in situations where
detailed information is required on local water movements.

boppZer radar techniques’

The principle of pulsed compression radar as described on page 52

shows how outgoing radar-pulses are encoded in some way so that they
may be recognised on their return after reflection from the target.
poppler radar measures the change in frequency between the outgeing and
return radar signal which results from any relative movement between
target and sensor, (Ref 219). Doppler radar has been widely used as a
method of aircraft navigation whereby the doppler shift returns of four
radar beams directed to left and right forward and left and right back-
wards from the aircraft are compared in order to calculate ‘the ground
velocity vector of the aircraft. - when this: system was initially used
over a moving water body, navigational errors resulted and it was then

realised that this discrepancy could be put to good.use as a means of .

calculating water velocity, provided that an alternative, accurate means’
of navigation was available such as by ground reference beacons or on
poard inertial systems (Ref 12). At the moment such water velocity
measurements are.only possible over relatively large water bodies due
- to the. sPread of .the. fourf beams. “An imaging forward looking military
radar or scatterometer (see p.. 55 and Fig 42) designed for .the detect-
. lon of ground. based moving vehicles relies on the same dcppler shift
prinoiple and has a‘greater potential for measuring the velocity of -

~ small 'water bodies such as rivers, due to its: better resolution. . In
its present state of devel. opment it s f'mld be possible to discriminate
‘wotier velocities as low as 0.5 metre s ‘.'-c..f (Ref 12), but future improve-
ments can be expected. . a o .

" o
.

Conventional sidelook/ing radar has been shown to be capable of detecting
. sheet surface runoff after heavy rainfall (Ref 209 gection 7.4) and also
floodwater extent within which areas of greatest water movement can be
delineeted The. future refinement. of such systems yould obviously be
of gree.* benefit to hydrologin ts, but it must be realised that aircraft
“Fltted with' s0phisticated navigational ‘equipment “are" ‘axtremely expensive

. to operate ﬁend that.this. level of expense would probably only be just-
ified for szjor operations.

Asse srren* of stremn dynmws -
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ol alternative to’ the direct measurement of river dischdrqe is rhe
pce}sibilit}‘ ‘that ‘the dynamic properties of stream networks:can be used as
g It has been shown that a

‘.\4 b

!i""; f‘w

. etatjon. cover which discourages surface stripping.

by normal currents and tides.

... .26.7 % 107 tonnes/year was also estimated.
techniques for the estimation of erosion: and sediment . deposition ‘are:
+  likely therefore to be of greatest. general value ‘in’ Mediterranean cli-
-~ ' mates, but also in’ specific areas ‘posséssing more than’ ‘one 'of the
- followinge - high annual. rainfall, high-altitude or-relief; high ‘mean .
- ‘temperature, "low vegetation'cover; or high”erodability of ,:fsurfa_ce_ rocl; .
o and sodl. A e LT PAT T i SR

aeriai surwvey of contributing streanm iength. Using a more empirical
approach, information regarding gecmetric and physical characteristics
of catchments such as area, mean slope, stream network geometry, amount
of open water, type and area of vegetation cover, ‘area of snow cover etc..,
can all be used.to help predict likely runoff rates and can all be most
suitably measured from an aerial viewpoint. K LANDSAT imagery has neen
shown to be useful for this type of measurement (Refs 220" & 221) but; |
perhaps airborne radar (see p. 52) has the greatest potential use for
papping such features due to its oblique viewing angle and all weather
capability, which is essential when regular monitoring is required. o
Information of similar quality to thai obtained on 1:74,000 topographic =
maps can be expected from SLAR systems f(Ref 106 pp 67-74). Kalinin
(Ref 222) describes methods of predicting basin runcff from satellite "
measurements of water body surface area, flooded areas and length of
stream network. He also presents predictive methods of estimating
grring floods from snow cover measurement, but this form of discharge -
prediction will be dealt with more fully in section 7.12, A good’

' account of the use of remotely sensed drainage basin phys:.cal character-

istics for discharge predictions, predictions of hydrograph form and
hydrological comparisons between different drainage basins is gi.ven in

wRe‘ 132 pp 1490—1493

E 7 7 Erosion and sediment deposition

In UK and northern Europe, soil erosion is not generally regarded as .
a major problem, largely because of the temperate climate and good veg-
Stream and river
,'bank erosion is not normally excessive as areas prone to such erosion are
,ioften now protected by ‘bank stabilisaticn schemes. However, even in
‘northern Europe, the costs of erosion prevention may rate very highly in =

’certain situations due to the nature of the civil engineering work.
: --*;required, and when floods do occur, the costs ‘due to both life and
- property can he high.
 icult because ‘of intangible factors such as inconvenience and suffering,
. but Penning-Rowsull (Ref 223) has, attempted this through the use of
: comprehensive lcok-up itables.
- most marked after major flood events (Ref 224 & 225) but its effect is

' Assessment of total flood damage costs is diff-
) As with erosion, sediment deposition is .

still felt in the short term,.as river and estuary shipping channels
often require regular dredging due to the action of sediment transport

the world and concluded that erosion rates were lowest in continental i

and troplcal forest climates, intermediate in the arid and semi-arid. '~ =~ .

climates and very high in Mediterranean climates; with extreme values
in ‘areas Qf high altitude and relief. - “A'global ‘denudation“rate of -
The .use of remote: sensing / b

| | Jangen and Painter (Ref 226) developed
‘linear regression models to relate the annual average sedimﬁnt yield -
- of 79.river basin- catchments (of area greater -than 5,000 km*

)--throughout -
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excellent weather conditions which may occur on less than ten days a year
in UK. Wwhere less accurate but frequent aerial measurements are re~
quired, it is feasible to use low cost or non-metric cameras in heli-
copters or light aircraft and still obtain acceptable results (Refs 230
& 231). If it is not possible to wait for clear weather conditions in
order to undertake photographic surveys, then microwave topographic
surveys could be considered (see p. 72). Estimates of volume using
stereo-radar techniques are possible when an object can‘be imaged twice
) . either at two different look angles from the same altitude (see Fig. éga)
. or at two different altitudes from the same look direction (Ref 106).
wWhere dual beam radar ig-av/aiiable,jsingle flight stereoscopy may be
possible (sece Fig. 66b). ,However, in steep areas, radar shadowing and o B
lateral distortion may result in significant loss of data (see Fig. 67) C
which may be sufficient to6 negate the use of stereoscopy. In areas of |
shallow slope (such as flood plains, estuaries etc) the technique is:
worthy of consideration as the measurement capabilities become more '
sensitive at small incident angles. - | . :
8l TWO FLIGHT s}ens‘o RACAR TECHNIQUE |
B FLIONT ' FLIONT
DIRECTION DIRECTION
— pinkibihint

Idienltification of sediment erosion and depoa'-ﬁfion | features

.“In both the arid ‘and - European gituation, topographic eroéion:sal and de- .
_ positional features can be strongly enhanced by the obligue  dllumination
of side looking radar (see p.72). A&s the brightness of tlawwe radar
return signal.is largely determined by the angle of incidencowme of the .
‘radar beam to the ground surface, any small variations in tlame surface,
such as those caused by gullying, land collapse, levée sedinmmmentation,
" ascree slope deposits etc. will be'strongly enhanced. Becawx=se of the
_oblique angle of view which is recorded on a SLAR image, QAizxemect measure- .
ments of ground dimensions cannot be made as would be the cam==sewith
vertically viewing sensors. However, suitable nomographs lma-aye_be_en
developed which allow horizontal ground dimensions to be cal-mculated ' _
 relatively easily (Refs 239-241), but the measurement cf -vol_-:a-;m_gs.st;_;ll_ . -
.+ -remains & problem. .Also as a result of the obl:i'que illum  4pstion, - L
o hich can be prodibitive ' |

“the 'resulting shadowing causes loss of data wi

In avéxof high relief.  Such data loss can generally be ovwmmercome by
ng an area  of interest from different aspects) but incrmesed flying

viewin
and data handling costs result. For the optimum use of SLAIER, system

' coriglderations such as the angle of depression, type of pola==xistion and.
diraction of view (see p. 75) must be chosen carefully to siz—it the terrain.
These and other factors are dealt with extensively in the Ac-ERivc Microwave
iWorkshop Report (Ref 106) which cpver‘si‘_)the -app}icat;on of SL.-‘EAR {n gll o£

.the earth sciences.. : o | e e

 FLIGNTA. FLIGHT 2

R I P : .
Votuns meaurenent ,
}‘c:bnﬁeﬂtion'alli'.u measurements of erosion or deposition are ca=mmried out by
. ‘ground’survey from which volumes of transported material may be calculated.
' These may” fréquently be only inferred calculations unless premmyious surveys
o '}jad béen.carri,_ed out in the area of 1nterest‘p‘efore the eros =ZJon or depos- |
""" Ution took place. For small areas; measuremént accuracies e—unhbe very ..
" high, Bt the 'methods used are very slow for extensive studiee=ss A - o
: ":’E'e‘chnidﬁe which is being increasingly used now is ground-baswssadphoto-
“". | grammetry whereby metric cameras (see p, 29) -are used to obt.a==jn stereo-
"' patyed photographs of ground features, from which surface commmtours.can .
- bt accurately plotted (Ref 227). /The’ advantages of this tee=inlque are ..
~ that, once reference targets are established on the site of =terest,
", surveys.can be quickly carried out with minimal time in the ==field,
lif*filk«stbli}ngchan jes in topography die té erosior or deposition --mmmobe rap-
idly calculated (Ref 228).. 'I‘hé’,filefld of view of ground basee==( bystems

mapAR |- [ |'mapan
SHADOW | . SHADOW

el
A |

IMAGE REFERENCE PLANE 8 ]

FLIGHT 1 IMAGE FLIGHT 2 IMAGE

' ’ : ‘ -:at " ‘ : . ' ) C o : . . i} .
v : B .

b) SINGLE FLIONT STEREO RADAR TECHMQUE

| " FLIGHT DIRECTION
: AMMMCRAFYT POBITION . AMCRART POSITION| . e SRR IR

| FOR FORWARD BEAW, FOR SIOK BEAM | . - ap ., el
IMAGE _ |

i somewhat limited in flat terrain, but in reglons of high mmmellef, - & Y

" 'mich larger areas can be observed.’ Ground based photogrammessstry is | /ff' /
il ideally suited to-the measurement /of local river bank erosiomxm|, river and - . ,

i estuary shoaling; hillslope’ gully erosion:etc. . For process  gtudles -

.} meéasurcment accuracies.of a few millimetres ‘are possible, wi-s=hthe added: & - '

. ... advantage that the soil surface need not be disturbed as wou. == be the .
07" "1 cage with conventional ,_'"Sur\:r"‘eyiqf;‘;' . As an extension of this =®==echnique, - ' -

serial photogrammetry enables large areas to be rapidly heigZ=mt contoured ' '_

— s —— dpanms o Su— ., . i ,l.A

FORWARD
‘BEAM IMAGE

VERTICAL OBJECT 1 BEAM. e
 TOP-POINT A \SHaoOW |
‘BOTTOM-POINT B - -

I

}.

. | ... SIDE.BEAM..
 |RADAR SHADOW

ki : ’
N _

+ i with-a compromise having to be’drawn betweern’measurement .acca=orscy and field ' . . . RECORDING (FLIGHT GROMETRY  SUPERIMPOBED RADAR (MAGE . PAIR
.t |.of view, - 1f necessary, accuracies of.+ 5 cm are rossible (F==ef 229).but . .
- jequipment costs will be high,in.order-to achive tiiis. Conve=s=ntional .. ~ . = = "
. aerial photogrammetry only becomes cost effective when survemers of large = .

=& | areas are required, but such surveys are normally only carrie=dout.dn . - .
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FIGURE 66 ' Geometry of stereo radar
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| Idenfifz‘cation' af sediment type

For the identi fication of sediment types in exposed or shallow water:
situations and subsequently for the identification of erosion souxce

. areas, conventional colour aerial photography may be adequate, provided.__

that sufficient colour contrast is exhibited botween sedimr it types,

(ref 232),  When different sediments exhibit little colour . Aaifference,

: multispectral photography may often allow their easier delineation esp-

f3"';’ecially if the spectral signatures of the sedinents to be defined are:

v lz\;'first neasured ‘and the most suitable filters for their separation ‘are

then chosen (Ref 233). It may be possible to lessen the masking effect,

' of ‘a shallow- cover of water over sediment by photography in bands suitable .
- for-water-penetration or by.detisity slicing or ratloing of multispectral

{nages (see P. 68). In a study of the lower Mekong Basin. (Ref 234),

©“heavy siltation in parts of reservoirs was observable on LANDSA'I‘ imagery
‘" by comparison . of the: apparent land/water boundary as observed. in- bands 5

(green, for water penetration) and 7 (near infrared, for land/water

' definition) . LANDSAT imagery has also been successfully used f£or the

detection of 1arge scale gediment deposits. It was found that after

extenstve F1oGa1ng of the Gila River in California, areas ‘of ‘sewvere sand-

and gravel deposition could best be.seen in band 5 (0.6 = 0.7 micxons)
of the IANDSAT multispectral ‘imagery, and that also areas of maxi.mum
erosion could be identified (Ref 235) Band 5 was also found to be of

" most use in the detection of areas of readily erodable material in a four

"";‘:'group classification of surface erodability types for southern Arxrizona .

© o (Ref 236). whilst LANDSAT imagery has also proved to be suitable for-
U

studies of sediment movement ‘and the distribution of sand- barr:i.ers in

estuary situations such as the Wash (Ref 23 /) A only very major erosicnal REEE

' should be possible._; e

features such as mud flows or land sliles are likely to be discernible
from satellite studies. The identification and monitoring of changing
wadi erosion and subsequent sand and alluvial deposits from satellite
images has provided useful inform-tion on sporadic water movement in
poorly mapped desert areas (Ref 146) whereas water courses covered by
shallow sedimentation in desert areas were best detected by night'time
thermal scanners than by day time photography (Ref 238). The frequent
application of remote sensing to the study of sedimentation and erosion
in arid areas is due not only to the lack of obscuring vegetation, but
also due to the complete visibility of water course beds once flocd waters
have subsided, together with cloud free conditions. :

In summary therefore, from a European point of view, satellite borne
senscrs could provide long term information on changes in river courses
and meander migrations (Ref 242), coastal erosion, reservoir and estuary
siltation etc. where high temporal frequencies are not required and where -
frequent ClQUu cover does not create great problems. ©On a short term '
basis howeverf ‘satellites are unlikely to be of a great value until the

problems associated with extensive cloud cover are resolved. ' For regional

ini:‘ormation* J(aircraft photographic (or in the future, microwave surveys)
are well- st.{ited to the occasional requirement of data updating, whilst
ground base methods are better suited to local requirements which often
demand,meas'_furements of high accuracy.

7.8 Soil‘-{"moisture

:J ,{r‘ " iy : . o
An adequate knowledge of the distribution of moisture in soil and of- itsf
variations in time and space is fundamental to the understanding of the
_hydrological cycle. Quantitative knowledge of the soil moisture regime

is needed in order to construct water balance models for water resources, .

sub-surface flow predictions, whilst qualitative indications of soil

wetness may also help in the prediction of catastrophic events such as -

land slides or flash- floods. Conventional ways of measuring

.- soil moisture include gravimetric soil sampling, neutron scattering R

methods, soil lysimetry, tensiometry and measurement of soil electrical
resistance. These methods represent the highest achievable measure -
of soil moisture. content, but only at a given point or series of

points., This is a definite disadvantage as spatially, soil,,moisture' L
. values can be highly variable, thecrefore only fairly 'crude ‘estimates: of -
~total soil moisture content can be made even when numerous point- samples

are taken. It is unlikely that remotely sensed measurement of soil

' moisture at a point can ever ‘be” as accurate as; ground measurements, but

they do have the potential of providing mean values of surface soil

‘moisture over-large areas," ‘which*is simply ‘not” possible using-convention—-
al methods. The main disadvantage of remotely sensing. soil moisture is .
 that only the surface or near surface soil layers contribute to the sensed:

signal and these often give little indication of sub-surface soil moist-
ure state. However, by combining’ the information provided by both the’

: ground sampled .and the. remotely sensed measurements, a.much: better under-—

standing“of soil moisture: variability and of soil moisture processes
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Viaible and near infrared sensing

in the U.S.A., attempts at remote sensing of soil moisture have normally
been highly quantitative and strongly based on soil physics and radiation
theory. A8 these theories are too complex to be dealt with in a broad
study such as thic, only descriptions of the positive findings will be
given. Similarly, results of controlled laboratory tests will not be
givan here in detail as few have produced results which can be directly '.
applied to field conditions. In the USSR a more qualitative approach
has often been favoured in which certain topographic and vegetational
combinations have been recognised as indicators of soil moisture state.
Nefedov and Popova (Ref 243), relied on their extensive knowledge of

the preferences of plant species in terms of soil type, acidity, avail-

; ‘able water etc. to determine likely moisture and groundwater conditions
from aerial photographs. A simple example of this is the marked change
in plant species or plant vigour which often occurs where ground water
approaches the sqil surface. :

g

In the USA, test site correlations were run between the available soil
moisture (< 15 bars) in an irrigated and non irrigated field .of grain
sorghum, and the image density of filtered black and white and also
colour infrared film of the fields. The results indicated that for the
‘whole of the crop growing cycle, the. red band (after correction for
seasonal radiative changes) of spectral range 0.59 - 0.70 microns,
“provided best correlation with soil'moisture and after mid-July when the
‘canopy was well developed, almost all correlations were significantly .
different from zero at the 99.99% confidence level where the number of
. cbservations was 195, with some correlations being above 0.9. Near
infrared bands were good for indicating plant stress due to excesses or
lack of soil moistire (Re¥ 244 and also flooding p. 85) but under normal
- growing conditions, very erratic correlations were observed..

At the present state-of-the-art it is likely that vegetationally derived
“ ' measures of soil moisture will be more useful than many direct electro-"
magnetic techiniques; as an indication of moisture in the top. 10-30 cm
of soil may result. The major disadvantage of-all direct radiative
measures of soil moisture based on wavelengths of less than tens of
- centimetres is that only moisture in the thin surface layer is sensed
(assuming there are no vegetational effects) (see.Fig 68). This is
‘probably only of use for estimates of bare soil evaporation rates as
the important underlying soil may have an entirely different and unpre-
.~ dictable moisture content. Hoffer and Johannsen (Ref 245) noted that.
“ a dry surface-crust could form on a soil surface within only a few
‘hours after rainfall, whilst the underlying soil was still wet. A
. definite relationship would therefore have to be established between
'-~wmoisture-levels;in-these~twoizonesfthrough extensive ground measure-
ments before useful spatial information could be extracted. Also,
' much of the work carried out so far has established soil moisture
radiation relationships with bare homogeneous,soil surfaces and has

T

" “taken little account of vegetation and other random surfacel“fects
owever 1t

'~ vhich are gemerally found in 'real' conditions (Ref 246).° H
. /i= generally agreed that reflectance:from a bare homogeneous soil is
o Yreduced as soil moisture content is increased'(Ref”245*&“Figé & & 70) -

ﬁ.anqgbeéausgfbf;this;ef¥éctfitﬁié'écéélbie]tonapféféééﬁﬂhéiéfiﬁihfhasf
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:recently fallen on dry ground.- . 'I‘h:Ls has been possible in arid areas .
using satellite data (see p. 137) but it must be realised that the
surface reflectance of soil is also dependent on such things as 1its
emissivity, surface roughness, the preva1 1ing’ 1ntens1ty and angle of

_ incoming radiation ‘and the seneor vieﬁng ‘angle (Fig+71). - The pol- - J
‘arisation of light in visible, wavelengths has been shown to increase °
.with increasing surface soil moisture content (Ref 247 & Fig 72}, but
this too is dependent on the above mentioned variables, Both of these

_technigues however shoulo be adequate for the delineation of water-
.logged areas. e 5 :

The effect.s of surface wetting also vary greatly ac“'cordi ng to soll

' type. Dry, sandy soils have a very flat spectral reflectance curve,

o but with slight wetting (more than 4% moisture content by weight) strong

water absorption ‘pands form at approximately 1.45 and 1.95 microns (see

. .'F‘ig.'IO) . .. Cluy=soils however always show the water ahsorptlon bands

Gy ‘
“aven when air dry due to their molecularly bound water (Ref "245), ‘making

. any transitn.on from dry to wet less.obvious than with. ‘sandy soils. For
~light clay- loams, 'the. greatest cham %

2+12%7of field capacity, for ¢l 1ys it is
'solle it :i.s between 7= 30%;' "whi.lst the greatest: ‘ma

between 5-25% and for humic gley

3 in reflectance is generally. between

gnitude in rpflectance . L1
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change has been found in dark soils having a high humic content (Ref 248).
The results cof a study to assess the caw.-hility of the NIMBUS~3 near infra-
red radiometer (0.7-1.3 microns) tG monito..-hanges in soil moisture and
resulting vegetational effects in a low level non-forested area of the
Mississippi (Ref 248) showed tnat mean surface reflectances could be re-
lated to meanr seasonal soil muisture change.  The greatest problem en-
countered was the patchiness and variability of precipitation events over
the area which in turn resulted in great local variability in surface re-
flectance and created statistical sampling and ground verificetion pro-
blems. it is to be expected that this type of precipitation problem
woult be encountered 1n tne U.K. and therefore greater chances of success
are likely in areas of mwore uniform rainfall. Nevertheless, having made
the point that rainfail variability does cause problems, we shall go on

tov look at remote sensing techniques using longer wavelengths which promise
A Al @d meare veafiel Snfarmatian An enil meieture A{etributions. ' -

. )
Theynal oovsdr
K

N ’ [T R . ‘ . T L ' B
‘Measurements o. dround surface temperature are theoretically capable of

providing soilomoisture information, put as with reflected ground rad-
iation, problems are encountered with calibration and once again only
surface information is directly available. Since water has a higher spec-
ilic ueat ang therelore a hagner thermal capacity than so.., the wetter
soil becomes, the higher will be its thermal capacity and conductivity
(Ref 249){ A mwenture of a o1l thermal inertia (conductivity x thermal
capacity) ! is most casily obtained by taking daily maximum and minimum
soil temperature measuruments, where, under similar conditions, high di-
urnal temperature variations should result from dry soils and low diurnal
variations from wet soils with o predictable relationship between the two
extremes. Figure 73 shows the effect of a gradually drying so0il on di-
urnal. temperature variation. However,.in addition to the marked effect
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of 2'r temperature variations the ground surface temperature is alsc de-
pendent on such things as wind velocity, surface roughness and'associated
evaporative cooling, its positional exposure, slope and aspect and most
importantly, the nature of any vegetational cover. Because of these
additional variables, it is k}ggly,that only gross. or ;ongwtg:m.cngpges
in soil moisture can be recog:iiied with any degree of confidence using
thermal techniques, especially when sensing from high altitudes where
atmospheric effects cannot be readily accounted for,, :$hq‘ef£eg;.cfvmn
surface emissivity variations on thermal inertia measurgmgp?g.?gn_b9>wghl
reduced, provided that diurnal measurements can be repeated at 'known 2
points and provided than no change in moisture state occurs between
measurements (Ref 246). Atmospheric effects can be largely overcome by
sensing in completely cloud and haze free conditions althqugbwthis becomes
an unworkable sol»tion in regicns such as the U.K. where conbequtiye‘day
and night clear conditions can only be expected a few times each year.
re measurements give indications of soil

5L duction
(o3 AW tate down to a depth of 7-10 cm as a result of heat con
i tneoret a ted in an attempt to
account for the process of soil/atmosphere heat exchange (Refs 250 & 2_51l
& Fig 74).  Plants behave in a similar way to soil in that their diurna

falls with increasing water ccntent and so some indi-
temperature range ralls o rial

land uce type should be chosen in
variation as much as possible.

i

sensiug,_hqmogeneous‘areas_of a single
order to reduce the effects of species
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sl I oritar to compare-emission data more easily, from sciis of different
""" types, their soil moisture content is beSt expressed as a percentage of
44 . their field capacity. ' ‘Low altitude tests by Schmugge (Ref -%74) cot~
Y eluGad that a 21 cm wavelength passive radioweter was responding gener-
ally to the top % cm of soil, whereas a 1.55 cm radiometer only responded
to surface moisture. Also, the 1longer wav’elength‘radiometér still re-
sponded linearly to soil moisture when there was ‘a vegetat.ion cover 15 =
20 cm high, whereas the 1.55 cm xadiometer gave results wnach were in-
dependent of soil moisture and only responded to variations in vegetation
emission. Longer”’imv‘ele‘ngths are also less affected by variations in N
surface roughness, althouch they will still react to variations of the. "o
same order of magnitude as theii wrvelengtns. It was also found that by
measuring both horizontally and wvertically polarised signals from a soil
surface, .additional information on soil moisture variations could-often
be inferred and that the obscrved brightness temperature’of the surface
- was highly dependent upon sensor wviewing angle (see Fig 76).  Passive
microwave radiometry is somewhat restricted by the la;geﬁ,_.ghy’sg,cal dimen-

sions of antennas which are required to achieve satisfactory resolutions,
especially if imaging of the target is required (see microwave linegcanners
syl . o S

1.

Mierowvave senging

Microwave measurements of soil moisture have two outstanding advantages

over the other methods described so far, (i) little atmospheric attenuation |
is experienced, enabling measurements to be taken day or night in all
wweathers (ii) they have the potential to integrate sub-surface moisture

values,

a) Pasaive Microwave systems (see p. 37) measure the natural: radiation

from a body, which is dependent on the body's emissivily and its temper- '
ature, The natural microwave emission from a soil target is very de-

pendent on its surface roughness and on its bulk electrical properties.

A change in soil moisture causes a change in a soil's dielectric constant I
(see Fig. 75) which is generally less than 5 for dry soil and abouc 80 for

pure water. This results in an emissivity change from about 0.9 for dry

soil to about 0.6 for wet scil (see Fig 71). Thus a change in water .
content of a soil target would be recorded as an apparent change in its
temperature. The depth at which the bulk of the energy originates is

determined by the sensor wavelength and the water content profile of the '

R c. N
- -
e

soil and may vary from several metres in dry sand when sensing at long p. 46). : T S
wavelengths, to only a few centimetres in wet soil (see Fig 68). For :
ex:ample, the 21 cm wavelength 83}94 passive radiometer on Skylab has been 300 I >
quoted as measuring radiation primarily from the top 2.5 cm when the soil . {12% MOISTURE Lai \ | R E
R - - wasg """Et:, and from the top 15 cm when ‘dry'. Reference 253 is an extensive e 275 . o B S o SRR e
N “publication on the results of Skylab experiments which gives & full and . L 2 :
| | clear account of the theories behind passive and active microwave sensing 2 B a ST 250 .
of s0il moisture, especially from satellite altitudes. The results of =~ %~ * SIS Y vOL ARIZATION ’
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vegetation situations such as pasture. In any event, considerable amounts

of additional ground information will be required for both microwave and

any other remote method of soil moisture estimation. Whilst many remote L
sensing techniques can be applied most. casily to arid situations, the use =
of microwaves for soil moisture sensing may not always be the best method
for desert situations. Microwave's good penetration of dry sands ‘have

some potential for the identification of near surface aquifers (Ref 257)

but they are of little use in measuring differences in soil moisture below

about 10% as no direct relationship exists with dielectric constant (Ref

258) which in desert situations may be also influenced by variations in

soil salinity .

. "b) Active Microwave systems are not s© ress=tricted because electrically -
' scamning synthetic apertures can be used ass== described in Section 5.3 |
" para, 6. With active microwave systems {=x—adar), the backscattering of
an emitted signal from a st surface is de=—-poendent on the surface roughness
of the soil and its moir: . i+ toted di elec—tric properties (given that
. ,wavelength, polarisatic - ... - _ or imciclence are constant). Depending
, {on the wavelength chosen ana the mean Swar £ amwce roughniess, optimum look angles
| can be calculated for measuring soil moistaix—xe content, but generally the
best relationships occur as nadir is approawesched (and thercfore the appar~
“ it gurface rougnness affect is reduced, S . 10° off nadir being normal
(Ref 219 p 121j) .,  Hagh spatial resolutioxz:-_-.-s”along the flight path are not
a.prerequisite for soil moisture estimatiora  and with synthetic aperture '
+ radarg, Aacross-track resolution does not de-"etiorate with distance from
taryget . . Satellitz baced systems are there —fore quite feasible assuting
. that sufficient power can.be generated, and  their all yeather capability
: makes them especially aeerrabre.- The xradass sensor on the SEASAT satellite
“achieved greund resolutions of. 125 retres , >wmat the data is unlikely now to

e adeguately" evaluated for- sm’ moisture eﬁstimation.

Radw vavesg ‘ | o

Radio wave theory of soil moisture measurement is similar to that of
nicrowave theory in that soil dielectric constant varies with soil
moisture value and it is this which affects tne radio wave signals.
yet, it appears that only ground based experiments have been carried out

using radiec waves (Ref 259). By passing radio waves (170 MHz) between

two ground based antennae, the measured strength of the received signal

can be related to soil moisture values (see Fig 77). Yertically pol-

arised waves are not affected greatly by the ground, whereas horizont-

ally polarised waves are short circuited and induce a current flow '

through the carth which is dependent on its conductivity and hence on

the soil moisture value of the ground lying between the antennae.
Optimum antennae separation distance depends on the radioc frequency used, -

I
' but it must be large enough to eliminate direct induction effects from

-

'I‘he collection of information on soll moist=_are profiles is in principle

"possible using a single wavelength’ radar ., wXmajlst the use of a focussed

synthetic aperture system would allow’ theoxe=tical ground resolutions of

.about 5 metres to be achieved from satel 11T« altitudes, However, any -

sub~surface signal will be weak in compaxis<——>nto the surface return so

that the pulse duration must be made very sXY—acrt and the range resslution
st be extremely precise in order to de—co«=Ae the signal into the form

" of a soil profile (Ref 255). An altermat i ve and probably a more de-

sirable. method would be to utilise a mul ti-—FE"requency or continuous fre-

- quency system, Waite et al (Ref 256) descxx—ibe a continuous frequency

radar system which operates in the 4 - 26.5 iz range, at various in ':L- _

dent' angles and with a horizontal and vertic—al polarisation facility .

As approximatcly one half of the incident mi_ crowave energy is reflected
. from the soil surface, the rcmainder of the ==signal will be derived from
_different 'skin' depths according to the  inss~=trument frequency. By com-
ey oparlng these weaker sigrnals, an estimate of ==soil moisture content through-

oy

-

NG

the transmitter, whilst at the same time retaining good field strengths -

over the prevailing soil types. Generally antennae- separations of .. :

greater than eight wavelengths aré used, whilst the height of the antennae

above the ground was also found to be of importance. Numerous ground

tests indicated that mean soil moisture could be measured between the

antennae even when trees lay in the main path. Green vertical veget-

ation such as cereals attenuated the. vertically polarised signal and L
caused spurious results, this being the major drawback of the tech- . . ...
nique which could only be overcome by calibration allowances made for r o L

out a shallow soil profile is possible. Mo zmeover, by comparing the main
_gurface brightness temperature signal foxr ea==hwavelength, an estimate of . o
surfaee roughness can be made. This was £«und to be very necessary. - ..-———a_
—

because roughness changes can cause more br i «<jhtness temperaturé varlation
" than changes in soil mdisture, and it was Sformund that even at very'long
- v yavelengths the effect of surface roughness «—ould not be ignored. - (See
" Ref 106“’pp 399-4”0 for ﬂetailed surface roug'!rmess experimental data) .
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Although ‘the multi frequenci .a,mroach appears to be the ultimate answer,
.  suitable equipment is not yet readily availa®—lein the U.K. As an
~. % alternative approdach, it shoiilld be possible =®—o torrelate radar signatures
of the same surface type when at different mc—oisture states. 1If a library.
_ of Slgnatures is collected for different sur E=ace ‘types it may be possible
: it bbtain best fits by conmparing known ‘data =we=with new data (Ref 255).
.nuf :rt ‘n problem once again will be the high3F_y variable effect of differ-
“nt vegetation cover types at different stage=s of development. Possibly
- 'amiltifrequency approach will eventually be able to deal with such veget-
 ation problems, but for the next few years at—— least, remote sensinq mea-
- gurements- of soil moisture will be largely xre===stricted to baresoil or short
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" FIGURE 77  Instrument configuration for radio wave soil moisture measurement
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each stage of vegetation growth. wWhere no 'dense vertical vegetation e measure the atmospheric pressure and temperature at the time of over=-
{s pregent, calibration is necessary only at soil field capacity and at . flights in order to calculate the density of the attenuating air col-
wilting point; the signal.relationship being linear between these states. ' umn and also the pressure of atmospheric water (Ref 247) . ' \
While the technfcque has great potential as a means of providing mean | ,
ground soil moistu_i'e verification wvalues fo;} calibrating aerially sensed The natural gamma technique has been used ror some yvears in the UCA
. data, the physical problems involved, make its use from moving aerial l for calculating snow water equivalent {see p.140) and during these pro-
platforms unli‘kely.“ Any aerial methods would have to rely on data from grammes, tests conducted to estimate 'soil water content were encouraging
| a reflected ground signal, this being transnitted and received by the and repeatable (Ref 260). Practical problems such as flying repeatedly
sgmé" antenna; as in active microwave systems. The advantage of this at low altitudes over a given flight path became obvious, whilst the low
type of sensing at radio wavelengths is that soil moisture information l . altitude restriction meant only small areas couid be covered at a time.
from 4 deeper column of soil may be available (See Fig 78) and this poss- | Helicopters were well suited to this type of survey and in areas of high
1bilfity varrants further investigation of tl?e technique. o : relief they would be invaluable. Considerable research is needed to
S ! " o - . verify the usefulness of this technique for soil moisture measurement as "‘
; 3 operaticnal costs would be high, but accuracies of + 5% of soil moisture
A8 TR / P volume would appear to be feasible (Ref 247}.
s a—Aversiie 59il moisture for | l " | L
2 2’ depin R
LA e | ! 7.9 Groundwater
2 ot AR T g T | | o
: @ Average soil malsture tor 1’dcpth l As the presence of deep groundwater cannot be detected directly using
g " ' ' / present remote sensing techniques, indirect inferential methods must be
2 P o # adopted. Most of these methods. rely either on thellre‘cl:ognition of‘ sur-
2 5¢p it 1:170 MMz o Lo ' face moisture or moisturc ancmalies and their relzted vegetatignal
’ ﬁ i Antenna .mmm.go'” . = | effects as beiny indicators of possible groundwater presence {Ref 243) o
,/,. ‘ i ) ! or on the interpretation of geologic and topographic -information R
’/ _ ]‘ l ‘ (Ref 261). Many wf tic available remote censing nethods will have : !
J 2 i ) ! - already been covered in previous sections of this chapter (see soil :;r-fl--sj/' =
0. 5. 10 15 20 i . moisture, land use and water temperature sections);:‘sjg.ﬁlaese wi;l x.;_f}.Ot' be ;
S Soil moisture % | ” B . ; & dealt with separately here. When groundwater ap,:om.hes Vt':he._'_s;:}rface -
] 1 ' of the ground in quantities large enough to produce springs o:.?ff‘_when, s
' o | ' | s inputs into rivers or water bodies occur beneath gurface water J,ie,yg,ls,
FIGURE 78 fRelatdionship of radio field st;rength to mean soil moisture | these can often be detected by temperature sensing methods (Refd “2_"62 &
Se—— : by , B 263) which may allow the extent of the grrundwater resource to be _—

f soil moisture and vegetation

i

between antenna : !
| | AT ' assessed. = Becayse of the high level o ' sture ¢ .
cover in temperq,ﬁ,;&' climates, even long wavelength s’ér’x_giﬁg'techniques |

offer little hope of detecting groundwater deeper tharia few centimetres
below the soil surface.. In very arid regions where surface lithclogy

is dry and little vegetation is present, some possibilities do however

exist, so these will be priefly covered for completeness.

~ Natural gama radiation

This method of soil moisture estimation relies on the highly constant
rate of natural gamma photons which is radiated from the Earth's surface
at any given ppint. 75% of the gamma rays from the ground come from
“ the top 10 cm of <the soidl and almost nothing is detected from below
L 40 cm due to the Strong ‘absorbance of the surface soil water. The
" ' limitations of thhis technique are therefore once again? that only near
“surface soil moisture values can be estimated. As the level of rad-
jation from this +thin layer of surface soil is very waak, attoenuat ion
by atmospheric gases-and water particles is 50 strong thal.sensors muzst.
_be_flown no highex than 1100-200 metres., In order to be able to cal-
| |  culate soil moig --are values, an area or flight path must be first over-
© & flown when'at a known soil moisture state, in'order to obtain a reference
signature fron which to work., Subsequent gamma measurements over the
‘same aréa will be subject to greater or lesser, amounts of attenuation
. asaresult of vgziatipr%s in the amount of moisture in the top 10 cm or
" So of soil,  As the half-life of gamma radiation is several thousand -
- Years, no change in”s’bx’;xﬁce values 'wil]."'ﬁp’c_’:éur';_" but it is necessary to
it : o T

t

Microwave sensing

on passive and ac;ive microwave signals was
where it was concluded that the soi¥#ppnetration
content of the

The effect of soil state
discussed on p 118 - 121
ability of microwaves was mainly dependent on the water
soil. Figure 62 shows the theorectical penetration capabilities of
microwaves of different wavelengths into typical soil types and it can
he seen that at metre wavelengths, penetration depths of 50 m or more
could theoretically be achieved. This assumes that a homogencous

sandy soil is present to such a depth, but in practice the presence of-
rock layers, or traces of water lying in cracks and fissures would
prevent further microwave penetration. More detailed explanations . .
of microwave theory will be found in the ESRO Contractor Report series . .
CR71-75 (Ref 208) and in 'the Active Microwave Wworkshop Report (Ref 106). , . .
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_With the induction method,

helicopters or light aircraft.

Electrical induction and radiovave methods

In the exploration for mineral deposits, sensors which are sensitive to
radioactivity, (such as geiger counters and scintillometers) have been
widely used, along with foxrce field sensors such as magnetometers and
gravimeters (Refs 16 & 264). It is quite possible that the presence

of very large underground masses of water may produce effects which can
be detected using this type of equipment, but this possibility will not
be further explored here. One mineral exploration: technique which does
appear worthy of furthexr explanation is known by the somewhat confusing
term as 'electromagnetic® sensing. This method relies on either ground
induction of electrical currents or radio interference effects similar
to those described on p. 121for the ground-based measurement of soil

moisture.

a strong alternating current of frequency
generally between 100 Hz to 4000 Hz is generated in a pr, ..mary coil
carried on board an aircraft., The AC magnetic field r'c_herated by this
current induces eddy currxents in the ground which imr .N generate a
secondary magnetic field which can be detected by a eetondary coil
carried either in the aircraft, on the end of a drogue line behind the
aircraft, or even in a second aircraft. The power and form of the
e.m.f, generated in the pick up coll provides information on the con-
ductivity of the ground below. Generally only ground discontinuities
in a horizontal plane can be detected, so that extensive homogenous
aquifers may not be recognisable, whereas rock fissure storage or
vertical permeability changes may allow an aquifer to be recognised
(Ref 265) . For this type of operation, flying heights are usually

=, kept below about 100 metres and because low air speeds are also pre-
" ferrable, helicopters are often used.

Radiowave methods detect wvariations in radio signals (from distant /
ground based transmitters) caused by large changes in conductance of the
ground, such as may be caused by large ore deposits or large vert.cally
variable masses of waterbeaxrxing rocks. The detectors required for this
are quite small and are generally carried at low altitudes in either
Neither of the a.bove techniques have
been extensively tested for applications towards groundwater prospecting,
but a potential exists whexre high conductivity anomalies can be expected
between the water bear:.ng and surrounding rocks (Ref 265). In carbonate
terrains especially, the association of ground water storage in deep
fractures has enabled exploration through radar detection of surface
linearments, (Ref 266) .

'fl‘her'maz inertia rroasur.emant

large masses of near surface groundwater may act as 'heat sinks due to
their high thermal inertia, which may result in surface temperaturc
differences with the surroundlng land. Cartwright (Ref 267) claimed to
have detected aquifers’ as much as 50 ft below around level due to the

o surface temperature variations of up to 2 °c above the. groundwater area.
fhe thermal inertia effect should be most apparent by comparing diurnal

vériations in surface temperature such as that available from the

' -l‘American "Explorer - A" satellite's infrared data, as land.under the

v influence of a groundwater mass would be expected to have a low diurnal

i b _ s o _ o

. to minimise errors, and for aerial studies,
the atmospherlc ‘wlndows' of the visible and thermal infrared region' -

temperature variation (Ref 268). Such effects may be detectable in
very arid regions, but in temperate climates variations in surface soil
moisture, vegetation, air temperature, soil and geology would almost
certainly overrule the use of such an exploration technique.

For temperate regions therefore, the most profitable methods of ground-
water detection and delineation rely on interpretative methods of surface
indicator features such as geoclogical outcrops and fracture linearments,
surface lithology, soil moisture and vegetation and occasionally ground-
water discharge. Remote sensing methods can efficiently provide the

necessary synoptic information.

7.10 Eva _porat.ion and evapotranspiration

Evaporation can broadly be regarded as the vaporisation of water from
inorganic substances and from free water surfaces whereas evapotranspi--
ration relates to the vaporisation of water from the surface of a plant
and the transplratlon of water within the body of a plant via its stomata.
in both cases, for the vaporisation process to take place, there must be

available:- o

1) 'Heat, to bring about the water's physical change‘from liquid
to vapour. _

2) Unsaturated moving air to remove the vapour.
3) Liquid water at an air/water interface.
It is unlikely that 'remote sensing methods can be used to measure all '

three requirements to adequate accuracies to enable good estimates of
evaporation to be made, but in combination with ground based point

. measurements,, better evaporation estimates over large areas should be
‘possible.

In estimating evaporation and evapotranspiration rates, _
measurement of the albedo of a surface is important as it can be used
to calculate approximate surface/atmosphere heat transfer values. '

Measurement of albede

Albedo is defined as, 'the ratio of incoming solar radiation of all
wavelengths at a point, at any instant in time, to the emitted radiation
from that point at the same instant- in time' ‘Emitted radiation measure~
ments should be corrected to account for radiation leaving that point at
any angle i.e. within a hemisphere around the point (Ref 269) this being
especially necessary when dealing with rough surface such as vegetation..
The measurement of albedo or surface emittance is important as it is.a

measure of the amount of energy retalned by a surface which may be’ avail-"
able for heat exchange processes Sus 4 .as . evaporation.

- As no single
instrument exists for measuring all incoming and outgoing wavelengths,
radiation in known wavebands is normally measured and total radiation is
then calculated accordlng to both the sper*tral emittances of the sun

and of the ground material under the prevailing atmospheric ‘conditions.: R R

It is normal to choose wavebands where radlatlon maxima occur in ordtr ‘
these maxima will fall ln ‘

125




T R

126

(see p. 18). Typically about three times as much energy is radiated

from the Earth's surface in the thermal region than in the visible (Ref

132 p 1784). If radiation measurements are taken from an aerial platform,
full allowance must be made for the effects of the atmosphere between the |
sensor and the ground surface in order that the ground level albedo value:
may be calculated. Otterman and Fraser (Ref 269) computed surface albedo
values of arid surface types for the entire solar spectrum based on LANDSAT
multispectral data, and their results were very close to those obtained
from ground observations. Generally, in order to arrive at meaningful

. albedo values from multispectral data, either clear or average atmos-

pheric conditions must be chosen if direct measurement of its attenuation
is not possible, and sun azimuth and elevation must also be known. For
comparative albedo studies, restrictive wavelength measurements may provide
adegquate information on their own or else simplified transformation factors
may be used in order to estimate total albedo. However, when comparing
different surface or vegetation types, the wavelength/emissivity spectra
must be carefully studied (see Fig 33 for examples) before any attempt can
be made to relate measurements of restricted wavelength to total albedo.
For vegetation studies especially, illumination and viewinc angles can
greatly affect the apparent albedo (see Ref 120 pp 96-107). /" Rowever,

 Khorram and Thomas (Ref 270)made estimates of net radiant flux from

satellite visible albedo measurements and satellite thermal uata of
ground surface temperature and coupled these to ground measurements of
daily sunshine values, incoming radiation intensitiesgadd empirica}ly By
defined constants for given latitudes. Acceptabl -‘zesults were obtained
for river catchment energy budget requirements. e

- Evaporation from open water | B

Water surface temperature, is one of the most important factors affecting
open water evaporation rate, the primary sensor being the infrared radio=
meter which can if necessary measure temperature to g.precision of + 0.1°C
(see p. 36). Spot radiometers allow surface temperature profiles to be
made across water bodies, but i1f more information regarding areal var-
iation of surface temperature is required, scanning radiometers can be
employed. Corrections for the effects of atmospheric attenuation must of
course be made and sensor operation woul:’:be restricted to cloud-free )
conditions. . Sensing from satellites i:.the microwave region, would allow
daily monitoring of water surface temprcature, irrespective of cloud .
cover conditions and either passive o.-.active microwave sensors could be
used (see p. 37, p.48 and p. 521b9ﬁﬁ"ﬁavingjadvanﬁages and disadvantages
over infrared sensors. However, cousiderable additional input from
“conventional ground data would stil1in wijuired before accurate esti-
mates of evaporation could be achiuzved. % .

Under laporatory conditionsgmﬁgter temperature can be measured to simi-
v [ R . . .-_. s : "’f“ Ty .. E o . : . :
lar accuracies using «' " “infrared or microwave sensors, ‘but in

- unatural ;situations, mjp;owaﬁes are more sensitive to variations in water

emissivity’ caused by charyes in surface roughness' iz by the presence of
foam, debris etc. Various opinions have been expréssed-as to the best
ways of overcoming these problems and these are discussed iniRef 271.
Ultimately' it would appear however that microwav:-sen” g, probably of
the multifrequency or varisble polarization varisty’csild provide'ffe
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: ;ﬁé‘land surface will be bare soil at any given time, so remote sensing’
“can, admirably locate and provide area measurements of given surface types

L photography, multispectral photography or any type of imagifig sensor,
”f-aq-altitudetdetermined:largelylby.the-requiredjd&Curacy_of;meésu;emehts

127

for high cost. Estimates of surface roughness could thus be made di-
rectly, which is important, as increasing roughness means increasing
surface area and hence increasing evaporation. Surface roughness can
also be used indirectly to estimate wind velocity (Ref 106) as could

the observation of cloud movement (Ref 219) or direct measurements could
pe made using doppler methods (Ref 219 pp 169-172). By using more than
one wavelength, temperature measurements over different 'skin depths'
(see p. 97) should be possible. This would enable the temperature
gradient in the boundary layer to be calculated, assuming a calm water
surface, and thus the heat transfer rates at the air/water interface
(Ref 273) which directly affects evaporation rate. Air humidity at
water level must pe estimated from source meteorclogical data, but the
future possibility of using spectrometer or microwave molecular absorp~
tion measuring techniques exists in theory (Ref 219 p 345), but has yet to
pe proved feasible on an operational basis. Whilst the above system is
theoretically possible, the amount of data processing time requi;ed to
adequately estimate evaporation would be excessive using present techno-

logy. , S

3
i

Estimates of annual evaporation over whole oceans such as the Baltic

have been made using very sparse aerological information (Ref 274) but

if remotely sensed information had been incorporated into theseipalcul-

ations, more meaningful results could have been expected.  On a syno-

ptic scale, the measurement of evaporation from reservoirs, rivers and- - -
irrigation canals would provide much needed information for water re- S

source studies especially in hot climates. | o L "

Evaporation from soil surfaces \

a) Temperature. Remote sensing methods_of_estimating evaporation rates
from bare soil surfaces are somewhat similar to those described for open

water bodies but the associated problems are COnsiderably'great%r.- :
Surface temperature measurement can be obtained as on p13§1nnq;pf course,
it must be remembered that ground surface temperature and the overlying’
air temperature are frequently very different. As the air temperature
and humidity determine the rate at which evaporation can occur, either
meteorological point observations of air temperature must be relied upon

or else systems similar to the Raman Lidar air temperature profiler must
be further developed (Ref 275)4

b) Surface moisture. Measurement of the availability of watet-at‘the
evaporating surface may be attempted using techniques described in sect-
ion 7.8 on soil moisture measurement. ' '

¢) Surface cover. Except in very arid regions, only a proportion-of - .

This can be achievedthrough the use of simple aerial

(see p. 77).
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d) Surface roughness. The rate of evaporation is directly related to.
surface area, .therefore surface roughness must be measured.” The inclin- -
‘ation and direction of slope of a surface may also be required if-empir—-- .o
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i .Systems,
pp <40l1-420) but failing this, ground verification measurements must be

£y  Albedo.

ical estimates of surface heating are to be made (this however would not
be as important if direct thermal sensing was to be used). Ground sur-
face configuration can be provided by numerous optical and scanning methods
as ddescribed on p. 72, but active microwave methods are probably best
suited to slope and roughness calculation as they rely on their own re-
prodducible oblique illumination source. With multispectral microwave
direct estimates of surface roughness can be made (Ref 219

more heavily relied upon.

e) Windspeed. The estimation of wind speed over a land surface can
sometines be made by observing the disturbance of tall vegetation;
this being similar to wave observations on water surfaces. Optical
cro=svind measurements have been successfully carried out using a
pulsed laser light source to record variations in refractive index of
the air and profiles of wind speed along the beam path have been cal-
culated (Ref 272). A more advanced and potentially more useful tech-
nigue relies on natural light reflected from a given surface. Inter-
feremnce patterns caused by different light intensities and angles of
arri-val are used as a measure of mean wind speed (Ref 272). -fet
anotther method relies on the measurement of Doppler shift in the return
si.graal of an ‘'acoustic' radar of single frequency, enabling mean wind

velorcities at up to 1 km distance to be estimated (Ref 276). The

obvi©ous disadvantage of these methods at the moment is that they cannot

be easily used from a moving platform.and so tor the near future, the

most reliable estimations of surface wind speed will probably result
form extrapolation of ground based readings.

, 1t has been shown that the presence of even less than LCJJ%
vegetation on certain bare soil or rock surfaces can greatly reduce their
sur £ace emission and can alter their spectral signature beyond recognition
(Re€£ 277). Naturally, such an effect is dependent on the properties of
the =soil or of the vegetation type; the greatest effect on albedo being
whenn a highly emitting soil such as chalk is encroached by vegetation of;.
low -enittance. - Green grass even in small quantities was found to prevent
iden<tification of underlying soil... Dead or dry vegetation was found to
give a significant albedo change especially.on dark soils, but the spectral
signature masking was much less apparent than with green vegetation

{(Ref£ 277). Such possible vegetation effects must be fully accounted for

whenx estimating evaporation from bare soil surfaces by the inclusion of

AL

| ground-based observation.

. moteldy sensed data.
from _yégztation is so complex, only very approximate evaporation esti-

W
S
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Evap otranspiration

a) Speeteg identification.  Growing vegetation often has a very peaky -

‘and well defined spectral signature which enables major species to be re-

cograized relatively easily using multispectral methods (see Fig. 33 and

'54) . ‘Thus, factors which may affect evaporation rate and which are

pec_:u_.liar to certain species (such as vegetation height or roughness, in-
terception characteristics etec.) can be fairly easlily assiqgned from re-
. However, as the physj._galﬁ_ process of cvaporation

mates can be expected using only remote sensing techniques,, their main

- application being for areal extension of ground measurements. _Energy
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imate indicator of evapotranspiration rate (Ref 279).

- plant system for both photosynthesis ,gnd_evapotranspiration purposes and W

 ment over large areas, provided that atmospheric effects can

In summary, méhy theoretical téchniqﬁés exist for the cf:alc'ulétfiah”'Of evap- b .
- oration and evapotranspiration using remote sensing methods (Ref 132 pp ~ -~ =

.- exact physical processes of evaporation involved for.a.particular.veget- . ..

‘motely sensed information could be highly misleading and even completely - i

~for qualitative or empirical comparisons of gross. evaporation.variations. ..

ey
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balance models have been developed which attempt to relate remotely
sensed crop canopy temperature to evapotranspiration rates, but these
have yet to be fully tested in field conditions (Ref 250 and 278).
However some cogrelation tests do indicate that leaf temperature can
vary by up to 5 C as a result of moisture stress, this being an approx-

In poorly mapped
areas, the recognition and area measurement of broad vegetation classes
can go a long way towards improving evaporation estimates for water
resources and land management purposes (Ref 120 pp 1480-1483) and a
land-use survey should therefore precede any evapotranspiration study. . |
Khorram and Thomas (Ref 270) used a three tier system to estimate .catch- B
ment evaporation rates. Homogenous land use categories were recognised
from LANDSAT images and each category was sampled using aerial photography,
from which typical areas were chosen in which to install ground meteorcl-
ogical equipment. Results from these few ground stations were then
extrapolated to cover the whole catchment. : | : )

b) Temperature. The measurement of canopy surface tempexaturewyjl%*';
approximate very closely to the canopy air temperature for taLqubﬁjﬁgn;
ation such as trees but may be very different to surface air teny ?%§95§5 ’
for short vegetation such as grass under strong heating or cooling' .=
ditions (Ref 280). Incoming radiation from the sun is either reflectiéd
from the wegetation surface or is absorbed by the plant, part '
of this being emitted as thermal radiation.  The difference

between the.incoming and outgoing radiation is the thermal input to the

aerial sensors are most suitable for carrying out this type of measure-

be accounted
for. . Pease and Nichols (Ref 281) produced energy balance maps from
multispectral imagery by choosing bands in both the visible and thermal
wavelengths to allow measurement of surface albedo, energy absorption

and net radiation. Measures of the surface area of vegetation can aid the
calculation of evaporation.rates and some measure of this may be possible
by recording of the near infrared signal from a plant canopy. Labor- ~
atory tests have shown that near infrared reflectién increases with leaf .
density (Ref 245) whilst other physical factors such as species, height
?ndfgig;? could be obtained using low level photogrammetric techniques
{Ref 2 . | |

IS .

1480 and 1784-1789). Similarly much laboratory experimentation relates
controlled physiological changes of vegetation to measured ‘canopy radi-

ation values, the LARS Purdue work being one of the most advanced in this
field (Ref 283). Before field measurements are applied however, the

R R

ation type, location and climate must be fully underst.ood otherwise re-~. s

useless. Unless complete knowledge of these processes exists and o
suitable ground equipment is available for monitoring these relationships. . -

the occasional user is advised to 'use remotely sensed_f.;;L;_n‘.f_omq;;qg&;‘Qlt}})f;;,_‘;;._i S

For example, maximum evaporation over forests occurs when the canopy is e
wet after precdipitation (Ref 284). This is typically three times that. ... -

e A k




resulting from normal transpiration under similar conditions, therefore
a remote sensing system which could detect this would be of real value,
whereas complex modelling of heat budget processes 1s unlikely to be
cost advantageous for large scale operational requirements. -

7.11 Precipitation

Remote sensing methods of estimating precipitation can be classified

into three majnr groups. (1) Those methods which measure rain as it is
falling, (2) rainfall prediction methods based on cloud information and
(3) post rainfall estimates based on resultant ground conditions. The
factor common “o .all of these methods is that they are all highly reliant
on conventional ground measurements of rainfall for calibration. purposes -
the better the ground information, the more accurate can be the remotely

sensed rainfall estimate.
- Measurement of falling rain = |

(a) Ground Baied Tecimiques.

are possible using radar techniques either by neasuring the att@2quAation

S of radar signal after its passage through falling rain, or by meusuring

o : the intensity of the radar echo received from the rainfall. These

o ' fechhiques are possible because the radar signal is virtuully unaffected

by the atmosphere except for relatively large water particles or ice

. crystals, (the latter causing the greatest attenuation) (Ref 285).

' .Because atmospheric penetration increases with increasing wavelengths,

only -short wavelength radaxs (< 1.5 cm) can be used for rainfall atten-

uation measurements. This limits the distance over which measurements

can be made to about 30 km (Ref 286 p 271). Radar pulses are generally

emitted horizontally from a central transmitter/receiver and the signal

- is returned tO‘the'samemanpenna:from large fixed reflectors situated

' around the perimetes of the area of interest.  Although this method can-
provide accurate rainfall estimates, its application is limited by topo-
graphic constraints, and normally the reflective methed is favoured. '

8] .

The ground based radar reflective method has been used for many years for
;o local, regional and river cathment estimation of falling rain, especially
""" in the USA wheré a National Radar Weather Service has been expanding and
~which will eventually give'country-wide coverage (Hef 287).  In the UK,
" the Dee Weather Radar Préject-waé“in'ogeration"fo several years. A °
single 10 cm wavelength narrow beam (27) radar wa¢' situated ‘near the
centre of the River Dee catchment and was capable of providing rainfall ..
information for the whole catchment-area. A network of about 60 ground
level recording raingauges was used to retrospectively calibrate the
‘radar information and later a number of telemetering raingauges were useq
. £&y real time rainfall estimation (R%¥72¢8). ~Withuthe addition of tele~
metered river levels, forecasts of river flows and reservoir levels were

_possible. . .. o ow | S

Quantitative measurements of falling rain -

f/’ .

o ,~ '..3 - l ‘.«.xl Il .. t_“;'. “ o I _-_e_ . ! ‘ 'u‘,‘!:. . . . . . B ) L ) .":‘ . - fa, L ‘
__ with__{_jt_;_he ref l’gc_ti_ve,. -method ,“the str’eﬁ'gj:h of the returning tiicrowave signdi -
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last of the apove controls is difficult to assess, the beam width is gen—
erally képt as narrow as possible to ensure that as large a proportion of
the beam as possible is filled. 1f the beam is not filled but is assumed
to be so, an underestimation of rainfall intensity will result. The
siting of the radar antenna is most important as an unobgtructed field
of view of the area of interest is required. This is often difficult _
to achieve ag'the angle of inclination of the radar beam is generally
kept as near to the horizontal as possible. This is necessary in “
order to aveid vertical spread of the top of the beam at maximum range
into cloud layers which may possess highly reflective ice crystals.
Even if only a small proportion cf the beam was reflected off ice
particles., gross overestimation of rainfall intensity could result.
Also, by measuring raihfall at as low an altitude as-possible, there is
 a greater chance of i&infall drop size being more uniform and therefore
" abetter estimate of rafnfali intensity can be made. Also at low
altitudes less horizontal drift of falling rain will occur betwgen the
point of measurement and its point of contact with the ground. 'The
. presence of high ground within the beam path can be partially compen-
sated for by establishing a dry weather wet ‘ground .signal forf't::_he
surrounding area and subtracting this from the signal measured during
rainfall. The measurement of rainfall intensity dis’tribution is made
possivle by transmitting a pulsed signal (typically. several hundred
pulses per second) as the antenna is Scanning across its azimuth. - Thus
veturn signals can be-attributed to specific blocks of space and mean -
rainfall intensities can be assigned to each block after calibration
against raingauge measurements.-- To facilitate real time rainfall’
estimation, telemetering raingauges must be used and considerable
thought must be given to the selection of .sites and raingauge network
densities necessary for the adequate sampling of rainfall distribution:
(see Ref 289), In the Dee Weather Radar Project, radar derived rainfall
has been Shown to correspond to raingauge derived volumes' ‘to within 20%
for 'hourly periods over small areas, but over longer periods or ‘larger
areas, discrepancies are reduced. | | e

l
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As the cost of installing a ‘single radar station may be of the order
of £0.5 million and running costs may be £50,000 per annum” (Ref 288) :
‘thelr use is generally only justifiable for large basins where real- <
- time data isirequired. Countrywide interrelating systems appear | |
feasible whenyreal time monitoring of major storm systems can be ﬁn@é?ff” | R
taken for riveri.management and flood forecasting purposes.. The US ki
National Weather Service radar network provides mean rainfall estimates
for each 50 mile sguare plock of the USA, As a result of the low B
resolution, only a faitly crude  index of rainfall intensity .can.be : .
allocated, but when 13led to duration of rainfall measurements, the ~— =
system has been capable of pinpointing danger areas or those lying. . . ... .
wi“t'.hin the path of a major storm. As a result of storm monitoring
over the past 18 years, the;'conclusions are that rainfall totals should =
be made at fairly short intervals (2-6 hours) to be of any assistance o
in forecasting areas Of potential flash flooding (Ref 287). v Ttuj i v
. ekpected that greater use, Can be made of the US National system gigrt: =

L

. is proportional to "t'-;lge range of the rainfall target, to. 'fih‘é” i‘n'i;éns;z_’ﬁy of ~'is gradually updated to provide computer processed, -real time. infourin-. . .
o . the precip__j.tat%q?gﬁgnd ‘to the proportion .of .the beam width, which. ibfll i g o Qt_?i.qf? as, in the past, flooding has often occurred before .the ﬂdangﬂér_f{ o |
.. .by a uniform magé of falling rain. Some simple relitionships are givén ' aa . varea'has been successfully pinpointed by the radar. . NOAA have:devel- .. . o . %
#oweoo oo by Grinsted -(Ref. 286 p 267-285) to. account for these variations. As thg . o 7 - - oped -an automatic technique known as D/RADEX.for searching dataobtain= . . . . ...
o . [ o [ : . 3 \ . : R N [ e e T I G TE e e e e b R K :
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P duy Or multj-freduency radar will be capable of observing lower
fe“l;_*}tition rated because the effect of ground echo Or clutter can be
,ﬂore au3ily identifled an@ removed. Also, because the path length
ﬁhmh%p Ahe precipitation will be shorter than that experienced by
4f°“nQ/PQsed radar8' shorter microwave wavelengths can be considered
S a4 10ying o gredter choice of sensor configuration.  The major
ﬁdva_ht:\yqﬁ of actjve Over passive microwave techniques, from a meteorol-
ﬂgiQQk POint of yiew, {s that active systems would have a vertical
/ﬂinfwl Gistripytion capability enabling 3-dimensional models or
feQiA'tﬁtion withih active cloud systems to be developed. r‘rom the
124 rbwglcal boint Of view. the ability of active sensors to measure
he ha 4 9}11; of the 'Pright band' where ice particles melt to form rain-
Ar% Gives an additional indication of likely rainfall intensity.

ed £xrom several radars and this should improve rainfall forecasting as
it becomes more widely available {(Ref 290),

A radar systems can only give indications of rainfall intensity in

the sense that for accurate measurements, conventional raingauges are

stil1 continuously required for real time calibration purposes, it is

likely that a national network of telemetering raingauges could provide

cheapper and comparable information for a relatively small country such

as UK. With the prospect of future cheap satellite telemetering

systems relaying information from ground based instruments to central

dala processing centres (Ref 291), the feasibility of rainfall monitor-

ing by radar must be carefully considered on a cost/benefit basis.

lwewrex, simple low cost radars are capable of providing advanced ‘warning

of approaching rainstorms which can be put to good use in hydrolegical
catchhment and process.studies (Ref 292) and may be especially useful :
- where satellite ground truth measurements must be linked to given synoptic

weithhex states, .

4 Swg Of radar £rom geo—-stationary altitudes poses Severe technical
. frahle‘pﬁ which will Propabiy neCessitate the use of even shorter wave-
enghv {apout 3 mm) centred on an atmospheric window to minimise
;ttehwﬁlon. The Mjor problem at the moment with geostationary
) ﬂﬂﬁew ig the logd Of height resolution away from nadir which may limit
¢5e§PL ne u;ht obsefYations to near equatorial regions.

. For Local process studies covering only a few square kilometres, detailed
information on storm movemgnt may be required, ey for modelling of urban
_ storm runoff. For such local requirements lidar attcnuation (see p. 57)
A can be used for rainfall intensity estimation in a similar manner to
_ radar . The return signal from a coherent light source after being
sttt exred by rain clouds is usd as a measure of rainfall intensity
(Ref 2132 p 1635) and instrument costs are likely to be considerably _
loyer than with radar. N ., "

Wleg  Amprovements in sensor capability will inevitably lead to better
438l £ paseq paiffall estimtes. But, if all the available advanced
e chnigj‘ms Were' apPlied (pulsed, multi-frequency, dual polarised, Doppler - -
sebwer\tatibn} the yolume of data which would have to be analysed to
.yield wﬁihfah estimates would be vast, so that the ultimate hurdles are
14K, £Q pe {n ene flnancing of such operational systems. Although
3 My PY gome pypme before regional satellite forcasts of rainfall will
g% % 4 Jqple, it ghould shortly be feasible to estimate global rainfall
1/31%8 Q say g 3 degree grid basis. Although the absoclute values may
p"t be T‘itghly accuf8te, the observed rainfall frequencies should help to
/2ing 3¥n imroved Picture of world rainfall distripution. Immediate
4“3%1% “yihich could be tackled using presentf‘sa\'ellite capabilities
- .\Q s? fof txampit (1) what'are the. ‘1~uw - OfF water wapour into and . .
4‘“: 3¢ JArge draindde basins, __;qrge “‘.:_kes or whole cont‘ineuts and how do. ' . WY e
ﬁanQ %j'ukes Vary with time” ';'(ﬁ\) What“ are t’1°‘ ‘EVapora_t_lor-j and trans- = . S
g‘rahiv‘ Losses q10M9 mg 63, xiWer systems in rnnd regions~ 3y Can the
7%V #Y, intensity eu'ui Aistribution of infrequent storms, ‘\.100&51' and o
q’ouhﬁwﬁtﬁr ret:harge m arid regions be quantlfzed 'i;}'sx'mag}-‘ﬁ““'syﬁnr“(::i.r:1
Sy e "éet%tk‘m of Waters: | aDour transport, precipztation ana/or sur face soil“

(b Satellite Based Techniques. For the direct estimation of rainfall:
from satellites, only microwave techniques need be considered. Passive
nicrowave systems measure the emitted radiation from a column of falling
rain and. are capable of providing mean estimates over longlsh periods,
wheteas active sensors have the potential for more specific short term
measr ements. The first use of passive microwave Sensors for satellite
ﬁnonit.oring of precipitating clouds was carried ocut from the NIMBUS 5.
- satellite in 1972. The results obtained from its electrically
- scannaing microwave radiometer (ESMR\ .and, w*rrowave spectrometer (NEMS) ‘
v indlcate.:hat "over .the oceans (usi®. .= ! a total precipitable water .
ina ec_....2 of atmosphers can be est coae o within 4 10%, the liguid -
water ccm:ent of clouds can be estimatm Ml‘o wz.thm + 25% (usmg ES 4R ) o
B s " and axeas of pPrecipitation can be delineated and broad estimates, of the
et ! preci ppitation rate (within a factor of 2) obtained" (Ref AQ?J The "
. NIBUS F scanning microwave spectrometer (SCAMS) and ESMR can provide
"sinll ar information to NTMBUS 5, but the wavelengths chosen allow for
the E;.rst time, cloud liquid—water content to be also moasurcd over - o -
Code land . . . O ST N 5 TN PP R e
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‘ -‘\gﬂny bg f“he hirgcr satellite methods of painfall . estimation have not. { Y
'T‘ygen dag # Cichlaryytducensd £l a8 great relianceé.is'placed on theradcuracy:
,Uf sﬁhvrx whiLh thetefgre require extensive calibration checks i, When: ..

gﬁsoluv mef"su‘m,m,aﬂt& cannot be fully relied upon, statistical .aad
f ol b %zaé'ihcteri“ita cHfptovide useful rain‘al‘l estmates"':‘:
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:Very frequent observat:ic,:..-.. ake necessary for adequate raif. Fall forrmcast-

ing annd tracking of ralnstorms £y.+ satéllite. altitudes. ~They can be

‘achiewred either by using & desriee ',f orbiting ‘catellites” or by usi‘ng a’

© . . sigle geo-stationary sateilite., -.\Obsérvat.ions made £ rom’ single orbi*‘ing
T tsatel Tites will'give indications™ of*‘rainfall distribufion at .a’given tlme o f'f*:?‘-‘“ E

i

A .”.!""15 .1‘»1'."6 \.(.th:':, ..-'n ~.‘ -

- but. axre of little use . for forecastinlg over short time periods. The. o I pa \‘3545 i% R p 5 i", to. distinguish precipitatinq. clouds from non-*pre L \
0 tedineidiqy of an optinun radar systim for satellité Stmervation’of. rai'n' ER d“’ A "‘:r 5foxxds /st sitellite altitudes by  their lower c&louditop. Y
N fall it ilighly co'nplew and is consifiered fully in Ref 106, op 28‘7 335 b e ﬂﬁm ér%,am\-é:- ang’ subse\‘-luently t'nELr ‘nighernbrlghfness value’ in visible“r e
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wavelengths. In general, the colder and brighter the cloud top, the
greater is the probability of it producing precipitation (Ref 132 p 1652-
1658}, A large proportion of existing and planned satellites can

provide Qata suitable for this type of analysis on a global scale. For
studles ©f partivular countries, for example, high resolution, low fre-
quency oxbital data can often be combined with low resolution, high fre-
quency data (such as provided by geo-stationary satellites) in order to
provide short or long term rainfall estimates. Such technigues obhserve
cloud typres and assign weights to each type so as to predict rainfall
likelihoods, depending on the synoptic conditions at the time.  Attempts
using ESSSA 7 and 9 visible satellite imagery (Ref 294) were made to
detarmine the number of cloud pattern types which must be recognised to
estimate monthly and weekly precipitation amounts over a 90 miles square
instrumenated catchment. Using sample data it was K found that the class-
ification of 3 cloud categories allowed better rainfall estimates to be
made thary by measuring cloud top brightness. Estimates of mean rainfall
were made for 15 day periods during sporadic autumn rain and for 7 day
periods Quring more settled spring rainfall. More recently Barrett . ,
(Ref 286 Pp 243-266) has devised rainfall prediction models for tropical
- Far East and UK synoptic situations. Table 6 shows how five rloud CEE
types vere weighted according to their likely 111dicat10n of ra:.n..aJJ. .

A simple equation based on cloud information and standard meteorolog1ca1
datatnllowed monthly rainfall to be estimated. By comparing these-
estimates with recorded monthly rainfall totals, a regression equation
~ can be constructed for specific synoptic conditions.  With this inform-
o ation, complete monthly rainfall forecasts can be made from satellite
d%rived cloud analyses or, with the aid of further calibration from
raingauge data, isohyets can be more accurately drawn 4in data sparce
regions. Results using this type of technigque are largely dependent
‘on’the teproducibility of rainfall from a given weather cond.iion and
for-this reason, considerable meteorological knowledge and skill in =~
applying the satellite information is a prerequisite of this form of

forecasti.ng . | 4 -
SRS ' . 1 Ta

TABLE 6 RAINFALL PROBABILITIES AND INTENSITIES RELATED TO DOMINANT
CLOUD-TYPE CATEGORIES FOR THE TROPICAL FAR EAST

Rainfall.
Rainfall indicator

indicator -
Relat.we Relative compounded

probability intensity | £rom columns

Clouad type ,
_of_ rainfall of_ rainfall 2 and 3

category cloudiness

in area of « -
'synouptically
significant'

0.72
0.2%
OOJ
0001 J,

: ‘ustrat‘ocumuli"’orm

R e 'w.f\ A

Cirriform ‘
Ty ,Flea.r'sk.ies’f"

» ‘l
D G M) N e o Ea

1

Barrett made da=ily estimates of rainfall for tropical latitudes by con-
sidering the 3 «=loud types which were ‘-1t to be the chief rain producers
- cumulonimbus, nimbostratus and cumul 3 congestus and these were assigned
empirical rainEfa=all coefficients of O. ‘7:. + 0.25 and 0.02 respectively.
Satellite image==s were then analysed to determine the exact percentage of
each cloud f£ami My across selected areas. As may be expected, the re-

| j'é“:_..‘v.ults were very dependent upon the individual characteristics >f the
‘areas, but init =Eal {ndications appear to be encouraging (see Fig 73).
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FIGURE 79 Regx—w~ession analysis of estimated and recorded monthly precipi-

tat-Eweon at 20 stations in the tropical Far East, March-June 1966

o r‘/

A method for mi 3 —latitudes was produced where relatively slow moving cloud
--_,_w.-‘;systems producirxess advectional rain could be expected. :
| l,,_-:fall estimate at. Valentia, cloud types were stndied upwind of the stat-

. "ion to a distancs within a quadrant related to the speed of movement of -
-:,__h-_the approaching .=mweather within the forecast period (1 day in, ‘cms‘ case) _
"'Arainfall predi «=tlon ihdex was formed as ' the’ product of "a- syﬁ “"\'t‘ilc e e

- For a daily rain-

weather index (wE=nich is an assessment of rainfall probab:.lxt*y) i a cloud

- cover index - {ass-sssing rainfall cont1nu1ty) and a rainfally int.‘.ns:l.fy ‘index . .
related to the p>amisent type of clouds . "

r . . . . : . . S, T

A

o After class:.fylnq rumfa]] 1;,”,,,_--.:.-_ AR .
_gities .mto four. . .qroups namely heavy. moderate, light and no mm, aftrr
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6 months of daily predictions, the overall ratio of right:wrong forecasts
was 74.3% when comparing the satellite derived classification to ground
rainfall measurements.

In conclusion, this type of statistical approach does not require careful
control over sensor parameters and can be achieved without data handling
by computer, so that oper;atione”l costs are likely to be considerably
lower than °‘direct' satellite measurement techniques. At present its
great hydrological potential lies in the extrapolation of rainfall measur-
ements at a relatively simple level for data sparse reyions. With the
possible future use of automatic cloud classification techniques (Pef
295), fully computerised rainfall forecasting systems using real time
geo-stationary satellite data can be envisaged at not unreasonable costs.
Initially, cloud types may be classified using brightness and texture
‘information, but later, more detailed information on cloud structure
{temperature and liquid water profiles) are lxkely to be incorporated by
the use of multifrequency microwave techniques to achieve better class-
ification. The main problem with single imaging sensors is the consid-
erable difficulty experienced in separating cloud information from snow g
lying on the ground beneath. Methods of overcoming this are described

later on page 145.

Rainfall eotimation from ground effects

Any estimate of rainfall made from resulting qround effects will be
gualitative as, at best, such techniques will only give an indication
that rainfall has recently occurred. The concept around which most of
these methods are based is that most surfaces exhibit a different spect-
ral signature when wet, compared to their normal dry signature. The
most easily recognisable effect is on bare soil, where a fall in re-
flectance occurs in most of the spectrum from visible to microwave due

to surface wetting (see p 114, Figures 69 and 70 and Refs. 296 and 120

p“93-95). ‘Siﬁilarly,‘surface”wetting of vegetation normally results in
a lowering of reflectance, especially in the near infrared wavelengths
(see Figure 80, . Considerable laboratory and field research on such

90 ‘ ' ‘
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effects have been carried out at Purdue University in their Laboratory
for Application of Remote Sensing (LARS) and numerous information notes
have been produced with reference to multispectral reflectance character-
istics of soils and vegetation (eg. Ref 297). Unfortunately, surface
wetting is not the only factor which induces changes in surface reflect-
ion as, for example, changes in soil or vegetation types, variations in
surface roughness, light shadowing effects, sub-surface effects etc. can
all produce areal reductions in reflection of soil or vegetation surfaces.
Because of these interfering factors, it is very difficult to relate
reflection changes solely to surface moisture changes, so that any infer-
ence to rainfall must be purely gqualitative. :

. ficant changes in microwav- brightnese temperatwres ‘were observed-along
“a flight test’ path belurc

" random cumuliform convective rainfal?
. grcand observations or satellite data.
fln areae havxng zeaeonable ground based rainFall observations poét _
rainfall aerial’ observations are oenerall; nat consiﬁe¢pd as they are
.. unlikely to yield.any addivional.informatien. . ‘Ln”

andllikely applications would probably be restricterl toitke obseryation - -

@interest
'regione (1e non—arld) then a multispectra] approach should Yleld the

obseryation. =y
.,“invarzably moreusuccessful Ane reﬂlonq ha

. _ith convective ralnstorm cells belng p,ﬁd
- behavionr. -

The effects of surface wetting due to rainstorms is most apparent in
arid regions where background reflectances are normally high.

The area affected by local storms could be adequately re-orded.

from high altitude aircraft using basic photegraphic fech lques. In _ o
North Africa, LANDSAT imagery has been used to locate ‘areas of recent” R TR
rainfall in order to pinpoint possible locust breeding sites (Ref 298). N
If the satellite coverage is not achieved early enough to detect the .

‘damp' darker areas, the wetted ground is often still apparent for -

several weeks as a result of vegetation flushes. Thus, in areas of

such sparse rainfall, basic indications of its presence may be 1dequate. ‘ ”
From a water resources viewpoint, the detection of recently active wadi I
storm drainage routes from satellite altitudes can be of great-use-for- . - -~ oo
determining areas of possible groundwater recharge (Ref 146) - -

Poe et aZ(Ref 299) describe the effects of receﬂt rainfall oh the B
brightness temperature of sparsely vecetated”aoil Ain Arizona, as re-
corded by a passive; ‘dual polarised microwave radnwweter operating in

the 2.2 cm - 6.0 cm wavelength region. Althouah /. ek: lLd correlations
between ground based and airborne observations were“not poasible, signi~

and ‘aftery ] recipitation. Merritt-and Hall
(Ref 300) describe NIMBUS-3 near infrared observations of the Mississippi
valley and attempt to relate reflectance values to the average rair" ') L
in thr '24 hodrs prior to satelilite’ observations. Useful relatic: .. o

were found in perxods ofvnnlform stratmform—type precipitition, bu
: 1y Edo” scatterek to relate to

By o e ‘ T
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;emperate regions ek
dry: summer-months, S

such methods could yield easily observabhle resultcin. g

of. 1nd1v1dual storm events wha"e lacal Lalnfall dlStlJ.u-lJn is of
If ‘such’ areaDJobecrvations are essential ‘tn poorly suited «

bést information eg. a. combined near infrared and thermal lnfraIEdl.ukﬂufw?hw;?;“ﬁwﬁ

NN U ST ORI T R

Mz i RGN

L)— T EE SRR i b 4

f\

In Cunclusion,;ralnfall estlmacion using remote eensing techniques'la"ﬁgﬁ

-“ng¢51mple)weather systems, S
abl” the most predictable 1“nf“ﬂMMﬂ
*hodswtcnd to.be.more. euelly .

Generally, remo\eusensanq e
1._‘,

-------

wofdy L o S
} “"H !I‘J‘\ .K_R“E.JA s e T b ‘.

B :w A .L'ﬁ‘
RS VS S



Lépplied to arid environments, whilst for temperate regions, improved
telemetering raingauge systems are likely to be more reliable than
aerial observations.

.7.12 Snow and ice

As the majority of the world literature on remote sensing originates
from the USA, and as the measurement of snow as hydrological precipi-
tation:’ nput. is of major importance over much of the North American
<.continf.=.nt, it is not surprising that a vast ‘amount of literature exists
" ‘on the use of remote sensing methods to aid snow measurement programmes.
The methods reported and the conclusions given in much of the available
literature are closely linked to the physical conditions experienced in
these ‘areas and therefore it cannot be assumed that such methods will .
+be necessarily successful under European conditions. It is nevertheless
(o ,Josmble tc gduge the adaptability of many of the techniques developed
"in areas of high annual snowfall with related studies based largely in
Scandlnava.a and the Alps. It is inevitable however, that when dealing
with sl ow snow depths and small areas which are typical of the U.K., TtotND
some of the techniques describ®d herd” would cease to function on a cost : Chy ’ - . Aroa of otormo oW0riop VOO
effective basis. Also because the measurement of ice is of minor im- - ; - . ‘ , " o surve
e () = Comows n meire
' A,B  Comers positine

portance in U.K. this will rot be dealt \.-,.LLh in great detail. o _
e ‘ e _ M & DR ©  Comerativotvion
' | ‘ , N <€) - Grount conirel makers ¥

ead.
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a) Snow exteont. Few remoter sensing methods ' can be adequately used

[ T

Plan of typical snow depth measuring site uaing photogrammetry_

from the ground for monitoring show extent due to- their restricted field S8 med FIGURE 81
of view. Photography can be useful especially in highland regions whc.ro N B

overviews can e achieved to record the initial onset of lying snow and .~
more importuauntly, snow ablation patterns and perennial SNOW. patches.
Jdegaard and Skorve (Ref 30l)used ground based and:. low level ‘aerial; .

- photography-to assess the percentage of snow cover. below - tho ‘SNOW line _ .
as a check on satellite interpreted snow extent... For Smail’ ‘scale ' -’ Y 'R B " ‘ti{me in the field.

Jsamplmg check of snow depth, the photogrammetric method gave a mean
depth to within 10% of the hand calibrated mean over the 3 hectare site.
" 'The photogrammetr:.c method allows repeated depth measurement without

‘disturbance of the snow surface and requires considerably less: survey
Depth estimates can thus be made on inaccessible or

* process studies, time lapse photography can provide useful information L Yy | .* dangerous ‘'slopes, the techniques also being ideally suited for glacier,
v -on snow accretlnn and drifting pattefns.  Tennyson ‘et:al c(Ref “302) . T RO ' surveying. The main drawback is that the photographichuality and hence
successfully used tiie" lapse vphotography. to medel ‘snow. interceptlon on T B [ the survey accuracy is very dependent on good visibility, so that in areas
a stand of Ponderosa Pine trees. Such measurements are purely "‘“Pirica] ' of known persistent bad weather, a back up system of snow course sampling

i
but accurate measurements can be d 1657 5 r1rn.-m>‘crio: S O KRR
i ts car made 1f necao c,s:uy usinq 1110toc1r*1 A N ls advisable. |
. P . -, RO v o e o - ) . ) _ : ) ) o it

L e Con

Lechniques described here. | o

. H\

. : X S U R TR DY W R R Another ‘indirect method of estimating mean snow depth over Small plots is
b,. onow (’4!.2"{}’?5—. Ground based photogrammetry c.nables vnry ucc._zrat--'f A PR S by the time lapse photographic observation of snow stakes which are set
'neasurerr'ents of t:he area of snow patches to be made, but its main advant.- oo g nto the ground at different heights. From a distance, the approximate
age lies in" .its ‘three dimensicnal measurement capab’ilit.y“ whicn iq mﬂr]r- o ... snow depth can be determined by counting the number of stakes not yet
) possible by stereoscopmc recording of an’ ObJECt & shape “1:1 r._fmpnce:» 10 ) " covered by snow. 'I‘wenty groups of 'such stakes were recorded -in a camera.
o lgepumber - of Fixed points of ‘known-location. - The printiple’ fe identicals ™ L8 L .. field of view to,yiver an, estima’te ©of depth over a hill slope site (Ref.
'ig ‘to the production of topographic maps from sterec-paired aerial whoto= oo e g B |304) 4 .
;v graphs. = Blyth et al (Ref 303) described a ground-based’ photogxammetrlo- SRR TN SO P S U T |
method for measuring snow depth on a, steep hill-slopé, in mid-Wales (See .‘ If'3' . c) Wat:er' ‘-’7“‘“7)‘22(’”’t° The water equ:walent Of a Snowpack is genoral]y
" Figure 811 . Pemanent ‘camera printhq and ‘ground r-ontro't“markers mére T " . . 'less spatially:.variable, than its depth, so that less frequent sampling
“'concreted firmly  in place 86 that. their relativeuposition rémairedin= v o R lff @ o is often. acceptable. .~ Where continuous. mOﬂltOI‘lnq of snow. water UlUlV‘“
ChanQEd throughout the whole" wint.er period L Acyridoof qround ffburfaﬂm et e vt M G !._:Halent 15 requxred at ‘a pon.nt the artmficial gamna source methud rndy bc-
~ heights were measured'in the sunmer and snow surface'heignts were", mea- v w. i & - considered. This comprises a ak radicactive- gamna source ‘at, or
-sured-at ‘the same grid points in’ winﬂ.pr, the ‘snow dppth at guach pount B AR R ey slightly below, ground level~ with scintz.llr.une\t:er 0r. Geiger—Mulle
being calculated by subtraction: Wnen“comparedwto an intensive hand PR B . counter. auapended several feet above it (or vice VPrSéﬂ on a SUPP”"““Q
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structure (Refs 305 and 306). As snow builds up between source and
sensor, the radiation signal suffers attenuation in proportion to the
water equivalent of the intervening snow, and accuracies of + 5% water
equivalent are typical. Shreve 'and Brown (Ref 307) described a simpler

system where accuracies of + 1l0% water equivalent for snow depths up to
18 feet are quoted. When more extensive snow pack sampling is required,
a 'similar snow radiation attenuation method can be ugsad which utilizes
tﬂe Farth's natural gamma radiation as a constant reference source.
Although the level of radiation varies locally on the Earth's surface,
the emission &i’.a given point is, for most purposes, constant. Much-
more sensitivé ¢ tisekers “are required than for the above artificial
ganma‘sourceiéyét&ﬁﬂfbut the principle is very similar. By recording
natural gamma emission levels along a known course in no-snow and snow

- conditions, a profile of snow water eqpivalent aleng the course can he

Bissel and Peck (Ref 308) quote errors of + 6% in the
5-13 cm water egivalent range and + 4% in the 25-40 cm water equivalent
range for natural gamma measurements taken at ground level. The
detector can be operated from a boom carried on a cross country snow
vehicle, the main source of error appearing to be from the deposition of
radioactive aerosols on the snow surface by precipitation and also from

constructed.

" large variations in soil moisture.

In spite of the problems which falling snow causes to rainfall monitoring
radars (see p 130), reasonable measures of snow water equivalent have

. been reported using radars specifically designed for this purpose.
Wilson (Ref 309) describes a snowfall monitoring system very similar to

" the River Dee Weather Radar System (see p 130).

A network of 75 refer-
ence snow gauges were used to aid calibration of the radar system and
water equivalent precisions similar to those achieved by rainfall radars
are possible; provided that empirically derived range corrections are
applied to" account for the greater signal attenuation caused by falling

‘snow. This attenuation also results in a reduction of range within

which acceptable measurements can be made with a maximum of B80-100 km
being expected. Best accuradies were achieved for large storms where
high altitude snowflake growth occurred, whereas the development of low
level snowfall resulted in poorest accuracy. | -

R

Atreraft methods - g X

a) now and fev vatent.  Aerial phdtography'ﬁas been used’ extensively
to monitor areas of lying snow, usually for river catchment runoff pre-
diction purposes, with' the advantage that the type of photography can be

- easily matched to suit /snow measurement accuracy requirements. . Low
:,{?Evg@;oblique photography using light aircraft and amateur cameras would
"adill . an index of snow'cover to be made at low cost for areas up to
.. seve.4l’ hundred square miles.
' ”ﬂg{éphy'wourd'be required, whilst for ultimate aerial measurement aAccuracy
. coupled with a direct heighting capability,. photoyrammetric technigues
© eouldvbe employed. - The cost of snow surveys would rise.dtamatiCallyj

For higher accuracy, vertical photo-

if the latter system werc¢ used (Ref 310), but lower accuracies are often

-acceptable. . Tollan overtame this problem of expense by utilising Air- .
. Force aerial photographic facilities. . Martinec - (Ref.3ll) .describes how .
,>géﬁdﬂﬁareafwas“méasgred}from“aexial‘photography using a Quantimet 720
.. Image Analyser. ~ The imagery, taken from an altitude of”8500 metres, of
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. ditions. ;
Flectance and transmissivity of snow varies alscording to 'its condition

LA

a river catchment in the Swiss Alps, was subject to deep shadowing, but
by suitable adjustment of instrument sensitivity to image density, shadow
areas with snow cover could still be differentiated from no snow areas.
On a simpler level Higuchi and Iozawal (Ref 312) compiled an atlas of
perennial snow patches in central Japan using available air survey photo-
graphy coupled with hand held vertical and oblique 70 mm and 35 mm photo-
graphs taken by the authors. Both monochrome and colour £ilm can pro-
vide good srnowline ‘delineation but colour 'film tends to show more detail
in shadow areas, which can often be very important in areas of high re-
lief. Colour infrared film is not recommended for snow mapping due to
the confusing effect of the predominantly blue tones. As with all
visible recording techniques, aerial photography of snow is very weather
dependent, and this is undoubtedly its main drawback.

Thermal infrared linescanners can pfovide useful information on snow
surface temperatvge_which may be indicative of certain un@erlying con-
Because the relationships between efiissivity, spectral re-

and because similar effects could be caused by ice or soil variations, a

single thermal scan may produce hugely anomalous results unless consider-

able knowledge exists of the ground condition at that time.! For this

reason, thermal infrared sensing would rate below visible sensing for . ... . . .

straightforward snow extent mapping, but for local studies,tconsiderable
additional information could be obtained (Ref 313). The effect of -
variations in permafrost condition on soil surface temper¢ture‘is readily
detected usiny infrared methods, whilst mapping of glacier ice under
surface moraines and detrital material has been facilitated with the use
of infrared scanner data (Ref 314). '

" Present knowledge of microwave return signals-from\snowmis.soméwhat,limitedu
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due to the complex effect of different snow types of different thicknesses

and layering regimes having different free water contents and alsc of
underlying soil of different types. Under certain conditions, micro-
wave remote sensing may. strongly delineate snow from its no-snow surr-
oundings, yet under different temperature and moisture conditions, the-
brightness’ temperature of the snow and its surroundings may be very
similar. - |

of K-band imaging radar (A’"v 15 mm) on:various snow and ice types and

£ 1nd that old perennial firn appeared as an extremely strong signal- when

using crosc polarisation, and small patches could be readily identified. -

However, using similar equipment, a large area of freshly fall%n snow,

‘as identified on coincident 354mm‘aerial.photography,.was n0t.dégectablu‘
on the radar return signal, indicating that penetration tu the underlying

ground had occurred.  Thus, although active and pasaive Hierowhve e

‘sors have the great advantage of -all weather-sensinq;-they'myutxbnnunud,

with great care for snow delineation purposes.  ‘They can he uscd with

confidence however for the delineation of ice/water buundaries, which may -
be important for monitoring lake and river ice breakup which can ho usod |
"a$‘an:iﬂd@¢ati°n'Of'theLonsatjoﬁ"SP?ianthaw1for“water“resburCGSwplahnihqre~ad»ﬁ£

For example, Waite and Macdonald (Ref 315) studied the effects

b)  Snow depthi. In!remote;:edions_wherg_daily_Snowfafiéfmay;bgmmeasurgd'__,jf“

 widely used technique in areas of high snowfall is to install snow depth

(fL .'- .

BRI

_in tens of centimetres, quite crude estimates of snow depth at relatively
.few pointsﬂmaywbe,adequatekforjtotalmruanﬁieStima;¢é¥t§;g§}@§ggz”:“A'”“”“““““'“



142

gtical analysis of the photogrammetrically art

‘signal to the following echo from the ice

"7',:""‘-'3 snow body is highly dependent on the
on its wethess (Ref 320), and therefore coif*

radar was used from a helicopter to measure laké
“an accuracy of + 1 cm..

but little work has been carried out in this field as yet. -

a - conversion - to water- equivalent is neéeded for this tu be of ugins

| the 1ndirect conversion of snow depth

o

- measurements,\the artificial’ ‘gamma ray’

markers in the form of telc.graph poles or similar, with cross bars set
at reqular intervals. The lying snow depth can be calculated by counting
the number of cross bars still visible above the snow, with the advantage
that observations can be carried out either from the ground or from low
flying aircraft, the latter being capable of large area cover. Where.
specific targets are not instalied, aerial estimates of snow depth can be
made visually from photographs by relating the snow. surface to }‘mown_‘ -

fence posts, trees, telegraph poles etc, ' .

Aer:.al p:.otogrammetry has been used successfully to either contour or to
take nunercus sample spot heights of a snow surface. Cooper et al

(Ref 317 and 318) describe how snow depths were calculated by first carry-=
ing out an aerial photogrammetric survey of tie ground surface of a high-
land region in summer conditions, a after the installation of several
ground reference points. Wwhen snow was lying, a second photogrammetric

survey was carried out on the sSnow he same

surface with reference Lo the
visible ground reference points, t

he data being automatically digitised
from the stereo-plotting machine for later comp: ter analysis. Stati-

:'.;red data and ground con-

trol data indicated that individual point accur*'f""ns had a standard de-

iat 1on PYIOY ‘of 0.7 ft, but the standard error of the mean snow depth
t due to the large number of point

depths of less than O. 5 ft could
" This technique could be used-

ion of glaciers and ice sheets,
included in the camera field

s

v
from “the photogrammetry: was only 0.02 £
samples taken. They concluded that snow
be measured with satisfactory precision.
for measuring changes in surface configurat
prowvided that stationary reference points are

of wiew.
Active microwaves have the ability to penetrate dry continentai ice to
considerable depths and so by comparing the time of the ice surface return
/ground interface a good est-
imate of ice depth can be made (Ref“319), assuming that akeally, the ica -

structure is fairly homogeneous. The microwave .return signal’ from a
dstructure- of ‘the snow and’ L.spec.ially

. derablc..‘ on-site information

would be reguired to enable snow depth to he ‘“orrelated to radar return .
signals. This method is only likely to. be .Feasib'e where homogenscus
snow conditions exist. - Meyer. (Ref 321) descr*.:es how a monocyle v.h.f.
ice and snow depth’ to

'I'heoret:i.cally,f there 14 reasonable potential
hs fer snow deoth monitorino,

/Hﬁ-"f\‘

for the use of radio or' aCOl,..stiC wavelengt

Vi . 1 .t]’

Assuming that snow depth can’ be measured by remote sensing tochniqne"'”' L

hydrologist.  As snow water equivalent tends to bhe spat.iallx LuE
7.

iable than: snov} depth, ground sampling procedures may e somcwh,,;, s
Ideally though, a direct measure of snow water equivalent is prnfrrn u LJ

Loy,
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‘”m)w watcr equzvalent 'I‘he main methods of estimating:.£
eq:l.valent from the airliare simply extensions of the)gamma rre

techniques described for’ ground based systems: on:p:.140... _‘
source method can Btedd
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but a slightly more powerful isotope is used. The source is buried in
the soil and is shielded by a lead collimator which allows a cone of
radiation to be sent skyward. . The aircraft ‘or helicopter flying at a
height of 100-300 ft carries scintillation detection equipment and
electronics to calculate the time period spent within the cone of influ-
ence. Accuracies of + 7% have been quoted in reference to ground meas—

ured water equivalents (Ref 322).

By far the most widely used method for estimating areal snow weter equiv-

alent is that of natural gamma attenuation (see p 140; which has proved

favourable for both American and European snow conditions._ As the Earth's -

natural emission ¢f gamma radiation is very weak and con51derab1e absorp=-

tion occurs in the atmosphere, platform altitudes must be kept as low as

possible. For this reason, and especiallyin rough terrain, helicopters

are generally favoured, with flying altitudes of 20 metzes being f“p:cal

Bissell (Ref 322) discusses the nuclear physics asperts relating o iso-

tropic processes of natural radiation, and pinpoints the mgjor. source of

error in the technique - variations in soil moisture being the most srg-

nificant as over 70% of the radiation can:come. from the top 1O cm of soil.

The most commun sampling tegi:nique is to fly a linear course before and.

after snow nni to either monitor gamma radiafion levels every few seconds

or to sum counts over specified distances in order to obtain a mean value
(Ref"23). The aerial flight lines should correspond to conventional : .

scursce sampling lines where snow depth, water equivalent <and surface o

soil moisture samples are taken. ‘Typical sampling procedures are.expl- 7 o

ained by Grasty et al (Ref 324). From surveys carried out'in the Fille— LT

fjell region of Norway using helicoptersq pahl and ¢degaard (Ref 325)

found that the standard deviaticn.of their measurements Vﬂun°d by + ~10%

compared to the standard deviation values of standard gravimetric measure-~

ments for snow water equivalents in the 0-30 cm range. Tollan (Ref 310)

found that in mountainous areas of the Pillefjell, (where rock was ex-

-:ml,,,,POSCd in parts) the effect was to lower the apparent water equivalent
,npf‘w;value by 25% nompared to gravimetric samples. ObV1ously. best restlts

,,:"'f” are to bn obta1ned in flat homogeneous terrain having high background

> ”~kgamma counns and. uniform soil'mhisture levels where large areas can be’

Ur»@{ychered hy low flying ‘ajrcraft. 'However, for difficult upland areas.

. . this. is. probably the only technique which can still produce reasonable T
. water equivalent estimates, but the, widespread use of helicopters carry- T
.ing specialised equipment will result in a costly data collectlon system

[Ref 376) woo o LR o
‘ i N 4 AR f ) R ' \“: : ’ . Lo iy

w *., " ”\' ':‘.,.f‘i.‘xf.?r Yo G e _
:qa-ry iittle controlled research has been conducted on the effect of v -
snaliow snow and ice on the return signal from active microwave systems o R
B such as SLAR, What little work has been done comprises mostly post-
v evert attempts to explain anomalous signals from various snow and ice
uypes and therafore until more evidence .exists, the possibility Of i s
jinicrovave SEHSlnq of snow water equivalentfcan only be subjective. _ . o
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Generally, microwaves can penetrate freshly fallen dry sSnow and the ro- -
- a ultingwreturn signal is often lower than the surrounding barc ground :
kTN ‘Slacieri ice produces.a very - low return signal when in'a pure form.v'_O]d
snow or firn however -produces antextremely high® ‘return ~and «o; by dJ{l/
monitoring of a snow field, the onvet ‘of melting should be detectable fof s
(Ref 315). As variations in snow. dielectric property and’ bulk effncé'
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. equivalent, but data processing costs are likely to be high.

~ds already being incorporated into the programmes).
“and infrared wavelengths, snow normally has a high s:.gnal/no:.se ratio
and so expensive data processing and ennancement are not necessary in order
Because the observation of snow is not restricted

" of cloud is carefully” recorded.

" esver tens ofmiles.
.-Aslicing {see p. 68) wusing Agfacontour f£ilm, two levels
“ness were defined which delineated the  extent of continuous snow cover,
““and an‘arbitrary ‘value of thickest snow cover within that area. . 7This
“was not fotnd ‘to be’ partioularly useful and it was felt that an index

. more meaningful .o
-experimental area in- the Swiss Alps, but found that c:omplete studies

BORYL e

':'g.,-ﬁable during the test period.

I:
are recorded differentially according to sensor wavelength, a multi-
frequency microwave system may have the potential to measure water
One of
the findings at the Banff Symposium on the Role 4f Snow and Tce in
Hydrology (Ref 327) was that for the U.XK., the likely economic benefits -
resulting from remote sensing of snow conditions would often not justify

the cost involved, whereas in areas of high snowfall, a small improvement
in measurement accuracy could result in large savings of water resources; :

fliocd drainage costs etc. Nevertheless, the likelihood of £1looding
after snow is st11l a major problem in the U.X. and Ref 327 Qescribes
techniques which enable estimates of snowmelt/rainfall flood discharges

+o be made.

e

- Satellite methods

a): Snow and ice extent.
has been shown to be feasible to the extent that it is one of the fow’

hydrological parameters which is measured by, satellites on an operational
maeis. The main reasons for this are probably that the presence of snow
can be recognised on a yes/no basis with the result that quantitative

analysis is not necessarily required (although as techniques improve this

to observe its presence.

to narrow spactra, data £rom many satellites can be used. The major

- drawback. against mapping.snow from high . altitude&. is t.ht confusion de"iLd
by intervening clouds.

When airoraft-—borne snnsors ‘are used, snow moni-

toring is either restricted to clear sky conditions or else the presence
"With satellite data the decision re-

garding c.loud prezence must either be made directly from the recorded

imagery or else by checking 'with meteorological grour'd obse'*vations across
- the whole area of interest..

ne : . e
X ; g

~--»'I’he most precise mapping of . snow,,extent has been carried out usa.ng ERTS/ i

LANDSAT data by both subjective visual analysis and by computer digital
analysis to try-and derive .a "snow-line" Odegaard and Skorve(Ref 301)

\'found that it was visually: impossible to define a single line. represent-
“ing snow extent in their ‘study in Norway, especially during the \.,pring

melt when t‘né transgression from complete snow cover to hu snow may occur
However, with the -help of photographic density. '
of image bright-

giv:mg percentage sSnow cov,er w1thin a river catchment basin .mu]d be
Haefner (Ref 329) eompared ERTS imagery.with an

could not be undertaken as only one good quality ERTS image was avail-’
: Automatic recoqnition ‘of the snow was .

not immediately possible due to the "different brightness caused by dry

. and thawing.snow, different exposure, slope angle, snow and sun Shadow

etc and pre- proceesz.ng techniques had to oe dc.\fiseon to overcome these

The mapping of s.now extent from satellite data -

Also, in the visible

_‘j,,.?_quency of LANDSAT 1 did not make it entirely satisfactory for this type

.+ more contrast was apparent.

‘" photographs of the same area.

““'to forest density, ‘distribution, maturity ete.

and cloud’ f8rmations possessing bharp edgas’are present.

_Serebreny (Ref 335) dlscusses the use of time lapse process:.ng techni—"" “
ques of LANDSA'I‘ 1. derived ‘Snow dafa in order to estimate snow. acoumul-;:_

“.\,'_\ o .

slice the resulting image to produce a 'snowline', the area within this
line then being calculated. Also the distribution of dry and melting
snow was determined by density ratioing of band 4 and 5 with band 7 ‘
because strong infrared absorption occurred with wet snow. Band 5
(0.6 - 0.7 microns) was felt to be the best for d"y siinw mapping, as |
This is alno confirmed’ oy Barnes and

Bowley (~ef 330). In a report sponsored by the U.S. Department of the
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Interior (Ref 331) a snowline altitude accuracy of 60 metres is said to |

be achievable using ERTS-1 imagery, whilst Meier (Ref 332) in addition

to quoting the same altitude accuracy, claims :that o specific drainage '

basins, snowcover was measured using video density sliced ERTS imagery
to a repeatable accuracy of + 4% (by area) of the actual snow cover.

"Although such accuracies may “be possible under ideal conditions, all

authors agree¢ that the presenLe of forest vegetation qreatly reduces
snowline Aefi"ition so that 'snowlines' become almost impossible to

draw to any deyree of accuracy using a single image. However, Draeger
and Lauer {(Ref 333) devised a training method to help interpret snowlines
in forested areas. : Using ERTS imagery, high altitude UZ aircraft photo-
graphs and ground data, snow extent was carefully determined in forested
areas, and these were used in training sets in combination with no snow
After experiencé with these samples,
mterpreters could distinguish snow extent from new ERTS imagery, pro-
vided that no-snow imagery of the area was alsc available as a reference
This could be achieved
to + 5% of the percentage cover estimated from low level aerial photo-
graphy In addition. *'o problems created by cloud cover and vegetation,
Meier found that the .aiii. ity to map snow cover also depended gréatly on

e groqnd slope, texm A roughness, sun angle, radiometric fidelity of.

thé: ‘mage and 'amount Sf spectral information available.” For these
reasons he believes that a fully automatic mapping system would be im--
possible to achieve and that interactive control of the process by an
experienced image interpreter is necessary. -

The methods employed to overcome the effects of cloud on snow identi-
fication are all very similar. Snow presence in mountainous regions is.

: closely related to altitude, with the result that characteristic dendritic o |

patterns are formed.
-appearance and possesses . quite uniform reflectance, whereas c.louds vary.

considerably in texture and often have a mottled- appearance due ‘to shad-"f*

+ In low lying areas, a snow cover has a. very even

owing on one.another. WHete a 'snowline' does occur, 'its’ definit_ion,_h,_.]i

e

usually very sharp in contr'a‘é,c to cloud edges which normally appear;;’;g s

diffuse from’ sate111 te altitudes, When clouds are present, ground: -

boundaries otf*‘* ' The biggest proolems arise when fog, oroqraphic cloud -

of high temporal frequency is ayvailable, _such cloud formations may be
identifiable bystheir movementu'see Ref 334). b e e

e ¢ . . . L)
3 N

ation and.melting rates throughod\.’ a season. but the poor ternporal fre-'

“Where imagery -

i

"shadowsare- often vi“«‘iible, “buth where snow is present ground features .can. v . M
‘normally be *ecogniseo ard may even be enhanced e§. river, roads, forest.
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combined £frequency of LANDSAT 1 and 2 may be adequate, prov:Lded that
cloud cover is infrequent. In the UK however, the chance of having
clear weather for two ccnsecutive LANDSAT passes is very small (Ref 336)

Because of . this, the continental mapping of snow extent has been based ‘ ,‘
on lower resolutiocn but high temporal frequency satellite data such as ‘/ _’:q.‘ o . ,'.-' .;:: ot \\
afforded by the ESQA,";.IMBUS, NOAA and TIROS-N weather satellite serips ‘ ‘Satellite | Sensor* '{";d' <! f;r Period nf ’opertf ic'a,p
(See rable 7) . | ‘J\ . ‘.'\‘ “]E,’ .- . el i e i . /'ir { Lnia E ! ot {r!,! ;f//‘,{‘{. o l\i L {\ _. ,-__1‘,“) , TS
. Vi .‘I ’ * . : l.:f‘; : s .".Jr l1'ﬂ‘ " 'tf;“‘i.‘.i‘lr:( ; ';}' ;;" "‘(:]Il"jil o
Whereas the sensors on LANDSA"‘ huVL a grcum” .ﬁpsolutson of approxlmately ‘ Oxrt 2 1.966-O«f*k't 9 1{4(‘8}
80 metres, the resolution. of the imaging weather satéllites ranges from i i i z»—r.u-,\ iﬂ'\i;q
about 1 km to several kilometres. Barnes and Bowley (Ref 334)producéd - A {Oaé 25'“195’ D‘J*,\"lﬁ?‘?
an Operational Guide for Mapping Snow Ccwvexr from Satellite Photography f'xug 16 1968-—me 19,‘-"“49!-«7«-'
- e E } e n"r
to cover the period 1963-1968 when the early TIROS and Essa series were 8 ‘ ) Dec. 15' 1968,” ,.present R
in operation. Although the guality of imagexy has mUCh unprc"wd since L ’ S S "l !
then, the problems . encountered and the methods of tackling theém are much “‘SSA 9 . ‘! -0 IS u"';_ Feb,Zd‘“‘ulgp‘BJve‘\., b=t i ...9‘73
rhe vime “anc* ‘the manual would ne useful for anyone interested in-high e ( ' X P
ot S L 7 n.zj* 19 O-uune 7, 39 '1 “
oal h..":rude ‘ai; ~‘«c~r\={t or sateldiite snow data. Some early snow mapping using. I""o ,_‘.1 N R P l 3 5._}3, 5 IJ?M 2! T _
© 0 ghet NEMBUS - 39ivitle and infrared data is described by Weisnet and . o U APTT '.S,'Vc') 5~0. 5 b
"" o rchinﬁis”‘(mf 37) “‘“‘d McGinnis et al (Ref 338) describe the more rcrent L \SR } fpju <i.«23_7-' 7311!‘-'1
'g-.“\‘ \ W work ‘using NOAA 244 1A Ea - Which have had a temporal frequency of up to % g NRC AN ,a,,‘ oo 1Eh/~’ M

TWC passes  per day'jenasi: &ng.-any clear sky areas to be mapped when tney o R | 1. |
cc \ - ‘; . )r 5 ‘4 2" i £ r ' . :'I Fee . ,‘"-l" : PRI
o ur}. - The .sensq 3 u,e re 2 v.1...,1 ble and thermal infrared scanne NOAA'2j, | . MHRR / 1-1.9 Oct 15' 1“72 Jar.uo, 15
(-aGfJ”p. “45) w“ucn ., .ve Y maxj rr.um ¢ ,,.e..,imta on ‘of approzimately 1 km/ but D O B T : - . ‘ 1. e ,___._ / S ” :
HDJ--J*UrOWdVE SenEOJ-\‘S are. advatli}‘»ﬂ h}lu"‘n wruxd allow cloud pm_m,tratxon. o R o ""r . e Yo 1015'1)9.5 um 1-1.9 SRR e e
: o . ’. .} _‘g L M ’/ ,’}-r_,‘_‘ G . ) ." » "“""':f: . e LI !r f'f “‘) . - ) . R "_“}:4"-«\?"!“‘ -Jf FERTINS ,.‘,,‘ LR N "
srow boundarie., loca: ed by ey a \-re T.rarsferred from the unrectified 4 o o e f,.jf* % .:.R*.,\.;.‘. : . 52_0 73 3.7 ' na
\ o . Y \ e r) L]\ um - ' R \
“sazellites zmaqery ‘&8 base maps».a/fter optu.al r,._c:'.ltﬂcauon., ThL; R S i ;; \

I3

V’_“lcbc‘at.iénwom thel: ‘nnw\\w]’iqe in'relation to x&grour u\..x-'"’f__}{ grr»\-s‘,w n!S" fr:,gnd o
ic. L be ‘ﬂasmét when.ai‘.‘unmge pattérns werd visible ‘as i (nc‘b,\‘“éi‘-f'_...‘._n |

m,uﬂi i b-.,t‘accuvacv c"‘ 48 kfn S olarmed, wz.th c-ve.Jral. - ;&ﬁLuma ol

sﬁi&;é' as NOAA 2

" '_’ ’. of the ground ebsetved|vhowiind. The Naticnal Zavi f&nmérz?.'.]’ ‘ | | ' ol B
" s 8, i ] o] a ¥ - o ' FUNR . | - . \ ’ "L{' :" s . ' "u “l.*.:: i g | ‘ S
K “Ser-nce% {NFSQ) branch pjt theantior.aJ ‘ Cceaxiici,anﬁ At ospj;,% 1,~.}\!r..14(111.n1 R @y NORA ' fepd, Same as NOAA ‘2 Nov.15, 1974 5 present,% .
e B ratipn.ad NQAJAQ_J «_\;i.n .,\Ia&'(m ngton ha\fe,q. ¢ 5noinne - : - P ) : BRI
chhrts for,_t"he;whole cfk{th northuf L 9X L _”:i"'-Same as N.OAA 2, h A i QT'T"’”\’““” 3 !

fr

"‘E«uf\ £1 om N{[)AA“.Iu,at:L‘. dte dat?} anawk.ﬂnc.\ 1G: hlbou{ndary maps ,;,t;_V; 3
S ,par wg't *’1{J {one: wpeks‘ sat{elljté data ‘“"5’ ‘wh ;.-'ew:lgmd{ cover: fJ"L
Heq?,a;i.he ré“é,ultant.ffbcwnqarios are .Jj.:eragfd to \cfgivg}utne meun n,r-nthly* ot
boundar {Red 339) f*\dn‘ort.unatelyi, e datu onky extends noxthwﬂrds
- latitude - B2 N#as it wes felt: th‘f«t beyond thig, little cont:.ru.m_al AT E VR
-varlatimm:cc‘mrrem in winter. 4N’ mapé:jmq ‘hias,. therefore.been carried ,;:’ﬁ';
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f'_',h’_f‘out fo Y(‘any”of K oy rIoi*\E:nen. ?}"Fu«ope. CUAfter- analy ing" this ‘data over; & o oW N L “}, MM‘ | R
Bt ga O yealt period,’ weisnet\aﬂd“‘ Lb ﬁnlw (Rsfw’f‘BdOJ f"“s\qnest that ‘an. An-ecederh. ERVERE] | R ‘J (f"“" AV:'.?;,-'&-- .t Advanced Vidicon Camera System
: "'j.i-;:Snowc.hve “Telhniqls” may g kiow fateddsts ~to be  ma) 2o, onia 0y 60 :'nnd 99 - S [ e S AP }\utomatic Picture Transmission
0, day basis, but that furthemvel lflc..atron ...ay bﬁ necps‘.,;},. L .rannlng Radiometer
. N N AR S \ ’ ‘?':fery High Resolution Radiometer &
o e i . g L Lo :,"Vimble and Infrared Spin ‘Scan Radlometer
wr,e.n., RS 75 adduta.on to £now mapping L\y v;g.:a.u\‘ tecbniquo con.qldrnra-b]ﬂ expvri'—v _,) e B e o sy,
“oy .. mentation in semirautomated.racognition methods has been carried ouly, S N 016 falled 3/3/74 L ’ o

q,a\\--'

.- '-‘f'b“t thelé"are ‘tOO 1Phgthy stc.,sb& a4 scussed here.  Some of thede mnthudm YR
U are desiiribed :Ln,‘the publlc:ati_On .'Sm.,w survey from Earth: E;atr_'lllt'n'-, g e
- prodiced by WMO = (Ref 241): and this basarally updates the er'ViOUbly :
o f’:.ﬁ menticméd Barngs and /Bowley ; Héndbgok. w7 ‘Most of the described methods
£ trely’ oniimage threshold brightness: varues ‘for snow “recoqnitlon,_'purpocses L
" ‘ (Re:.' 342}, but as mentioned earlier, allowance mistbe made for, the

RN Tt
‘.,!

gNowW: wetness variatlons
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' ._,_.‘.-,-‘('r"‘:‘ _f\‘}\‘,;\ ;,‘,: ‘ ,\,.,.! K “_ . . . . i T . TN
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et he,av:. y‘ L.n accurace .-,ensor cal:.bratlon of br:.ght.ness values ahd there-- e
, 1(‘ \N’m‘e ar:omalwsv caused by sensor or recorder drift: can- somei:umes-)occu’rs-\\ \i

o NN N s v ks |
o aj’j:x fprbre?-.;elng J.mprove‘ .'ent hawever is the capability r'f removing""
ad .r‘ r‘l..hroug.. Lt:.rnc..'-'l-élp‘--“’- i:rocessing""', ,W:,;th‘“;‘i?ﬁ’he se of daily

ﬁ as’ NOAA ’ daily data 5ver a per od ‘o PR
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proctssed PZhA nultaneously.l By removing all but the lowest brightness
value of frse"e imkyes at a given polnt during this period, most of the
etfects of . "*ri.': "lem.. Mmasses are :emoved These and other computer
prucessing rec:‘-nmqﬂe., s velr-ped'ltnr .3now depth estimation could not

, possibly be carried out;’by “’eye, ‘:,-.rIn addition to snow mapping, atellite
 thermal infrared imagefy . has: beess used extensively for mapping lake,

" river: and near shore ice and some of the findings are described in Ref

120,

b) Sow depth. Iu the visible wavelength regions, several attempts

have been made to relate satellite derived snow signal brightness to
" snow depth, and the results ha''e all been very similar. Using NOAA

Y vurp visit>le data, McGinnis et-al (Ref 338) found that measured snow
deptha correlated A _ri‘l. with image brightness. For snow depth less
than 30:cm, '!“arkm "'_'_:;yereases in brightness corresponded to increasing
. Am, VoG cm, little increasc in brightness was pvident,
‘; although the brihnt\r_st areas still coincided with the areas of deepest
iy SNOW, S:Lmn.larly, 'densitometric measurements of ESSA imagery of
X i"‘rawner Basin., t‘anada (Ref 341) allowed 4 distinct ground conditions to

L
\ie recogni sed:

lig \w |
.!-

(l)'df’%rcas free from snow which appeared. dark or black.

e e . .
2) - anovg (:OVLr up Lo 10 cm. deep showed as yrey with some dark patches.

Vo 1" ﬂ’ 5

. ,i’fﬂ3)1 bnw crwer 10-30 cm deep showed as continuous light areﬁas ‘with
" “owd*-onel mottled grey patches. T -
i . . !

orovf deriﬁtr tl*an 30 cm showed as a continuous bright white.
Ay e e
Wb ! . - 2

: fll
The garlier ';\:ork of ' Barnes and Bowley suggested that brightness/depth

.7 rela !mnsn LPS u\ n non-forested areas existed for snow. depf'hh- ~up to about
4, inlghps. ,ﬂ,nsing LANDSAT imaqery, Odegaard andASkorve (Ref 301) carr,ed
slic:.ng and were able\} £o’ sepa a*'e areas ‘of, thickest
- gnow 4N, c\pen)}land, due to its. hjq}l\E-at refju LI Letested areeef
b thosu withrno sabw’ cem”usuellfs gsc, aistinl PR rom’. /‘witj;h SNOW 417 i
2 Vit Iitt\_e,- for Ho' variati on(‘in brnghtnees' 1.\apperentuwlth i_n"rc.asinq '
. snow depth. Usually the deCJ.sron on the. posrtiening of a snbw linr-
ey much mere difficult "'_o ‘make in fores tad Areas.i - o G oo s
) : L N ;,,.-, i,' T e e Ju . ,,u L ‘“‘,; ’C“,‘,,:_:"._ _“"-';{{:,:__ o y/ it ; R
o 'I’he use 0 £ i‘hermal in*‘rm.ed seneing gnnnot he recom'nende:av ag, )3, 1er~n-
M, que for estimating st depth, although useful’ ',informatiun may bc, r; ‘u
obiained regarding“the  snow’ surf:‘ac{-M condition. - Although m'casions ray
y“occux whenn snow surface.- temperature does relate to snow dept}:, a lot of
grouud information would be requirecz fto establish “this and chanl;es could" b o
stih bccur very. rapidly T’ne oresence '\F melt waf'er ..on t}} snow ' ‘
bUlfaLO for erampie can raise “the se

L qround*lﬁ thin a revolution cell can booat theé mean temperature well: ' A4
A,above\ 1.}1at-_._ of w_he true qnow t.emp rature. =imilarlyuw1th mic.rowavred -
l 5‘1‘3?};““" e ._s_now depth/s:.gne%l response correletion mev well "Bécur”in freeh
/)\?rﬁ, >1=3 'u'lrions overlying“ i‘rezen grouhd ras Y ¥Yecorded oy the: S}‘/l

v 104“].?&19..:5_\78 mitrcwave rc\diometer (Rei“'gdél) In ‘wetfar: donditions «ni

hm;gveru he e-anson is” morc.""‘ aly” ¢ ; ..
"L wa ter Wit*iin the ?snon'e-ek._.' rathe; Lithan'to" “the "gnow: dept'h Infr

l LGSté ) ‘Jsingl,the ‘Skyldb 5- 103 .2 crp {'cr tterof:.eter" (Ref 344) l"“Sd]ft@(ﬁ —‘-_,'i
: /i MR -

faet U Sk . 3 [ R e 1(}”
- < L

. ). nedd' tehperature: o 100408 158 above A
u o 27311( (lie:F 343) andufrom satellite altltudes, sthe presence tof) warmer ba

egpond, to vatiations in’soil. moisturs

.
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,rm{,} ing.: uhanoe t.nrouc_.,h( rv*mote senc--'_, m

in a positive correlation of return signal to snow depth, but with a wide
degree of scatter. Further intensive testing is required before mi.cro-
w.. e results can be used with confidence however.

c) Snow water equivalent. Because microwave re.,po'zses from snow are
greatly affected by the dielectric constant of the snow or snow/soil
profile, and taking into account their all weather capability, microwave
sensing techniques must offer the greatest potential for snow condition
monitoring from satellite altitudes. Even if a reasonable estimate of
snow water equivalent cannot be made, the daily monitoring of a snow pack
with microwave sensors would enable important changes such as the onset
of snow melt to be observed. Microwave sensors are well suited to sensing
snow melt .water and Edgerton et al (Ref 345) found that microwave bright-
ness tempc.ratures were responsive when the snow's free water content
exceeded 2.5% by volume. In addition to the dielectric effect, Waite §
and McDonald {Ref 315) believe that the physical structure of a snowpack...
plays an equally important role in the determination of signal return' ..~
magnitude, especially in the case of old firn which produces an unusually
high;; return gignal, Schmngge at; a1y (Ref 320) found that these effects
of - "volufne"scaftering" pecami-noticeable. for free space wavelengths .
shorter than aboue 3 .cm... Wwpen.liquid water is present however, these
effects are over -u.ed -wAt wevr'lengths urom 11 cm ~ 21 cm, scattering
appears to be’ less important and dielectric' properties become more import-
..ant. .The rise. ,xn nr Lghtnees tc_mptiat.ure for wet shnow indicatts that it
may be possible'*to"deteﬁt the onset of snow ‘melt by measuring temperature.

'g I L e

Althoughs\mitrowave sensmg is used extensively in lake and river ice studies
(Ref 3463 and, in ‘motntiin "and polar ice-¢ cap studies (Ref 106 pp 213-220
and Ref '347), olfficulties have been experienced in modelling microwave
emissions from Snow and ice surfaces (Ref 348) and considerable research
is still required in that. direction. - - However, asywavelengths shorter than
..those of microw.avcs,,are incaoable of, any enow penetra“ion, any satellite o
derived ralaiy onships to .BNOW water equivalent can. at best be only inferred
when using short wavelenqths. -1t is certain therefore that as synthetic
aperature rade“r systems con.e into mere widespread use on: satellites such
as SEASAT,”"'et.h..iqueb Wi.ll he gdevelopedikto better understand their signal
response fron snow; rack\u Satellite derived SNOW . COVar data have. ‘neen
incorporated-into cotcMment hy: ,ro...oqieal .models: for /. ‘.-» purposes of run-
,‘woff ‘prediction . {Ref 349),u=ihdximpiroved;metheds of water‘equivalent esti-
| matidn wolild.ba: of, majbr s:.qmzioance iin‘water resources studies..
RN - SRR (N R e T

. o ’I‘HE F'UY um. APPLICA’I IOI\‘ OF REMOTE sthmf*' INI: hji'mol or-gd
) AT AR EF

-t

o e

. _\? e

’ ”" H ' "“ f" n'l RO § AR £ DR R K M e e M ey e T

( 0 ‘n&global sc*-w( the Jotent, ial for acita, collz.c ion, and monitor- .
.lrr o k . ,..r‘; A " \ Y
3 " éut what w theﬁ_‘{}ilﬁ' H"\,.._.;. d

b

ection of whydrologig;at
'remote sensinq rlarcfelyh

;
A




“E - R _

L
-,

‘ "'. LA
sensor surveys}! is providing hydroloqma] or related inform=tion which

has been hitherto unobtainable in remote regions of the world'] nr’ in
poorly developed countries. 1t is in these regions where reinote sensingﬁ'

"
[ . hor . . ) . . . : I
. . E . . L : . HEP Y A .

: . . I . . o . . w.‘ \ B

purpoa:es appears to be as.t.-ured through the European Remote ‘-‘enaing Spacc. ‘}i o
Proyramme pregpﬁ;ed by, the Burcsean Space Agency... The developuent afa . -
! European all—wweather: sate}.lite sye... m. has been qiven hign. prj ority. wit.hin ’
is likely to continue as the major source of hydrological 1nf4 tmation, the progr amme and First tegtin ~f a synthets i a h
hecause conventional ground measurement networks are either ; 9 ynrheree apertu @ radaz which b s

:I:;:f:ﬁ;ze tcor are. 1nadequate.g However, the prime functzon\of remote O - been designe m m:]i? Eun-ppan Tequirements will tak ? place in early 1980_ -
“sensing is m»uz t> lie in the provision of information on t e areal S N E | Y Spacelab-l‘ molao:als have aleo heen made for che 1aunrhmg i i1

/ b inte of known value as o red op S I L _sayallites ‘i 1985’and\19b which 'v+411 also- catry micruwave sensors. It~
d:.stn.b..ttlon i arxables etween pOd . 2 hose areasl OF | | therefors. :hignly desi}.arlé t.hat research inté the- hydrolu.;ical‘appli-
the ground, rather than as the sole data source. or 1 ole p u g catwn of mi=ovave data is started now using-aircraft{mounted sensors,
the world which are favoured with low annual or. seagonal c oud cover, - P in order Lo 2 zeparp the patn for future aateihte data. N

r

At the moment,
satellite’ derived data of" ithe U.K. is that of cloud cover

large propcvrtion of the pr esently available data could" be applied ‘how to | 1 I [ t _ .
into hydrological applications of satellite data should be cor.ccntrated S ‘a W.R ' uadertake i = reseaxch oni tr'2ir oOwn,but t“é <5 srh datied qrcwt:h of the
In this way, first hand experience of the problems of rElatingw atellite | : . !
; e ‘ ment Fa nbr.*.,cugh. should enable researﬂh pro‘octe of thi\ *ype ‘to- bca;
requirements can be obtained with the a a i i1 ggle o e BB o undertaken fhxcuqh the use of central,;covernment reliarch’ facilities.'?
a ion whon_ redular satellite data is availaplewi .. ./ R .. ‘It.dé hope»d +3at in the near future, an z...zcrhft ‘equipped with\ sertion
the greatest barrier ar‘*‘“ng against the aPPllC;;m“tgf'“j s R be made avaiz able for the cullection of data.for ‘research purposes. , .
; Ao gt O e oes'is losa than about once Gt U‘:g 'ia;:rs 1 I“‘“'.'_" R .l e o Larger amounts - of'data are prdduced- fron testiEl{ghiHs smaznly An the fnrml
requency’ © D $ 3 N
the -chaticas of even two consecutive overpasses occurring in cilear, ,,eaf,her nandling fac:::.._.x.itiea. 5 Again, .._ne_dqtu.t.al Cenuis: for Remte '%ensmq 15
fr o (F
toring of. .the .ground situation is rcqt*reﬂ (gee. 'I‘able 4a and \b)‘”’anfp S LR Rmem o processing Fa«::ilities (s such as their present IDP- 3000 imaqe processor) |, Lw
and cf personx ¢l who can undert..ke or advme on da&f‘! hanﬂ" irg mefhbds o
po /A S Crf L

. hydrological probiems and therefore it is in these regions where resed : . Sl © ' Netliler wa" e At harities nor research bodies have ‘the. facilz.ties o
- Natioq’ﬂ Ceny.xe, for Remote Sensing based at ' '*n.a doyal ~nztcraf Estam .sh-
data of high temporal £requency to. say, operatwnal water re¢ saurcos o t
im of - ultimately applyinq thig .

'-1owledgc to the U K._'_'Pi.t'uat' | |

o D | - R RETI of remote Lorxssor’ including;;_hose .operating-in-the - microwave region '_1.\},_1_

of magnetic. T-.apé records) which necesairatesfsui:har,-.,xe ‘ccmputet ibased .\.._‘f-';;‘z
COﬂdlthI‘S are remote. - For many hyare: Ljoglcal purposes , £re-quent mom expacted to E-Iay a major role in ' he c“~ntra1 isation, of l;u:ge, c{;mputez‘m\ ,__ J“_
therefore 'a -large proportaon of poss. -,.:. ate) zt.e appl.,l..f‘-dt.lons are e o e ST e
A f S J‘." i R T - (ERTI I . -‘.u I" . /‘, ‘,\ i - _\. (g - i -

...tmmedmtely‘r-{ﬁled out through thia \,inéﬁh\.l\lﬁl & tj?;(,_a i ) ot e T DR ;
,'1"191‘0 ﬂppfhrs to be Dnl{Y 10 ways cff -dealsing: Wi »o e i e R orid of the mann‘,}advantages of a.t'ell.’ut:n senﬁing is the® synoﬁtlr- view =
N : B : S e e ey 0 L. which is avai 3 ahle and often,; the whole of the U.K. may be. recorded with-

\i: o L : . Ny My A s,;-,-'f!" , ‘
(1) aevnlop models of hydruloglcel f*ys .tems which ?er af“a,..\a""lv of rua-niﬂ? BRI I .in"the iwath %~ 1dth) 6f . single overpass. ‘Because of- ‘the large amounts .
w Hont i‘@nventional ground based data, but which’ will dccept. -+»-1te1mitf,.,nr,‘ e o o @ of data’which would ke’ pr(t quced by a:high temporal frequency ‘operational .
-'hmotely sensed dcta as a bonus. rowards the 43, $Lr.‘_hht10n of pou.t: :.a:;ar o - satelllte, it wouly therefore be most efficient to process data for the
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e
Aerial (moaaur-at:h} x’,‘ w maour-onr of a- surf.a:a or obJwmect taken from an aerial platform
(e.g. aeroplzus). ' \§ :

Areal (measurement): ‘A maaaur-ant o! area or variaticsmss of valus over a given area.
. .b."*-.n-g-:.ﬂam The procau-.bg which radiam: onarqy is absox=2e and convorr.-d into other forms
* . )

r-“h-

parpendicular to the dizemmction of flighe of a unaor piarfom.

Act.ivo sensor (or system) :rfl. A sensor {or systam) its own sou:co of EMR e.g. radar.
2. A sensor (or system)|that measures EMR which is reE="1ccted from A suxface or object and
not emitted by the surfate or objeor. (see passive sexm-- L, tor comparison) .

Albodo:t‘rho ratio of the amount ol t.otal m reflected Ly a body to the amount inoidanr
upon 1it. G

Aor ,u track: Any line m

'_r-.

hori —=ontal to an object situated boiow

Angle of depression: 1. Any angle measured from the
hox——isontal plane and the line of the

the observer. 2. In radar, the angle £onnti by the
radar beam to the ground faaeuro. -

'Aionq rracks Any 1ino ruminq parnl’el ro rho diraorion L= :ugm ot a u-.u m plartorm.

angle of incidence: The angle at which SHR atrikas a sur"”’acc ' moasure-ﬁ fr-a U*a normal to
the surface at the point of incidence. /' 3 : R ,

Angle of rellecticn: The angle which EMR roncorad fron 2 ‘surface wako: v# rh the parpcndicular
(nomal) to the surface. i

Attenuationz Any process in which t:ho £lux danairy (or eV, amplitud- or intanaity) ot a
‘parallel besam of snergy decresses with increasing discasmeace from tho enorcry aourco. _

Backscattar: The :catraring of radiant energy into the ixssmnisphere of, Apace. houndad by 4 plane
normal to the direction of the indident radistion and X.-wping on the n-me side 8 the incident
ray. In radar usage, backscat:tar qanerallr refers to e:mat radiation reflnc*éd baok rowards

the antenna. ‘_ } : : 5 o e T,

1t

. Band-pau filter: A wave filtar which has a ainqle transsmision band axtendinq frou- a lower
cutotf fraquanoy grcatar t:.han zoro. to a finite uppar cmtof! !tequonoy. '

R R _

Blaokcbody: An ideal amittor whioh radiaras anorqy at tinem maximum pooaiblo rate per. unit area ¢
at each wavelength for any given temperature. A black EDSody auo abaorb- all thue ,radianr - ’

energy incident upon it. _ { f o e

.Black-body radiation: The theoretical maximun amount of :::adiant anargy o£ ail wavamnqths ‘
which can be amitted by a'body at a qi\*an t.amnararurc- : R : g

Borasight: To aliqn rhe ax.ta ‘of an i?a'f‘ l:(:f;,}?.wirh anoth-r. qana?uuy by opticai maana.
i i . ](.g B ) ‘
Brightness: 1. A visual perc.aption m alu.x.t ./ an area appears to emit more oxr less light than
another. 2. The unit of b:ithnolf,. ,*..h:—, Lambar;t is- d.:ginld as the brightnaal of a auri'aca e
which cmira or ranac.t:a ana/w lnman per’ aquara “‘lti.m.t::’d per. araradian. B . SRR
Brighrnesa temperature: 1. 'rha temperature of a rblack-body radiating tnc same arnounr of
enarqy per unit area at the wavelengths under considera-e—ion As the obgerved body.

2. The ‘apparent t:emoeratura of a: non-blaok-body detearmami ned by measurement with a: }rad.omerer.

7

Briniance-i 'rha deqree ot in*e‘aai 1 of a colour.

s

: R

rnraraa\in" ordor to i.ni::-:rrupt a continuous snn aiqnal in /,.,

f,‘"-rr_ |

v : Choppor:

A davica, which uaualy
trannmitter or r'é

aiver. _

e --3 . 0 u ;\ ",, ) ’;,J “1‘
v nendent on e wavelength of “the liqht which Lt it

reflaects. or in the case of luminescant.’ .0ty uhe .wavelexmgth of light which it emits. If the

~.lighy is of a single wavelength,. the oolr LapdBoatermed a . pure spactral. colour. bur if. lighy

of two or more wavelengths 1is emittad. cng ~6lour will 2 mixad. o ‘\

| ” ‘
Colour: The property of an ob"laor which

FEANY

y "Dielectric constant {e): The ratio of the - }ctric flux de-nsity B to the electric Eiel‘a g N
) . I \.H_ .—r)‘,,\ fr;-r-. o ‘b( ¥
Diffuse radiarlon: Radiation rhat dou ‘not” “éach: ‘the subj»-agt!from a single direction dg\\ .'-‘;' }gj*‘/ ”\

. sunlight which haa been scartered by the *{:moaphorn or «<=lvuds, i
‘i3 DLffusion:: . The gcattering-of EMR.upon -re: ‘loction from a.- mugh (at the . wavelength of the, EMR)
. surfaoe, ox upon transmiaoa.on through a tfr *\alucent medi_mm : . .
. ‘.--".‘-{) ._.-"' ) ] \ \a‘ 1 '. ) . .
‘ Diaparaion: 1. ] The saparation ot hnn into: ite, spaorral cc:-mponent hy irs .passage. through a.
diffraction grating or by refraction such as through a =»=ism. 2, The spreading o a

signal cauud by variation of volooity of propagation w:t.r-th freguenc :

Dopplor effect- ' 'A change in the obaarvud frequenoy of - ele-ctromagn tic
rasult of relative motion betwean the souroe and the obs-erver.“

e e e ey p e o
S it b ey




scattoring'pzoducod by spherical particlet without special regard

v - S ) L ‘

A clactromagnetic radiation {EMR)} ¢ Energy propagated through space or through material Mie scatterin Al

o : media in the form of an advancing interaction between electric gad magnetic fields. §¢ :o compqratgzo '1{. of EMR wavelength and particle diameter, gh

. ] !!-(' . ry K . . oL
Emt:;;:g;tu£2°og§;°"' by which a body emits EMR, usually as a concequence of its Y 2 Multispectral: Generally used for remote sensing in two or more spectral bands." -
. ' - 7 . Nadir: That point on the ground vertically below the observer. The point on tne ground
Em:;:t:gd'g;c:‘;T;.:h:azfizgr°f wavelangths and relative intensities of EMR : 5 below the perspective centre of a vertically pointing camera lens or other 1019129 sensor.
L | e - tent andom back 4 |
of exitance, & fundamental property of a material that Noé:::. Any undesired erratic intermit or rand _ §ac ground signal in :qnotnly gcnsgg:“

pPassive sensor (or system): A sensing system that detects

Emisniéity: A special case
4 is sufficiently thick to be opaque. Most natural objects .
| - by the target (see also active sensor). el

: has a specular surface an : _
- including soil, plant leaves and. water have emissivities > 0.9 but < 1.0.

gmittance: 1. The ratio of the emitted radiant flux per unit area of a sanmple, to that ;'&,.__, ' B
“ of a black body radiator at the same tempurature and under the same conditions. '... . o o0 ok
v for the radiant flux per unit area emittad by a body (ncw known

or measures radiation emitted .

e T P O — !

permittivity: The ratio of the ‘electric £lux density to the elactric field streagth (also

called dielectric constant) .

[

2. The cbsolete term
48 exitance).

pixal: (Short for picture aelement) the smallest slement on the ground which is distinguishable
on the final image. . :
polarisation: The direction of the electric vector in an EM wave. .

A filﬁo: which only allows the passage of light waves in one plane 6!

gquivalent blackbody tcmpo:atu:o:‘.rno tempsrature measursd radicmetrically corresponding
to that which a blackbedy would have, -

The radiant flux per unit arsa emitted by a body or surface.

" Extinctdon: t5ynon§mous with attenuation) The combination of processes causing reduction
+ "of padiant flux (in a specified part of the spectrum, angular dizection or spatial
ragion of propagation) when guch flux impinges on a body. -

£ emitting light féllouznq axposure

Polarig‘ig filter:
polarinatipn

propagation: The combination Of all processes other than absorption which'take'pidéé when
radiant energy falls on a body: it is the sum of raflection (specular and diffuse) and -

transmission.

padiance: The accepted term for radiant £lux in
density pear solid angle (eg watts/cm® sr).

Emitted radiant flux gcnsity measursd as power per unit area (eg watts/cm?) .

gxitance:

<

fluorescence: Property possessad by certain substances O
to external radiation. - _

Flux: 1. The rate of flow of some quantity,

_powar units (eg watts) and not for flux

P
I

often used in reference to the floé of some
nunber of radioactive particles per unit

form of energy. 2. In nuclear physics = the
volume times their mean velooity. - Radiancy:
e Flux density: The rate of flow (f£lux) of any quantity {usually some form of energy) through ’laﬁzant powar: Rate of change of radiant. snargy with time.
. , a unit area of ‘spacified surface (Note: this is not a volumetric density like radiant T B » e ek e _ ' o N _ ‘
.{gansity).- : o R ! : S -~ ' ; f“?gpdtationaf~Th¢-amislion and - propagation ot,en.rquthruugh”apacquqgmth:ough a material medium
' ~u"in the form of waves. ' The procass of amitting radiant enmergy. oo e
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