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|| FOREWORD
—

To Symposia organizers, having the Proceedings
ready before the event means always some challenge.
MANAUS/1990 has made it. More than twelve hundred pages,
including the papers submitted for both the 6TH BRAZILIAN
SYMPOSIUM ON REMOTE SENSING and the ISPRS Commission I’s
INTERNATIONAL SYMPOSIUM ON PRIMARY DATA ACQUISITION, have
gone through printing and are in your hands.

Several institutions and pecple have contributed
to this achievement.

In first place, the authors, which, 1in large
majority, were strict in providing the manuscripts in time.
Second, the o¢rganizing institutions, INPE, SELPER, and
ISPRS5/SBC, and the Commissions on Programs and Arts and
Printing. Last but not least, the financing organizations,
CNPq, FINEP and FAPESP, as well as the event sponsors: the
Canadian Government, ESA, NASA, SPOT IMAGE, EOSAT, cCarl
Zeiss Jena, IBAMA and CNES.

It is thus with a lot of effort and no less in
pride that we deliver to the scientific community the
Proceedings of MANAUS/1990.

ks aodiands /-—-Z:
Paulo Roberto Martini
MANAUS/1990 Coordinator General
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FULL GEOMETRICAL SYSTEN CALIBRATION OF METRIC AERIAL CAMERAS -
RESULTS: OF THE FIRST CALIBRATION FLIGHTS AT THE TEST RANGE BRECHERSPITZE

Karl Heiko Ellenbeck
Ingritut fiir Photogrammetrie
Universitdt Boun
Nussallee 15, D 5300 Bonn 1, FRG

ISPRS COMMISSION T

Abstract

The setup of the three~dimensional test range Brecherspitzé and the Eirst resultls
of system calibration under real working conditions are described. The high acecura-

ey of -the ground coordinates and the

great elevation differences in the range

permit. a predise determination of the full ‘interior orjentation and .of errors in

the image plane.

1. Introduction

Nowadays the Global Pesitioning System becomes
more important in photogrammetry not only for
precise navigation of Elight lides than for
recording elements of outer orientation of each

photo. The use of known coordinates of the

projecticn centers in an aerial triangulation
is supposed to reduce the number  of terrestrial
contrel peints considerably. Therehy the infor-
mation about. the real inner orientation of the
ariel camera-will be significant.. In the 1970's
field calibrations for checking the inner
orientation were nostlty carried -out on flat
test fields' [4,5], omitting the focal lenght.
Nowadays we need the full geometrical systen
calibration using mountainious test fields with
elevation &ifferencesaof more than 2 quarter of
the mean flying altitude to break ﬁhe high
correlation between -flying altitude and focal
lenght 1n an aﬂjushment_of-origntatioﬂ.eleu
ments. ' 3

2. The Test Range

The setup of the three-dimensicrnal test range

Brecherspitze and resilts of simulation compi-
tations were presented at the Kyoto congress

[2].

The test range Brecherspitze is 1 km by 1 X

large with differences of 380 n in elevation,
thgt means-ahoﬁt SO%.pf the.meag'flying alti-
tude with a wide angel camera.. The terrain
feature looks like a slantea inverse pyramid.

This geometrical feature fulfills the assumpti-
on for an ideal test range. The decision for
choosing this test rangs wag nade because of
the existence of the three-dimensional ‘geodeticd
test-net of high accuracy of #1 fm in each axis
of the local carthesian coeordinate system [6].
The geodetic met was built up by & concrete

pillars situated in the corners and’ the top and

the bottom of the test renge.

The photogrammetric test field consists of 46
-51gnal plates in a more or less ‘tegular ar-

rangenent, depending on. footpathes in. the area.
17 signals were coordinated in planimpetry and
elevation with an 2ccuracy of #2 to x5 mm in
ecach coordinate 'axis and 12 additional points
were measuced in élevaton only by nivellement
of +2 to *3 mm accuracy. The remainding 17
signals serve for stabilizing the dntarsectiops
of imaging rays in the adjustment,

3. Photo Flights and Measurement.
The configuration of the photo-flights fa a

four-fold hloek along two flight lines. crossang
in the center of the ared. Th& photo frowm this

crossihg vcoverg thé whole test fisld. That
‘meéans a medium photo gcdale of 1:5000.

Up to now only two photo flights Were measugedy
the flight of Rheinische Braunkohlenwerke (R®)
from october 1987 with a Zeiss RMK 15733 and
the fliht of Aerowest (AW} from August 1988
with a Wild RC I0. The measuring was done using
the original Bfﬂ—negatives an ananalytical
pletter Planicomp €100 with binocular monosco-
pic-viewing.'Fo;-increasing'the-pdiﬂtiﬁg accu-



Figure 1
Testrange Brecherspitze
with flight strips

A full control points

elevaticn control
only

signals without
ground coordinates

racy of the analytical plotter the measurement
was done in four sets with a rotation of 90°
between each set. This nméthod is very fast and
precige for coordinate measurement with analy-
tiecal plotters.

Both photo flights consist &6f 20 images each,
with 5 photos in each strip (side lap of 70% to
- 80%) .

4. Calibration

The computation of calibration results were
carried out with the programm CAP [3]: the
matematical model is the bundle adjustment with
the photo coordinates as obsevations and the
terrain coordinates and the orientation ele-
ments as unknowns. The fitting of ground
control is achieved by additicnal obsevation
equations for known ground coordinates weighted
by their known accuracy. The redundancy of such
adjustment is about 1500 observation versus
less than 300 unknowns.

The adjustments for the :two photo flights were
done in four versions.

In the first version the inner orientation was
described by 7 unknown elements:

- focal length ¢

~ priacipal point Xpe ¥y

- 4 parameters for radial (A1, A2) and tangen-

tial (T1, T2} distortionm:

dx'= A1 (r? - r‘czl -x" + A2 (r4 - rb'-‘} X
o+ TL (2 + 3x2) + 272 xy

dy = A1 (r2 - r 2} y + A2 (r* - ') ¥
+ 2T1 xy + T2 (x2 + 3y2)

with r = radial distance from image center
{ r2 = x + y2)
and r, = second zero of distortion function.

In the second versiom with altogether 21
elenents of inn2r orientation the displacements
in the image plane were described with a
parameter set of BROWN [1]:

4 = Al (¢ -z ,t)x + A2 (r¢ -z} 2
+A3 (r* - *} X + Blx + Bly
+ (C1 {=xz -~ y2) '+ C2:x2 §%
+C3{x* ~-y') ) x/c¢c+ Dlxy +D2y®
+DIx2y +D4dxy?: + D5 x2 y?

dy = Al (02 -2 )y # A2 (r' ~x,%) ¥
%3 (r* = g t) y #ACL (a2 ~¥%)
+C2x* ¥ +Cx*-9yY) V) y/c
+D6xy +D7x2 +DB=X?*y + D9 % y2

+ D10 x& y¥



#ith The third and fourth versions are for compari-
Al, A2, A3} for influence of radial distortion son: the elements of the inner orientation from
Bl,B2 for affine film shrinkage laboratory calibration are fixed in the adjust-

ci, £2, €3 for unilatness of the image plane

ments. The third version is a “normal" adjust-

D1 = D10 for unregular image displacement ment without additional parameters, in the
including nen-radial distortion.

Table 1: Results of calibration

fourth version the Brown parameters are the
additional parameters.

xh i yh i

: g |
Version . ! a c ¢ my | O
o : . X0
' %% | O%h ¢ 9yh | By | Yy
‘ ; i | 52 % “z¢
* [pm] (mm] ¢ [mm) {  (mm] { [mm] | [rm)
: | b

| '% | .
RBI 3.3 | 153.4783| 0.0113 | -0.0274 | 4.2 10-30
: 0.0057 | 0.0027 | 0.0030 , 4.5 10-30
: i 7.8 | 20-30
: I N )
RB2 3.1 ‘_153»4709| -0.0114 ' 0.0049 . 4.0 10-30
(Brown) 0.0055 0.0019 ' 0.0016 | 4.3!10-30
i : 7.4 20-30
RB3 3.7 ; 153.481 | 0.001 . -0.008 4.6 . 10-30
{Labordaten) ! : A i 0.0 i 5.0110-30
i i : | 8.8 5-15

; b ! |
RB4 i3.3 ; 153.481 | 0.001 |-0.008 | 4.1 20-20
{Brown, : 0.0 , 0.0 0.0 { 4.5,10-20
Labordaten) ; | i T.Bl B=15
AW 2.3 153.0917 | ~0.0025 | -0.0179 : 3.3} 10-30
i : 0.0048 | 0.0023 | 0.0025 | 3.3} 10-30
- . | €11 20-30
| : H . L
AW2 |2.3 153.0935: -0.0020 | -0.0059 | 3.3010-30
{Brown) | 0.0048 : 0.0015 i 0.001& | 3.3, 10-30
| : : . 6.1 20-30
aw3 12.8  153.09 - -0.010 -0.011 ' 4.0 10-30
(Labordaten): .0 0.0 © 0.0 ! 4.0 | 10-30
! 7.4} 5-15
AW4 2.4 153.09 | -0.010 -0.011 3.4 ! 10-30
(Brown, 3 0.0 i ‘0.0 0.0 3.4 10-30
Labordaten) 5.3 5~15

9, = sigma naught of adjustment

¢i g, = focal length and standard variation
Xne ¥ho O Oyn = principal point with standard variations

My, My, My = rms-values of the standard deviations of ground coordinates
Ogot Oygi Opg = standard deviations of the projection céaters
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Flight RB with Zeiss camera
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Figure 4:

Radial distortion andé standard
deviation (dotted) [pm]

Flight RB with Zelss camera

5. Results of Calibration

The elements of inner orientation were computed
with a high accuracy, better than supposed
after simulatien computations [2]. Réasons
therefore are the actually better accuracy of
the ¢ground control and the higher number of
photos used in the actual adjustnents.

The adjusted focal length and Z,-coordinates of
the projection centers are correlated with
coefficients between 0.86 and 0.96, according
to the place of the photo in the strip.

‘The differences between now adjusted {versions

i
|
||
i
-
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—~ = 10 MM IM BILD :
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Figure 3:

Image displacement (Brown Parameter)
Flight AW with Wild camera
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Figure 5:

Radial distortien and standard
deviation {dotted) [pm]

Flight AW with Wild camera

1 and 2) and laboratory-calibrated focal lenght
are not significant. Thereby are thé results of
the versions 1 without additional parameters
(RB1, AW1) closer to the laboratory calibration
thin the results of versiona 2 with the Brown-
parameters. That means, that the additional
parameters describe scaling effects, which
change the focal lenght.

Fig. 2 and fig. 3 show the image displacements
of a regular grid in an useful area of 200 mn
by 200 mm caused by the Brown-parameter {Al to
D10} .



The position of the primcipal point is not

homogenaous through the different adjustments.
The ‘differences between RB1 and RB2 result from
significant parameters of tangential distortion
Tl and T2 which are correlated with x, and yy
respectivly with coefficients between 0.85 and
0.90.

The radial distortion computed with the parame-
ters AL and A2 is drawn in fig. 4 and fig. 5
and is compared with the polynom of radial
distartion from the laberatory calibration (L).

Bésides the inner orientation, table 1 shows
the acecuracy of the adjusted ground coordinates
and of the projection centers. The accuracy of
ground ¢oordinates is proportional to the g, of
the adiustment. The figures for the projesction
centers are all in the same level with the
exception of gy, the accuracy of the Elying
altitude: with fixed focal lenght (versions 3
and 4j'the flying altitude is adjusted with a
very high accuracy. In the calibration versions
1 and 2 the accuracy is much wmore worse, becau-
se of the correlation with the free foeal
lenght.

Remarkable differences are between the adjusted
flying altitudes too f{not shown in the table).
There are differences of 30 mm to 60 mm befween
the versions 2 and 4. They are direct propor-
tional to the differences in the focal lenght.
The effects of the differences are compensated
therefore. That means, that the flying altitude
is -not exactly -determinable and the high
accuracy in the version with fixed focal lenght
is net reliahble.

6. Closing Remarks

The calibraticn results of the first two
flights over the test range Brecherspitze schow
that a full geometrical system calibration is
possible, though under bad copditions: worse

illumination probably causéd the lower accuracy
level of the RB-Flight with the Zeiss camera
versus the AW-flight with the Wild camera.
Still field calibration is a feasable nmethod of
camera calibration. But for studving the accu-
racy and reliahility of orientation parameters
bigher requirements are to be satisfied.

This would be done with larger or more precise
differences in eleévation, or with a coembined
adjustment of two blocks with different flying
altitudes with GPS-measured differences between
the hights.
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ABSTRACT:

Commisgsion | of the International Society for Photogremmetry and Remote Sensing (ISPRS-1)
has long been involved with the formulstion of recommended procedures in regard to the
calibration and testing of optical systems to be used in photogrammetry This activity was
precipitated by the desire 1o achieve an international agreement on how to test asrial cameras
and on how Lo best report the obtained results. ISPRS-{ has in the past in regard to the
development and maintenance of these reacommended procedures greatly benefited at no cost
from exlehsive input provided by personnel from & no tohger existing research group which
was able lo tie muckrof the performed vwork 1o efforts on & national level, ISPRS-1 has further
ventured into recommending & specification for aerial survey photography and established a
formal liatson with ope of the Technicel Committees of 1SO. The increasing use of images
taken from outer space for mapping does not al present appear to be supported by general
specificalions

The paper attempts to summarize Lthe present situalion and offers suggestions in regard 1o an
I5PRS involvament into the development and meinteriance of standards or standard-related

dacyments

KEY WORDS: Specificalions, Recormnmmended Procedures, Standardization

SYNOPSIS

Commission | of the international Society for
Photogrammetry and Remote Sensing (ISPRS-1)
has been involved approximately since the end of
Warld War |l with tha development of recom-
mendad procedures in regard to the calibration
and testing of aeriel cameras. This activity was
precipitated by the desire ta achieve an inter-
national agresment in regard to testing and the
reporting of the obtained results; it was at the
time supported by the major national testing
latoratories, by menufacturers of aerisl cam-
eras, by educatiopal institutions such as the (h-
ternational Institute for Aerospace Survey and
Earth Sciences (ITC), and at least one military
research estadiishiment in the USA.

The major traditionel national camera calibra-
tion facilities (located at the United Stetes Ge-
ological Survey (USGS) end the National Research
Council of Canada (NRC) ~ others have been es-

tadlished in recent years) today represent much
of the consensus achieved in the -1950's. At the
same time, they use calibration philosophies es-
sentially dating from that tirne and have failed
to make major advances in regard to accommo-
dating the consequences of some of the camera
improvements made since. Both orgenizations
provide a service mandated and in its coptent
now determined by national mapping require-
ments and have in the past been rather resilient
to meke further equipment and/or procedural
thanges to bring about a better correspondence
between resulls reported for identical cameress
by either facility, a fact bathersome for camera
awners outside North America how wish to use
the services at either USGS or NRC with a deci-
sion being based on current calibration fees and
exchange rates. The arguments brought forward
are one of modification expenses and one of
changes which might be necessary in the ne~
tional mapping specifications; however, it is un-
derstoed that the USGS is in the process of im-



plamenting &t present @ commercially available
¢amera cahbration software package

The two mentioned facilities use photograph:-

arocegures for camera calibration akd do eitker
fot provide any image quality data (NRC where
resolution valuss were no longer considered o
te oritizal in the early £0°s when new equipment
wWag taken anta sereice; 9 change 1 now being
sought by the faderal mapping authontyld or only
mgh-contrast resalGtion numbers (USGS) The
major manufacturers aof asrnal cameras use pre-
danunantly  hon-photographic  procedures; and
ratie provides image quality data in the form of
optical transfer funclions, lesving the pho-
tograrometoic community with litile else ithan
bigh-cantrast resolving power datas of possibly
Hitie relevancs n regard to practical cemera
vse and subjactive judgement of image quaiity
0 4o by ih trying to select the lenses desired,
i manufacturers have {n the past had probisms
to seg their camargs passed as fulNiling highest
requirements at eithar USGS or NRC. Recent ad-
vapces n camera design have led Lo the point
wehsre one menufacturer racalculates lenses us-
ing older procedures to pass a calibrabion at one
of tha faciiities Lhus de facto eliminating from
the calibration process a check on technolegical
myances which the axisting Tacihities is unsbie
to'cape with, and at the same Lime depriving the
ltirnatle user of ¢ camera in thal country from
taking full adventage of those lechnological ad-
YANTRS.

inregard to the development and mainlenance of
recommended procedures for the calibration and
testing of aerial cameras

inpul providad by perscnnel al NRC, a “service”
no longer available since the retirement of FD
Carman (a former secretary of 1SPRS-1) and lhe.
teenlution {in (986} of the NRC Photogrammet-
ric Fesaarch seclion Organizations! changes at
MFC had de (scto removed the runming of the
casnwra calibrabion facility from the influence of
the phutogrammetric community, snd attempts
arz naw being made Lhere to arrange for sutside
pereninel 1o assist in the carrying out of Lhe
cohibration work, The situation al NRC s in par-
ticular regratiable since exiensive efforts had
meen made in constructing e facility to derive
npiical transfer functions for aerial lenses and
Louse these g5 the base for modern image-gust-
ity~defining osrameters The {ptended use of the
tacilily would have provided the pessibility to
consult with the manuracturers in regard to the

(GPR5-1 has in the
35t greatly benefited 38 na cost fram exlensive

uptained data and gain their cooperation in pro-
viding madern ymage-quahity data to the pho-
tugrammetric community,

Efforts have further been made in recent years
to establish & formai liaison to those Technical
Commitiees of the Inlernatiopal Organization
for Stendardization {IS0) dealing with arsas of
interest o photogrammetrists, namely Phota-
graphy (TC 42) and Optics ang Opticsl Instru-
ments (TC 172): a formal laison was estab-
Hished to the former but ngt the letier. In the
case of TC 42 it was passible to provide newer
tens Wransmission data than those given in a re-
cenng possec stendard on aerial film speed (a

omewhat ambarragsing situation-which I1SPRS-1
'-‘huuld help to mevent i future, arose). in the
case of TC 172 it would have been possible to
have photogrammetric: concern be taken into
sopsideration had an active participalion in the
development of standards for the determination
of pptical transrer functions, lens distortion and
varling glare enistad

ISFRS-] alst sa# fit to sccepl a8l ‘the 984
congrass a specificalion for aerial survey gha-
tography heavily promoted by one national soci-
2ty to appsrently meel their needs for an inter-
natfonally sanctiored decument. The develop-
rment of this specification received the support
of an {SPRS-1 working group, However, technical
suggestions not meeting with the ‘approval of the
spongnrng society were ixi the end brushed aside
in spite ar sound technical reasohing in their
support. At approval process similar o that
used by 150 would have assured that the docu-
ment, if passed, would have been a compromise
atcommaodating reaseonable technical concerns of
ather than the sponsoring group(s).

Thus for the discussion wes concerned with the
use of aerial cameras and aerial pholography.
The avarlability of space images with a fairly
high resalution has led in certain survey admin-
istrations to their use instead of thal of aerial
photographs. This use, primarily for updating
purpeses of maps at scales | in S0C00 or
amaller, has largely been on an sxperimenta)
pase, and the writer is awere of at least one
country where the intended general use has naw

‘been himited Lo “non-significsnt” arsas whila it

has been decided to use, against earlier inten-
tions, gerial phatographs for the updating of
"critical” (e.g. built-up) areas. However, there
appears to be no effart (en the international
ievel) to develop recommended procedures or



specifications for the use of space imeges for
mapping. Should not ISPRS take an initiative
here and lead such an effart?

Being able to see blso how other learned soci-
eties desl with the issue of specifications, rec-
ommendations or stendards, one must inquire

about the serioushess with which 1SPRS as a

whole pursues this issue. It can be shown, e.g. on
the exemple of the International [Vumination
Socisty (CIE), how a serious effort in regerd to
developing and passing standards can be
mounted. There is no doubt ih the writers oplnfon
that ISPRS should éngage into the development
and pessage of standerds or re!uted doguments
anly under the following conditiohs:

{1) establishment of a permanent "secretary"
with the mandsté to represent or- arrange for
representation on behalf of ISPRS in such
activities on .a "permarnent” base, e, fnde-
pendent-of the periadic changes in the 1SPRS
adminigtration,

(2) establish Narson Lo different standard bed-
18s dealing with standards in technical aress.
of interest to ISPRS,

{3) actively participate in the activities of
slandard-creating agencies whenever stan-
dards of interest to ISPRS are being devel-
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oped,

(4} take:an active if not 1zading role in the de-
welopment of specifications for the use of
novel deta scquisition techniques for map~
ping, and

{5) provide a certain smount of funding in sup-
port of the development and raintenance of
standards and related documents.

ftem (1) has been given its dominant position ai-
soin full awareness.of the fact that attempts to
solicit input from the member societies of
ISPRS through the Commission | Nationel Corre-

spondents by mail have in recent years been

rather unsucctassful
CONCLUSION

The foregoing remarks will be expanded nto o
propetly reterenced paper to be submitied to the
ISPRS Journal of Photogrammetry and Remole
Sanging, which sill also present the the current
situation in regard to the standsrdization activ-
ities of interest to ISPRS in organizations such
55 the 150; it will further be attempted to de-
termine the extent of the developrient of spaci-
fications for mspping using images of the esarth
acquired Trom space vehicles;
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ABSTRACT

A literature survey of the subject visual perception is presented as a basis for continued
research in the field of aerial i image ‘quality assessment. Human and computer vision are
compared, especially with reference o stereoscopic vision. Physical properties of an image, the
resolution capability of the eye and interpretation quality parameters are discussed.

KEY WORDS: Visual Perception, Stereoscopic Vision, Computer Vision, Interpretability,

Image Quality
1. TASKS OF VISUAL PERCEPTION

Perception comprises reception and extraction of
information on the environment. Visual
petception is performed either directly or
indirectly. Indirect visual perception means
perceptinn of a scene via one or several images of
it. But simultaneously, the picture is perceived -
directly. Thus, a two-dimensional image of three-
dimensional objects may give a dualistic spatial
r'epresehtanon Image interpretation can be
described as "a dynamic search for the best
mterpretahun of available data" (Gregory 1972
p10). It is a continuous interaction between
information ‘from-the i m\a,ge and’ mformatmn
stored in our bram

Man'is confronted w:th and interacts with his
environment more via images than via letters and
words. Visual perception has two essential tasks in
the interaction between man and his/her
environment: to recognize objects and to help to
orientate oneself in the environment.

. The first task, to recognize, means that new

. visually perceived information is compared with
- stored knowledge. This requires a coding of the

. visual information to the same mental

- representation as the stored knowledge. The

. second task, to help to orientate, concerns
judgement of spatial relations in a possibly
unknown environment. It is yet more complex.

According fo a cognitive attitude, man is active
and constructive: He handles information in
relation to a contextual system, which represents
his knowledge of the environment. Perception is
thus not a passive registration of incoming signals

but is an active adaptation of the visual process.

Important questions to put is
~What is happening when we see an object or an
image of it? ‘
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—How is what we see represented in our brain? .
-Which influence can we expect from the quality
of the image viewed and from the. viewing
conditions?

2, HUMAN AND COMPUTER VISION

Human vision is a very complicated process. One
of the reasons lo try to understand it better:is the -
wish to imitate it-in the form of computer vision.
On the other hand, experiences of computer vision
has in fact widened the understandmg of human
vision. :

Eyes act like sca:ming devices, but in a more
random way. The small saccadic movements
appear to be dependent upon the importance of -
the image details. The eyes tend to fixate longer on

patterns that are being searched for (Bedwell 1971).

The search pattern and the choice of fixation
points depend upon the purpose of examining the
image (Orhaug 1971).

The human eye contains some 200 millions of
photo receptors, each around a micron in
diameter. The visual impression received by them
is transmitted from the eye to the brain by some
ene million visual nerves, It is obvious, that the,
primary stimulus, in the form of.a grey level
image, can't be transferred to the brain without
some form of preprocessing or compression. Most
probably, vision requires several processes to be
applied in modular, parallel form. At least two
main steps may be discerned (See figure 1): .

1) Light intensity is coded into pulse frequency

2) Properties of the two-dimensional image field
are coded into responses from certain property
detectors in the retina and in the cortex.

Moreover, before a conciousness of the
environment is reahzed the visual information
must be transferred to an experience of the three-



dimensional outer world using previous
experience.
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Figure 1. An outline of the human visual system
(After Orhaug 1971) ' 4

Even between the photo receptors and the visual
nerve a filtration of the signals is performed,
leading: to an amplification of the spatial
variations in light intensity, a form of edge
enhancement. Thus, a light spot hitting some
nerve cells of the retina will either enhance or
hamper the signals from adjacent nerve cells in a

small receptive field (See figure 2). This function is

rather similar to the photographic edge-effect or
Eberhard effect.
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Figure 2. Two types of retinal receptive fields
(After Orhaug 1971) -

‘In computer vision; this effect has been modelled

by a digital convolution filter, consisting of a
Laplace-derivation of a Gauss-function. The
Laplace-derivation is a rotation-invariant second

derivation, transforming the Gauss-function into a

shape somewhat like a Mexican hat, turned right
side up or upside down. The resulting zero-

crossings in the form of a binary image matrix may

act as entrance data for other processing
algorithms, e.g. for stereoscopic computer vision.

In order to treat intensity changes of different
frequency, several filters of different sizes, i.e. with
band-pass-characteristic, will have to be combined.
Large filters will enhance slow or continuous
intensity changes; small filters fine details. Sharp
edges will be enhanced by all filters.

It has been shown, that zero-crossings in filtered
images contain much information. In fact, image
matrices, consisting of zero-crossings in different
scdles, were enough to reconstruct an original
image without loss of information (Poggio 1987).
In spite of this, the role of zerg-crossings should
not be over-estimated. They are merely possible
candidates for an optimal coding system. Generally
however, comparisons between biological and
computational visual systems show
correspondence in that changes of intensity at
different scales play an important role in
stereoscopic vision and in other visual processes.

3.JIMAGE REPRESENTATION AND
RECOGNITION

Cognition means apprehension, understanding or
knowledge. According to a cognitive system
model, the brain functions like several memories,
interacting with each other, very much like in a
computer (See figure 3). To a primary memory (a
“CPU"} two types of secondary meinories are
connected, a declarative memory containing facts,
memories and rules and a procedural memory
containing activities and logic. Information is
regarded as being stored hierarchically in these
memories, to avoid over-loading. The primary
memory, which has limited capacity, contains
information of current interest and relevance,
including directly perceived information, visions
and thoughts. There, problems are solved and
conclusions areé drawn.

. Slp i & Declarative memory
Codes

Primary | Collects

Memory ;
Performs Matches ol procadutal memory

“Exacutes -

Figure 3. A cognitive model of the function of the
brain (Backman & Eklund 1988)

‘The question of information representation in the
brain has been studied in many ways. Briefly,
spatial (visual) information is mostly regarded as
‘being represented analoguély, while verbal
information (language) is represented logically.

Spatial information is regarded as being
represented via a limited number of basic
geometric elements, like cylinders, cubes and



cones. Together with attributes to these, like size;
symmetry, edge type and axis curvature, they are
called geons (geometrical ions, see figure 4). It is
considered that 36 geons are enougit 10 uniguely
describe all possible geometrical forms (Backman
& Eklund 1988).
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Figure 4. Example of analysis of an object by its
: geons(Bnckman & Eklund 1988)
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The human ability to imagine absent objects is
called mental imagery. Mental images may be
rotated as if theéy were physically solid Thus, they
have: three-dimensional properties. Moréover,
they-may be enlarged o examine details, like on a
mental projection screen. They therefore play an
impoi'tant-' -rcnl‘e in -=rec'ognition-of -features '

Merital u-nagery has three J.mportant ftmchonal

- properties: : ;

-1) It-contributes to pmblem—solvmg and creativity
2) It improves our memory. A visual image
requires: smaller: * ‘memory space”.than a verbal
one, and is - more associative
3) It can direct motor activities, like handling a
photogrammetnc Apstrument.

Ali. these funcnons mdlcate that mental imagery is
of great importance-for i image interpretation. and
photogrammemc mappmg

When. Vlsualiy perceiwng an-object or an image,
edges and surfaces are localized by visual
segmentation into. regions. Simultaneously, so
called nonaccidental properties, like colinearity,
curvilinearity and symmetry; are perceived. In a
two-dimensional image-they. are regarded as frue
reflections’ of . the: three-dimensional environment.
These regions and- properties are matched against:
existing object.representations (geons) in the
declarative-memory. What we:see is:an
interpretation of the exteérnal world.
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A feature of this process is a preference for
information that verifies existing hypotheses or
expectations. This medns that perception is biased.
Cerlain channels between cortex and retina are
activated, while other routes are blocked (de Haas
et al 1966). On the other hand, provisional
verifications are critically tested by new
observations. In this way, the initial bias may be

.gradually and iteratively rediiced, as the probability

of the expectation is raised to certainty. In this
process, propérty.representations are more
important than comparisons with mental
prototypes (Orhaug 1971),

Recognition of forms and obijects is governed by a
set of fg_u;; m] eg (Orhaug 1971):

1) The minimum surface law makes the. smallest
surfaces most easily interpreted as figures

2) The proximity law groups together nnage details
close to another

3) Thie law of closute make surfaces with close
contours into figures

4) The law of the good éurve prefer forms or -
patterns consisting of smooth curves or- stra:ght
lines.

These rules may even contradict each other. Such
and other types of-ambiguities depend on-‘the
observer's experiernices, associations and training:
Therefore, no clear relationship may be established
between stimuhis and percephun Tlus ' a’
fundamentdl diffictilty in computer vision:

4, STEREOSCOYIC VISION AND DIGI’I‘AL
MATCHING

Stereoscopic depth perception i isa good example ¢ of
an application of visual pre-processing: Whe the
eyes converge shghtly, C‘Ol‘ljllga ima all

falling at slightly different relative. positions
each eye. Thxs bmocular d:spanty is transfort
: ~di

(Poggio 1987}
1) The fovea must concentraté’ ona gi
2) The same spot must be foirng by thi
3} The position of differest image points on- the: -
foveas must be determined

4) From the logation dlfference between the pomts,
the- depth is detemuned

The derivation of three-dxmensxonal perception” is
based not only on stereoscopic depth perception;
but also en illumination and shadows, visual
texture, movements, contoiirs and overlaps™

The coordinatiot: of an image pair'is fibt
dependent on complete similérity of mtensn}' of
the. points, neither on’ recogmz.ed forms or: b]ects




Figure 5. A random-dot stereogram (Poggio 1987)

This can be demonstrated by so-called random-dot
stereograms (See figure 5), which are easily
perceived stereoscopically although they don't
show any recognizeable forms or patterns.
Apparently, the human vision can quickly match
the random-dot patterns.

An interesting question is, how fine a pattern or
texture can still give a stereoscopic impression?
Random-dot stereograms may be presented
digitally as a rapid succession of points on two
oscilloscopes, like the "snow" on a TV (Ross
1976?). Via a computer the stereoscopic shift
between point pairs is determined. The
stereoscopic effect was found to be maintained at
an apparently unlimited rate of point display.
Moreover, the point texture is integrated into a
very definite, even idealized form perception, also
in depth. This remains also when the disparity is
continuously changed. Apparently, binocular
perception is influenced by some form of visual
memory, determining the framework for
perception.

Although form perception is not necessary for
maintaining stereoscopic vision, certain properties
of the imaged or viewed physical surface are of
importance for the possibilities to obtain it (Poggio
1987): :

1) A given point on a physical surface should only
have -one three-dimensional position
(Unambiguity criterion)

2) Physical objects are continuous and normally
non-transparent (Continuity criterion).

The unambiguity criterion means, that each point
pair will create only one binocular disparity. The
continuity criterion implies, that the disparity
changes continuously along a surface, abruptly
only at the surface borders.

These surface properties may constitute a basis for
a more formalized description of image properties,
as a base for a better understanding of the process
of vision, or for a formulation of digital operators
in computer vision or digital matching. The grey-
level image at the photo-receptors may be regarded
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as transformed into a representation, from which
the brightness gradients' position, direction,
extension and size can be derived. From this
representation, the stereoscopic function of the
brain can solve the problem of coordination and of
reconstruction of the three-dimensional
impression. The unambiguity criterion implies,
that possible conjugate adjacent image details
aiong the line of sight should hamper each other,
while the continuity criterion implies, that
adjacent points on the surface should amplify each
other. Filtering and stereoscopic matching can be

[iterated, starting from the coarsest zero-crossing

filter. The method functions also when one of the
images is unsharp, which is another parallel to
human stereoscopic vision.

According to the author's experience, stereoscopic
fusion of image pairs is initially an active process,
requiring image forms or details of sufficient size
and contrast. As soon as-one image detail pair is
matched, however, stereoscopic vision is
maintained "automatically”, even without the
normal linkage between convergence and
accomodation, guiding direct stereoscopic vision of
objects. This is evident when trying to fuse a
stereoscopic image pair withoul the help of a
stereoscope.

Stereoscopic vision acuity can be as much as 30
times higher than monocular visual acuity. This is
easy to verify by looking "stereoscopically™ at two
identical images. The reason appears to be that
stereoscopic perception is a cortical function
(Bedwell 1971). Using a three-bar stereoscopic test,
a stereoscopic acuity of approximately 6" was.
found to be an average for photogrammetric work,
while the maximal visual acuity permits the
separation of defail to 1' in a normal subject.

Experience of depth effect is regarded as partly
innate art, although full binocular vision is not
developed at birth. Within limits the ability can be
learned and improvements can be obtained with
practice, provided the basic visual ability is there.



5. IMAGE AND. INSTRUMENTAL FEATURES

An image may be regarded as a transfer in time
and space of some of the properties of the scene.
The quality of the image therefore determines the
quality of property transfer. Image quality may

however not easily be unambiguously determined.

It is dependent on the intended use of the image.
Also, high quality as regards one property (e.g.
contrast) may be combined with low quality in
another (e.g. sharpness).

Three of the most important physical properties of
an lmage are its contrast, its sharpness and its
noise,

Image contirast is defined by two parameters, the
denmty range and the number of discernible steps
in it. Physical measures of contrast have to be
correlated to subjectively experienced contrast.

Contrasts in the form of edges and contours play a
ver}r meortant role in image mterpretahon This
is obvious from the fact; that if a retinal image is
brought to be stationary, it will disappear affer a
few seconds. The eye movements ensure, that the
_receptors continuously receive signal intensity
changes, and thus don't cease sending signals to
the brain. The minimal density difference that can

be. readxly perceived may in practice vary from AD
0,01 to 0,05, depending on film and viewer
(Graham 6 Read 1986).

Image sharpness has a definite influence upon the
experienced information content of the image.
Seen from a point of view of pure information
theory, however, the information content is.
unchanged, provided the image is noise-free.
Unsharp-images may to a certain degree be:
restored.

Mage.__gram noise reduces the number of
discernible-density steps and sets an accuracy limit
for the determination of scene properties from the
image. Perception of image graininess is: measured
as.granularity. The information theoretical concept
of Signal to Noise ratio (5/N) may be expressed as
the relation between contrast and granularity in
images.

Light, modulated by the scene or by an image of it,
is information carrier to the eyes. -As the
resoltition: of the retinal image is dependent
ma.mly on-the pipil diameter and ‘the- nnagmg
errors of the lens, it is-dependent’ upon incoming
light intensity. A bright illumination in
photogrammetric. instruments is therefore of great
importance. However,-insiruments’ normally give
very low levels of light. An illuminance of 4000
Jux over the photographic plate was reported to
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100 %

have been reduced to 10 lux at the éxit pupil
(Bedwell 1971). This should be compared to

recommended illuminance for reading, 1000-1500

lux, and to normal dutdoor illuminance,10 000, Tux
(Ejhed 1990).

The resolution of the eye can be studied by
different methods (See figure 6). The spatial
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Figure 6. The. resofuhon of the eye, studwd by
Hiree dlfferenf methods:
a) Point spread functions.. . '
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c) A transfer function, based on sens:t:mty f0
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distribution of light at the retina from a point
source at different pupil sizes shows a form of
point spread functions. As expected, the largest
pupil size deviates most from a diffraction-limited
optical system. Separability of two point sources at
different illumination levels gives a relation
between resolution and illumination at daylight
adaptation. Finally, the. sensitivity to sinusoidal
line patterns of different frequencies gives a
transfer function for the eye. This transfer function
has a maximum at a frequency of 5 line pairs per
degree, which corresponds to a linear resolution of
1 lp/mm at reading distance or 10 lp/mm, viewed
under -8x magnification. In this respect, the eye
clearly differs from an optical system.

All these methods (the last at 50% transfer) point
at a resolution capability of the eye of the
magnitude of 3 minutes of arc.

The eye's ability to perceive contrast is a highly
subjective function. Experienced illumination is
approximately a logarithmic function of physical
illumination. Adaptation of the eye covers in total
a magnitude of 4-5 powers of ten. According to
Weber's law, this is expressed by

DL = 0,02L.
where L is background luminance and L+DL is
object luminance. The linear range for perceiving
a luminance difference or contrast between L and
L+DL in a certain background luminance Lgis
however of a magnitude of only.2 powers of ten. A
form of visual edge effect has been described
above. It is easily demonstrated by a step tablet, and
is also a reason for the form of the above-
mentioned transfer function of the eye. It appears
that these non-linear effects occur very early in the
visual system.

In a number of experiments, physical quality
_parameters of images have been varied, and the
result of interpretation tasks have been measured.
Normal interpretation quality parameters are
(Birnbaum 1962, Orhaug 1971):

1) R = number of correct interpretations (number
of rights)

2) W = number of erroneous interpretations
(number of wrongs)

3) O = number of omitted interpretations (number
of omits).

Note, that (R + W) is the total number of
-performed interpretations, and that (R + O) is the
total number of possible interpretations

From these, the following parameters may be
derived:

4) Accuracy A=R/ R+W)
5) Completeness C=R /(R + O)
6) Efficiency E= Ax C.
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Here, interpretation means either detection,
identification or classification of objects in images.

-Effidency of identification is logarithmically
related to image resolution in (minutes of arc)™. At
a resolution of 0,3(minutes of arc)! or 3 minutes of
arc, the improvement in efficiency decreases. Cf.
the value for eye resolution above! Apparently,
image resohition should be chosen with respect to
eye resolution - and to the inferpretation
equipment.

-Image resolution was not found to correlate with
accuracy, but highly and logarithmically with
completeness of detection as well as with
completeness of identification.

-Interpretatability (Completeness?) is linearly
related to the number of image density levels up to
a saturation level of around 8 levels.

-If the information content of the image, defined
as a product of the number of density levels and
the number of resolution elements, is kept
constant, optimal probability of identification will
be reached by increasing the density levels.

-In quality degraded images, physical image quality
was measured as the area between a MTF curve
and a visual TM curve and related to subjective
image quality, measured via choice of best image.
Good correlation (0,88) was' experienced.

6. CONCLUSION

Understanding -of human image perception is of
great importance not only for development of
image interpretation - methods and for
investigation of the basis for image quality
assessment, but also for development of methods
for computer vision and digital image matching.

Computer vision and human vision are very

much interrelated:and can learn.a great deal from
each other. In both cases, the amount of
information extractable is limited by the image
quality, which has to'be assessed in a relevant way.
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ABSTRACT

In the covfse of the second German Spacelab mission D2, which i§ scheduled for Jaunch jn éarly 1992, the
MOMS-02 camera i intended to dcqulrc digital threefold stereo imagery of the earth’s surface {rom spzlu,,
Extensive simulations were performed in order to examine the influence of the number and distdbution
of ground control points, the distance between the so-called orientation images, various arrangements of the
three sensor lines in fhie focal plane of the camera and the precision of observed exterior orientation
parameters on the resuliing accuracy of point determination, Further investigations were carried out oh using
a-given Digital Terrain Model as contrel information. The simulations are based on a bundle wdjustment
muodified for the processing of three-line imagery.

The paper in hand briefly describes the mathematical model used for the computations, The project
parameters of the simulations are outiined and the main results are given based an the theoretical standard
deviations of the object point coordinates. Finally some conclusions are drawn from the resuits.ol the stady.

KEY WORDS: MOMS-02/D2, Three-‘LinB Imagery, Combined Point Détermination, Slim.uizitjio__n Studyl*.

1. INTRODUCTION information. In order ta meet the reqmrc.,m:.ntv. ot

the different users a rmodular OptlLdl concept

MOMS-02/D2 is an experimental project for digital based on a system with 5 lenses was chosen. The
mapping from space, which is funded by the mu]tlspcctral data acquisition will be performed by
German Ministry for Science and Technology 2. lenses which allow for rccorclmg of 4 maximum
(BMFI‘) In the course of the second German of4spectra] channels. The stereo module bdbltd“}’
Spacelab. mission D2, which is scheduled for consists of 3 Jenses with one CCD line sensor
launch .in early 1992 the MOMS-02 camera is each, which provide a forward, a downward and a
int¢hded to acquire digital imagery of the earth’s backward looking view. The ceritral lens enables.
surface (Ackermannn et dl,, 1989). high quality image recordings with a gmund pixel
The special characteristic of the MOMS-02 camera. resolution of about 5*5 m% From the photogram-
-is the combinationy of high resolution panchromatlc metric point of view the aims of the mission. are
images for three-dimensional géometric infor- mainly the production of high qudilty maps, the
mation with multispectral images for thematic acquisition  of digital' data for geographic data
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bases and information systems and the generation
of Digital Terrain Models (D'TM) with an accuracy
of 3 m or better. Moreover, the concept for
completely digital photogrammetric data acquisiti-
on and evaluation shall be developed, realized at
an experimenta] level and tested.

Simulations based on the MOMS-02 cameéra
specifications and the D2 mission parameters were
performed in order to obtain a survey of the
attainable geometric accuracy and to give recom-
mendations in the planning phase of the project
concerning additional measurements during the
mission and the technical design of the camera.
The simulation study was ordered by the BMFT
under contract No. 01 QS 8817 0 and the simula-
tions were performed at the German aerospace
company Messerschmitt-Bolkew-Blohm GmbH and
the Chair for Photogrammetry of the Technical
University of Munich,

In this paper the principle of phetogrammetric
point determination using digital data of three-line
scanner systems is shortly reviewed. Then the
simulation parameters are described and important
results of the stody and of additional simulations,
performed by the Chair for Photogrammetry, are
given. Finally the results are discussed-and conclu-
siops. are drawn from the study.

2. PHOTOGRAMMETRIC POINT
DETERMINATION USING THREE-LINE
IMAGERY -

The mathematical model for point determination
using three-line imagery is based cn the concept
proposed by (Fofmann et al, 1982). A detailed
description of the model can be found e.g. in
(Ebner und Miiller, 1986), (Hofmann, 1986) and
(Hofmann and Miiiler, 1988). For reasons of clarity
the basic. principle will be shortly reviewed.

‘A three-line opto-electronic scanner system con-
sists of three linear CCD-sensors, which are
arranged perpéndicular to the direction of flight in
the focal plane(s) of one or more lenses, During
the flight the sensors are continuously scanning the
terrain and the data are read out with a constant

frequency. This dynamic mode of image recerding.

résults in a large number of successive images,
each consisting of three lines (fig. 1).
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Fig. 1: Image recording using « three-fine scanner

For the photogrammetric evaluation of these data
conjugate points have to be determined. This task
will preferably be accomplished or at least sup-
ported by digital image matching teehnigues
(Heipke et al, 1990). The simultaneous determina-
tion of object points and reconstruction of the
exterior orientation of the thrée-line imagery is
based on the principle of bundle adjustment, The
exterior orientation, however, is calculated only for
so-called orientation images, which are introduced
at certain time intervalls. In between the parame-
ters of every image are expressed as functions (e.g,
linear interpolation functions) of the parameters of
the neighbouring orientalion images.

3. SIMULATION STUDY
3.1 Simulation parameters
The simulations are based on system parameters

which fit to & large extent the specilications of the
MOMS-02 camera and the flight parameters of

the mission.

The following camera and [light paramcters are
assumed (see fig. 2).

- calibrated focal Iength: f =660 mm

- convergence angle: 7 = 27.1933 grad
- distance of 2 sensor lines: s = 300.418 mm
- ground pixel resolution: S*5m

- fiying height above ground: H = 334 km'

- base length: B = 152 km

- strip width: W= 36 km

- strip length' L = 606 km



Unlike the stereo module of the MOMS-02 came-
ra, which consists of three lenses with oné sensor
line each, « one-lens camera is used in the simula-
tions.

A straight forward flight path s assumed with the
attitude parameters of the camera being constant
and equal to 0 grad.

‘C
s Bl
focal plane

b
f

B .
. dircotion of [light

Fig: 2: Camera and flight paramelers of ihe simula-
fion

The [ollowing regular arrangement of the
points is used.

chject

2 km
g km
im

- distance of points along flight direction:
- distance of points across flight direction:
- height of all object points:

The total number of objeet points is 1520. They
are arranged in 5 chains in the direction of flight
with 304 points each. The points 4t the beginning
and the end of the strip are projected into two
images only, whereas every point at the central
part of the strip, ie. every point that is at 2
distance of more than one baselength from the
beginning and the end of the strip, is projected
into three images.

The object coordinate system is defined as a n},ht
handed cartesian system XYZ, with the positive
direction of the X-axis parallel to the direction of
flight.

A peculiarity of the MOMS-02 configuration is the
extremely small image angle, which results in an
unfavourable ratio between the strip width and the
flying height of approximately 1:9. For point deter-
mination using three-line imagery principally no
external information is necessary for rigorous
object reconstruction.” The above mentioned
configuration, however, leads to rather poor
accuracy. Consequently, gbservations of the exteri-
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or orientation parameters have to be considered in’
the evalvuation. process.

In order to obtain estimations of the achievable
accuracy, the simulations are performed with varia-
ble parameters, which are described in the follo-
wing.

a) Arrangement of the sensor lines in the focal
plane:
* parallel sensor lines,
* convergent sénsor lines (@ & 14 grad).
Because . preceding theoretical considerations
(Hofmann, J986) pointed out, that the geome-
tric accuracy of point determination using
three-line imagery cun be improved, if the
outér sensor fines are not parallel 1o the cen-
tral line (fig. 3), the influcnce of the
arrangement of the sensor lines on the re-
sulting accuracy is investigateds

]

o
«

Fig. 3: Awangement of the senser Emm bt the
focal pfmw v T

b) Distances between the orientation images:

* 811 km (approx. 1 sec. flight-time),

* 15.60 km (approx. 2 sec. flight time),’

* 28,95 km (approx. 4 sec. flight time):-
When navigation data or orbit models of the
D2 mission are availabie, the temporal position
and attitude variations of the shuttle have to
be analysed. Therefrom a time intervall has to
be derived on condition, that during this inter-
vall the camera orientation parameters are
optimally approximated by the interpolation
funetion, whick is defined in the mathematical
model. Because up to now practical data are
not yet available, the values given above are
used. The range thay cover is expected to be
realistic for the mission. In the simulations a
linear interpolation function betveen the
orientation images is assumed.

c) Observations of the onentatlon paramulera of

the images:
* no camera-orientation data cwallable



* standard deviations of position parameters:
error-free, 2, 5, 10, 25 m,
* standard deviations of attitude parameters:
error-free, 1, 2, 5, 10 mgrad.
In connection with MOMS-02 imagery, informa-
tion about the parameters of the exterior
origntation is of special interest: It will probably
be derived from on-board navigation systems,
from tracking data recorded during the. space
mission and from orbit models. The functional
and stochastic models for tying these data in'a
combined adjustment have to be defined when
the data are at hand. The simulations are per-
formed with the simplified assumption that
camera orientation data are given as obser-
vations for position and attitude of every
orfentation image. The data are treated as

being uncorrelated, assuming various levels of

precision.

d) Number of ground control points:

* 4 XYZ control points

{distance between control poeints: 302 km),
* 10 XYZ control points

(distance between control points: 75 kan),
* 18 XYZ control points

(distance between control points: 40 km),
¥34 XYZ control points

(distance between contfol points: 20 km).
The control points are arranged in the three-
fold covered area of the strip. Their coordinates
are treated as errror-free. Different numbers of

available pround control points are assumed

and the effect on the accuracy of point deter-
mination is investigated.

¢) DTM as control information:
* no DTM information available,
¥ standard deviation of DTM: 20, 50, 100 m.
Additionally to or instead of control points a
given DTM can be used in. the adjustment as
general ground control information. This infor-
mation might originate -e.g. from a height data
base. or from digitized contours of existing
maps. The mathematical model for using DTM-
information in a bundle block adjustment has
been described in (Ebner and Strunz, 1988). In
the simulations different height precision levels
of the DTM are assumed.

3.2 Estimation.of the theoreti¢al accuracy

Based on the described simulation model the
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image coordinates of all object points are genera-
ted. Then least-squares adjustments are performed

according to the generalized model of bundle

adjustment for three-line imagery.

The theoretical accuracy of the estimated
parameters is described by their covariance mattix,
which is compesed of the cofactor matrix and the

¥:| postcrmn estimate of the reference varance

(6.3). The cofactor matrix of the purameters is
obtained from the inversion of the normal équa-
tion matrix, whereas the, estimate of the.reference

variance can be cnmputui fram the observation
residuals and the a priori weight matrix of the
observations. Since the simulatiobs are performed
with generated error-free observations; the a priori
a} is used instead of 4, This medans. that the
accuracy estimates are valid for the & prior
assumed precision of the observations. The a
priori @, is chosen as equal to the standard devia-
tions of the image coordinates.

For all computations of the simulation study
standard deviations of the lmage coordinates of
o, = 5 pm are assumed. This accuracy of the'
image coordinates is mainly influenced by the
precision of the image malching process. and the
effect of remaining interpolation errors, Intmpml a-
tion errors are due te the approximation of the
real variations of the position and attitude para-
meters by, an interpolation function between
neighbouring orientatien images. By adapting the
distance bétween the oriéntation: images to the
flight characteristics these errors have to be kept
small.

3.3 Results

For the assessment of the theoretical acturacy of
a particular simulation version the  individual
standard deviations og., 0%, o of the estimated
object point coordinates X, Y, Z;, ure anilysed.
Because of the large number of simulations only

the most important results will be presented in this

paper.

First the theoretical accuracy limits for the used

configuration are given. These values are uchieved,

if the parameters of the exterior orientation of all
images are treated as erfor- -free -observations in.
the adjustment. This means that solcly the georne-

+tric constellation of the intersection of the image

rays and the precision of the image coordinates
define the accuracy of the point determination.



In fig. 4 the accuracy limits for the heights of the object poinis are shown.

in Z [m]

i

std,dgs.

Fig: 4: Theoretical standard deviations o, assuning emor-free observations of the extérior oricntaiion parameters
(accuracy limits), parallel sensor lines Tk

The theoretical standard deviations o obtained from simulation runs with paraitel (fig. 5) and convergent
[¥ia. 6) arrangement of the sensor lines, assuming a precision of position parameters of 10 m and of attfitude
pirameters of 5 mgrad are given next,

in 2 [m]

std.dev.

Fig. & Tigeoret_ical standard dew‘arfprw o » assuming observed orientation .parame{erf "(.a'.'aha'_ar&'. -f!é.v}‘(zr_ioh's
10m|5mgrad), 4 ground conirol painis, distance between orientation images: § kw, parallel sensor lines

Fig. 61 Theoretical standard deviations oz , assuming observed orientation paramelers (standard deviations
10m{5mgrad), 4 ground control points, distarice betwgen orieniation tmages: § km, convergent sensor lines

Remark: In the figures 4-6 the values oy of in each case 3 successive points in the- direction of the X-axis
are averaged and .the strip width is enlarged by a factor of 10 compared to the sirip length for clarity
reasons of the graphic representations.
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In order to present the results of the different
computation versions in & compact farm the root
mean square (rms) values ug, us, g3 of the theore-
tical standard deviations of all points, which are
projected into three images, are calculated, Using
these values, sumamarized accuracy measures for
the respective simulation version can be given. In
the following figures these rms values are shown
graphicaliy.

The following abbreviations are used in the

figures: g

- par., conv.:
parallel or convergent arrangement of the
sensor lines,

- 8km, 16km, 29km:
distances between orientation images,

- error-free, 2mfIingrad, ..., 25m/10mgrad:.
standard deviations of observed orientation
parameters,

- no obser.:
no observations for the orientation parameters
available,

- 4 GCP, 10 GCP, 18 GCP, 34 GCP:
number of XYZ ground control points,

- DTM 20m, DTM 50m, DTM 100m:
standard deviations of the DTM used as control
information,

Breaks in the graphic representations mean that

the respective vajues are not given true to scale.

In the figures 7a-7c the influence of different
precision levels for the observations of the position
and attitude parameters of the orientation images
on the resulting rms valves pg, gy, 4z is shown,

Fig. Ta: Rms values py of the theoretieal standard
deviations oy , assuming 4 ground control points,
distance between orientation imuages: 16 km, parallel
sensor lines

5

]
std. dev. In Y [m]

Fig. 7b: Rms values py of the theorétical siandard
deviations oy, , assuming 4 ground controf points,
distance between orientation images: 16 kin, parallel
sensor lines

Fig. 7¢: Rms values ju; of the theoretical standard
deviations oz , assuming 4 ground control points,
distance benween orientation images: 16 ki, parailel
sensor lines

In the figurés 8-10 only the rms values u; are
given.

‘The effect of different distances between the
orientation images (fig. 8) and the influence of the



number of ground control points (fig. 9) for
parallel and convergent arrangement of the sensor

lines are presented in the next two figures.

Fig, 8: Rims values ps of the theoretical srandard
deviations oy, assuming « ground conrol poings

Fig. 9: .Rms vnhie,s. a3 0)‘7. the. riieare;z'caf' Standard

deviations o5 , assuming distance_between orienia-
_ tion images: 8.km

27

Int fig. 10 the influence of different precision levels
of a given DTM used as control information on
the resolting rms values gz is shown,

Fig. 10: Rens valies py of the theoretical standared
deviations oy, assuming 4 groupd . control points; |
distance bebween vrientation.mages: 8 ko, parallel
sensor {nes

4, ANALYSIS

4.1 Theofeﬁicaillaécplrxlcjr I_i:mii_h‘;:nl_fﬁ._'l]_lé;q'b:je_g;itz p{lints '

The following . ¥ms. values for :Fi\."?, : lhg;gjrqtjgéj
accuracy limits of the wbject point conrdinites ure
obtained tfrom the simulations. . .

For points, which are projected into 3 images:
gz = L3 m, uy = 15m, ug = 39 m, i

and for points, projected lo 2 images:

pg = 25 m, gy = L8 m, o = 7.9 m. 3%
In the graphic representation of {h ical
standard deviations e in figure 4 the difference
between points which: are projected, in
three. images s clearly
that only points. in th =2
satisfy the accuracy demands .of
Therefore in the following, discussi
resulting accuracies of these points




4.2 Influence of the sensor arrangement

Comparing figure 5 with figure 6. it can be seen,
that the standard deviations o of all object. poinits
ere smaller, if convergent lines dre assumied.

The accuracies for points which :are projected into

three images are ‘in case of paralle! lines slightly

and in case of convergent lines significantly better
than points projected into two images. This effect
appears especially in connection with inaccurate
observations of the exterior orientation parame-
ters.

A review of the influence of the sensor arrange:
ment on the photogrammetric point determination
is given by the hgures 8 and 9. For all distances

between orientation images and for all versions of

ground control poinfs wseéd in the simulations a
distinet improvement of the accuracy is visible, if
¢onvergent sensor lines are used. The ratio bet-
ween the standard deviations resulting from par-
allel and trom convergent lines becomes better far
the benefit of convergent lines the less precisely
the observations for exterior orientation pira-
meters are. given, the¢ shorter the distances
bétweén orientation images are assumed dnd the
tess pround control points are usex,

Counvergent lines ¢n the ground can either be

obtaingd by the convergent arrangement of the

sensor lines.or by inclining the shuttle across the
direction of flight during the image recording. The
roll angle w, which corresponds to & sensor ro-
tation ¢ results from the formula:

sin {w) ="tan {(a) / tan (y)

where 4 denotes the convergence angle.

From this formula a sensor rotation of 14 grad

correspands to a roll angle of 33 grad. Additional
simulations were performed, which resulted in no
perceptible differences between an instrumental
line convergency and the inclination of the shuttle

in the rms values us and g3, The values for 15,

however, got worse by the factor 2.

4.3 Influence of observations for exferior orienta-
tion parameters

Thie question, how precisely the parameters of the
exterior orientation have to'be measured in order
to fulfill the accuracy demands, is of particular

impertance. The figures 7a to 7c show that the

resuiting accuracies improve with better precision
of the position and attitude observations. If no ob-
servations are at hand the results are unsatisfacto:
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ry. In particular, observations for the pOSIUfJI‘ih are:
important, because insufficient accuracies are to be
expected even in case of error-free attitude obser-
vations (figurés 7a and 7¢). For the accuracy of
the Y-coordinates (fig. 7b) that effect is less
apparent.

‘The simulations were performed with idealized
assumptions for the camera orientation -data. In
practice the data may be given with systematic
offset’ or drift errors, e.g. if originating from an
inertial navigation system. A simple approach to
mode} that effect is a simulfaneous determination
of additionial unknowns for offset and linear drift
of the corresponding -orientation data in the
adjustment, This approach allows for the intro-
duction of relative observatious of the exterior
orientation parameters. However, sifficient ground
control informatiof is necessary to determine these
additional unknowns.:

4.4 Influence: of the digtance between orientation
images

It ¢an be seen in figure 8 that the results become
better with increasing distunces betwden orienta:
tion imuges ﬂssum'ing' a constant oy, The increuse
of the distance between orignlation imapes, Tow-
ever, leads to higher interpolation errots. As. men-
tioned in 3.1 already, the appropriate distance ¢an
only be chosen, when the practical data are
available,

4.5 Influence of ground control information

From figure 9 it can be seen, that an incréasing

number of ground control points results in a better
accuracy of point determination. Bt oaly in case
of & dense network of ground epntrol points one
can renounce on  precise exterior  arientation
observatiens; if the: accuracy demands of fhe
miission shall be [ulfilled.

Because the availability of a large number of
ground comtrol points can not be ensured, a given
DTM might Be used as additionu! ground control
information. Figure 10 shows & significant. imfirove-
ment of the resulting rms values of the standard
deviations ¢z, even in cdsc a DTM with low
precision is introduced into the adjustment. Tf no

-gbservations of the exterior.orientation’ pdmmct:,_re

dre available, sufficient height dceuracy is achicved
by DTM information with a precision level of 20,
‘m or better.



5., CONCLUSIONS

From the photogrammetric point of view the
major aim of the MOMS-02/D2 project is the
three-dimensional point determination and DTM
generation with- high geometric quality. Based on
the results of this study the following conelusions
can-be drawn,

The simulations showed that a convergent arrange-
ment of the sensor lines results. in significantly
better accuracies. than a parallel arrangemernt.
However, since parallel sensor lines will be used
for the mission, an improvement of the accuracy
can be achieved by inclining the shuttle durmg the
data recording.

Precise observations of the exterior orientation
parameters are required in order to fulfxl!_thc
aceuracy demands of the mission. Therefore these
data, which will be derived from on-board navigati-
on systems, from tracking data ‘and from orbit
models, have to be introduced into the photo-
grammetric adjustment.

The exclusive use of ground control paints is not
recommended, because a dense netwark df control
poirits ‘would be required. The combination of
ground control points with observations of the
exterior orientation parameters and possibly
general ground control information; e.g. from

DTM, should be used in a combined adjustment’

of. photogrammetric -and non-photogrammctnc
data.
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AIRBORNE DIGITAL DATA ACQUISITION TECHNIQUES

F.G. Bercha and J.A. Dechka
The Bercha Group
#250, 1220 Kensington Rd. NW, Calgary, Alberta, Canada T2N 3P5
Phone: (403) 270-2221, Facsimile: (403) 270-2014

ABSTRACT

Harsh conditions ‘such as dense jungle and cloud cover, parficularly in equatorial
regions, have stimulated research for the development of new techniques to provide Information
in support of both enginesring and natural resource projects. This paper describes methods
developed for digitai data acquisition and interpretation using microwave and laser daia.
Spacifically, digital side looking airborne radar, spaceborne synthetic aperture radars; and pulse
lasers are described. The methods developed help acquire information required for digital
terrain models, resource management programs, and for the generation of products such as
geologic information maps, vegetation thematic maps, and topographic and drainage maps.

1 INTRODUCTION

Contemporary remote sensing instruments
such as side looking airborne radars, spaceborne
radars, and microwave airborne profilers have
become established as effective sensors for the
generation of terrain and ocean information in
frontier regions such as the tropics and the polar
regions. Although the thermal characteristics of
these two sets of rsglons represent the two
extremas of the climactic spectrum, the regions
have many environmental and operational common
factors. The arctic and equatotial regions in many
-cases are inaccessible, are often covered with fog
or ¢loud, and require that operations be carried out
under day and night conditions. In addition, terrain
in the troplcal reglons is cavered with a dense
vegetation canopy while terrain and oceans In the
arctic regions are snow and ice covered. Thus,
sansors which may be operated during day or night
conditions, independent of weather or atmospherio
conditions, and which can penstrate the jungle
cover are ideal. indeed, both side looking radar
and laser profiling instruments are active sensors
capable of being operated in virtually any
atmospheric conditions during the day or night, and
have various degrees of penetrability of
atmospheric conditions and vegetation or snow
cover.

Because the sensor itself is part of a
complex platform, its interaction with the total
system must be actively controlled, and where this
is not possible, precisely monitored. Further, the
data record from these high technology systems
contains a wealth of information which can only be
acquired through advanced digital data processing
methods. An integral portion of the information
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generation process, from acquisition - activifies
through to the final analyses, is a capability to
digitally acquire and record sensor and system

related data.

Spacifically, digital data acquisition

" applications within the. context of radar and laser

operations may be considered to take place on
three levels as follows:

(@) The operational level in which the
instrument interacts with the platform
and environment and must be
adjusted or monitored through digital
motion compensation, ground speed
monitoring and siant range
rectification.

(b)  Near real-time processing in which
the sensor data are processed
directly after recording in order to
sliminate data which are ulfimately
not required to obtain the desired
information, and to obtain the desired
information, and to permit real-time
information generation.

(c) Ground-based processing in which
the full information content of the data
may be accessed utilizing a large
variety of digital techniques.

The first of the above levels of data
processing relates more to the instrument
manufacture and operation and accordingly will not
be further addressed in this paper except to say
that digital processing is an integral aspec! of
contemporary remote sensing hardware
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FIGURE 3: REAL-TIME RADAR DATA RECORDING
BLOCK DIAGRAM

Group in ther CCRS owned Innotech operated
Convair 580 aircraft shown in Figure 4, together
with the acquisition and data generation processes
ilustrated in Figure 5.

22 Hoal—time
Appli

SLAR Diq_!ﬂ_m&g
ns to Maritime

Real-time monitoring of maritime operations
including vessel, rigs, and the movement of
potentially hazardous formations such as icebsrgs
has been developed by the Bercha Group through
an extensive series of commercial programs
spanning five years and totalling over 6,000 SLAR
mission hours. Specifically in developing a real-
time maritime surveillance information extraction
system for digital SLAR imagery, methods of
isolating the pesitional and characteristic data for
targets were developed to produce synoptic maps
which can be transmitied in real-time through
ordinary airbome facsimile transmitters which have

the advantages of virtually no range limitation. -

Figure 5 lllustrates a block diagram of the near-real
time processing activities to provide maritime
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surveillance information based on data collected
with the Bercha SLAR. In essence, an operator
assisted digital interpretation process was
implemented. In this. process the SLAR image,
digitally rectified in real-time, was placed on a
digitizing tablet capable of automatically recording
positional information and receiving inputs on target
characteristics from a human operator. After the
targets had been located and identified, the target
information was automatically merged with
positional models to generate a target map such as
that shown in Figure 6 containing only the relevant
maritime surveillance information. The map, then,
was transmitted by telefax from the aircraft to
selected offshore and ground stations. The entire
interpretation process could be carried out within 15
minutes of target overflight, yielding target maps to
any ground stations equipped with appropriate band
facsimile receivers and appropriate security codes
vithin half-an-hour of target overfiight.

The Bercha Group has also carried out more
comprehensive transmission activities in which the
digital image itself with only positional information

FIGURE 4: CONVAIR 580 WITH CCRS SAR
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information extraction have been restricted to
single-band considerations.

2.3.2 Data Interpreiation Techniques. for Visual
Presentation

2.3.2.1 Single-band SLR Visual Presentation

Technigues

Simple single-band visua!l prasentation
techniques include contrast stretching, polarization,
spatial filtering, and colour presentation msthods.

Contrast stretching is a simple manipulation
which maps the range of pixel intensities in the
original image to the fuli dynamic range afforded by
the digital processing system. The process
improves the contrast of the image and aliows
subtle feature differences to be distinguished in the
image.

Polarization is the pracess whereby the pixel
Intensities are mapped inversely, so that black
becomes white and white becomes black in the
extreme. The approach is principally perceptual
based upon concepis of figure and ground.

Spatial filtering utilizes spatial or equivalent
frequency filtering techniques to  highlight

information of different spatial frequencies within
the image. Especially useful is high-pass filtering
which emphasized high-frequency features such as-
geologic linear structures and directional filtering
which enhances specific directions of the image

fabric. Filtering is also used to reduce image
speckle.

The use of colour in enhancing an image
facilitates visual recognition and interpretation of
features as the human eye can discriminate far
more colours than shades of grey. The usae of
colour in single-band enhancements is possible
using as number of techniques including density
slicing and split spectrum techniques.

A radar image acquired over Malaysia by the
Bercha Group SLAR which has been enhanced by
split-spectrum techniques is shown in Figure 8. This
enhancement helps define three distinet lithologic
units based on image colour and texture.
Sedimentary rock structure is evident within the
plunging syncline in the central part of the image,
a zone of predominantly limestone can be seen
below the syncline, and a massive crystalline
structure composed of igneous rock can be
delineated left of the river. Due to the differential
erosion of the complete sedimentary rocks and the
illumination geometry of the radar which highlights

FIGURE 8: ENHANCED DIGITAL RADAR (SLAR) IMAGE, SOUTH LOOK
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this erosional pattern, the dip of the beds toward
the core of the syncline can easily be seen.
2.3.2.2 Multi-band SLR Data Interpretation
Techniques

SLR systems may be configured 1o provide
imagery from different look directions and incidence
angles as with the Bercha SLAR, as well as
different frequencies and polarizations as with the
Convair SAR. Multi-band enhancement techniques
can be utilized, for multiple SLAR passes over the
same area, forths different look directions, incident
angles, frequencies and polarizations.  Each
differant Image data. set contributes unique
information on the material and terrain. providing
grealer detail for a particular target or set of
features. Multipte SLAR bands can be eff'ect:vely
combined through a digital colour composite image
in which the different calours er mixiures of colours
represent unique Information obtalined from each
band. Although colour composites provide a
method for displaying multiple sources of
information, they have limitations, First, only three
bands can be: displayed simultaneously, and
gecondly the method is restricted to the information
inherent to. a specific band.  Mathematically
transforming the data oveicomes these limitaticns
by extracting specific infarmation for multiple bands
and mapping them'into fewer bands. The Bercha
Group has developed expertise for cartying out
such multi-band SLAR data transformations as
reponed in a sefies of papers by our Ottawa
personnel ‘which _may be made available upon
request
23.33 Mutti-Sensor Combinations for Visual
* Presentation

- GCombining ‘SLA data with other types of
remotaly sensed data will offer in¢reased
information, as the unigue properties of each
channel will -complament ths others when combined
d:gltaily :

combination of "_SAT..MSS with IRIS SAR data
dre- surhmarized 'in “Table 1:" As'can be seen,
different combinations:of-bands recorded dunng
different seasons are used to emphasize different
‘aspacts of the terrain-information required.
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Digital Techmques for SLR Data
Information Extraction -

The pnnclpal Py ose of th|s category of
1o St y

.quanta B m "|mag ullllzmg "'seml or fuilly-
atic” methods for guantitative analysis.
(Bercha et al., '1985; S_haw 1988; Bercha et al.,
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TABLE 1
LANDSAT MSS/SAR EN'HANCEMENTS

DATA TYPR ENHANCWER‘I‘ PURPOSE

Winter LANDSAT/SAR | A, Prodocs Inages W
Bard 7 3.5AR < R¥ Exphailzes popriptic.deisi
Band § 5 SAR -0 Wgpoiger

Band d X SAR -8

Summet LANDSAT/SAR | Hand 7 x SAR, « R
Band § x SAR - 3

I\W4KS&R B
B! Colour Space Masgii
Taslor Enhinceroens

m;,;n;lm blomass, Yand use

Summer and Whier Sumurier Hand 7 wsed as's | Excellent drainsge detail
LANDSAT/SAR welghting funetion .
Summer and Winter SAR used as a weighting Emphiasiaes topogeaphle detail
LANDSAT/SAR f[mtlitllfl' .

‘€ Band Comblhatfon
Summes and Winier Swmmes bond 7 =R Emphatizes 1apagraphic disil
LANDSAT/SAR. Winter band 7 % SAR - G

Winter band 4 % SAR - B,

objects jLIxtaposed to the Subjedt 1

*“Red, Grecn;, Blue Colour Cime

1988). The types of information extracted include
forest: cover, $oil types, hydrologrc propertles,
biomass, and any other terrain, marine, or
geological characteristics contained in the single or
combined sensor data sels analyzed

‘Genarally, information from rsmately sensed
data is represented by spectral, spatial, temporal,
and contextual properties of the scene.. Spectral
information is contained. in p:xel Intensitias which
represent the reflécted properties of ‘the objécts
within.a given resolution. cell. Spatfal information.
includes pixe!sy wathin the. nelghbourhood Which, may

bje
within the scens. The. general ‘approach
information extract[on may be summanzed:._ as
follows:

(a) Statistical appro'achesl 3

(b)  Structural approaches. .

{c) Artificialintelligence. techniques
include thé

Statlstlcai approaches

a particular object onthe. basis of. probabmty thecry
and statistics. Structural approaches view the.
abject to be composad- of simple patierns, where
patterns are: considered 1o ha
repeated elements that can be.d
mathematlca[ rnodel Fmally

prototypes, are currentry in. exist
remote sensing on the basis of artificial mtelllgance




A variety of work for the identification of
oceanographic phenomena including standing wave
patterns, currents, and ice covercharacteristics has
been carried out by the Bercha Group utilizing
cluster analytic statistical approaches, structural
methods, and supported by the visual techniques.
Such work is reported elsewhere and may be made
available upon request.

3. LASER DATA DIGITAL PROCESSING

3.1 General Introduction to laser Mapping
Systems

Commercial, high-accuracy laser systems.
became available in 1980, althocugh problems of
generating an accurate ground and vegetation
profile depended on the solution of timing,
Integration, and airborne plaiform positioning
considerations.

A high-at:curacy taser profiling system was
implemented in a large-scale demonstration project
of laser profiling, and topographic map product
gensration in Indonesia by the Bercha Consortium
(Bercha, 1988). The laser mapping sysiem
consisted of an airboime data collecticn system and
a ground-based data processing and automatic
mapping system. Both the airborne and ground-
based system components utilize current state-oi-
art proven and reliabla technology.

The alfborne platform was a Bell 2068
helicopter equipped with specialized power,
positioning, and racking equipment for the data
acquisition pmgram As may be noted from the
block diagram given in Figure 8, the principal
sensing component consists of the lasers and the
tager mirror. The navigational system is used to
accurately provide planimetric and vertical
coordinates for the platform at any given time, until
1988, initlal survey systems were required while
Clobal Positioning Systems used today facilitate
acquisition efficiency. Duting acquisition both
positional and platform to the canopy ground
distance measurements are simultaneously
recorded and delivered for first level processing.
As may be seen from Figure 9, laser data and
positional data aré then merged to generate a
ground profile. Next, the digitized ground profile is
plotted, and map products may be generaied
utilizing a specialized software mapping package.
3.2 Laser Profile _Generation Utllizi
Techniques

As shown in Figure 9, the real-time digitally
processed data consists of two data seis, the
positional data and the laser data. The positional
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FIGURE 9: LASER SYSTEM BLOCK DIAGRAM

data gives the X,Y, and Z coordinates of the
platform at a high temporal frequency along the
flightline. the laser data consists of a series of
lasér pulse measured distances beiween the
platierm and the terrain. As indicated earlier,
distances from higher canoples also appear in this
data sef. in the ground—based processing
necessary 1o generate a précise ground profile
such as that shown in Figure 10, these two data
sets are digitally merged to provide a true ground
profile. The profiles are further digitally corrected
from comparisons of positioning data and
systematic ground truth location points.

Digital Map Product Generation From Laser
Data
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The digitized ground profile is automatically
read into the topographic mapping system. As may
be seen from the black diagram of the mapping
system in Figure 8, map products including slope,

topographic, spol elevation, profile, forest profile
and drainage maps may be generated. The first
step in the map creation process is the creation of
a digital terrain model (DTM) for the area to be
mapped. The creation of the DTM for an area of
roughly 100 sq. kilometres with a 100 meter profile
grid takes approximately 46 hours, Creation of a
file of contour lines for plotting is done by searching
the regular grid for its upper and lower height and
starting at the lowest, contour lines are interpolated
throughout the grid. The contour file s then output
to tape for plotting on a spacialized map plotter,
yielding products such as that shown in Figure 11.-
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FIGURE 10;: COMPARISON. OF RAW AND PROCESSED DATA

Thematic maps may also be credted from
the'DTM, First, forest profiles such &s that shown
in Figure 10{a).can be generated with processing to
show cover classes as shown in Figure 10(b)
(Bercha ot al., 1989; Bercha et al,, 1990). Using
the grld nodes. specified slopes @re identified and
a file is crealed which is then output for plotting, to
create thematic or slope maps. " The-utilization of a
digital terrain modef with-a flexible profile databasa
which can be updated or cotrected as required hes
substeantial advantages permitting the generation of
@ variety of map ‘products including the stated
topographic- and thematic map, spot elevation
maps, drainage maps; the Isomettic or other
orthographlc pro;eczions of: 1he thrag-dimensional
terram . :
3.4  Statistical Laser Data Applications
_In_statistical laser data -applications,
positioning control -adcufagy Mmay be relaxed
because only a sample of proﬁle or relative profile
data nesds to be acquired that is, a sampling flight
through ‘the ‘population -area ‘is only generally
located since the results fo be obtained include
statistical data to setrve as a basis jor computation
of ‘frequencies, wave length, mean heights, and
other characteristic parammeters. To dats, statistical
appllcatlons of laser profilometry have included
forest cross-section for forest volume computation,
‘s0il erogion‘or fluvial deposit variation assessment,
-and ice 1idge or sand dune frequency and wave
length evaluation. - The aitborne ‘system used by
‘the: “Befcha 'Group. in these "applications has
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generally consisted of the same basic laser as has
been utilized for precise mapping, but in this case
without the sophisticated motion compensation and
positioning system needed fof aecurate planimetric
and vertical control.

An instrument with a similar function in
statistical applications ‘i the' -airborne radar
altimeter. Specifically, the forest-penetrating radar
for tropical zones; FPR 2, as developed by the
National F!esearch Council of Canada and operated

FIGURE 11; TYPICAL TOPGGRA#I[[C:MAP
DIGITALLY GENERATED FROM LASER DATA



by Hauts Monts may be utilized to make altimstric
‘measurements from a fixed wing' aircraft, but with
considerably less accuracy than the iaser. Justas
the laser, however, the radar allimeter penetrates
multiple cancpy foliage, to the ground, giving
distance measurements from each canopy as well
as from the terrain itself. Thus, a logical spinoff
‘application is 'the computation of biomass from
laser or radar profiles. - This can be accomplished
by combining fypical trunk diameters with tree
height measurements and processing transfer on
‘appropriate biomass algorithms.

4. CONCLUSIONS

Major developments have recently occurred
in civilian applications of digital methods to the
acquisition, processing, and infosmation extraction
from radar and laser data. The following general
conclusions may be summarized from the present
corparate group's expsrience:

(a)  Operational, real-time, and ground -
based digital analysis of laser and
radar data. constitute a reliable and
current state-of-the-art capability.

{b} Operational analysis of the sensor
data generally falls within the
manufacturer's domain as it involves
sensor operation such as motion
compensation, alignment, and other
operational aspects.

(c) Radar real-time digital data analysis
is particularly important in support ‘of
technical surveillance activities such
as maritime surveillance and onshore
security surveillance. It permits quick
filtering of critical information from the
image for virtually uniimited
transmission range.

(d)  Laserreai-time data analysis currently
involves creation -of a position and
distance file but should be extended
to merge these two files in real-time.

(8)  Ground-based processing capabilities
‘are extensive for both radar and laser
and it may well be concluded that
virtually any application within the
sensor spectral capability may be
addressed with custom software and
algorithm development.

() - Radarground-based analysis consists
of visual enhancement technigues
and digital information extraction for
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either single-band, multi-band or
muiti-sensor data sets.

(g) Becausa radar data are black and
white although they do contain a very
high dynamic range for the case of
good quality radars, visual
enhancement techniques utilizing
colour are highly desirable to facilitate
visual interpretation.

(h) Information digital extraction
techniques for radar data represent a
vitually unlimited potential for
‘development although significant
success has already been met in
applying these to forest and
vegatation clagsification, ocean and
ice mapping, and maritime
surveillance.

(i) Laser profiing and topographic
mapping systems have been
developed to a high level of accuracy
and reliability and are capable of
generating a diversa set of data for
topographic maps, faorest cross-
sections and profiles, thematic maps,
drainage maps, other map products
based on the digital terrain model
integrated into the map. processing
‘system.

5. RECOMMENDATIONS

The following recommendations are based
.on the above presentation:

(8 Manufacturers should more carefully
consider the potential of operational
real-time digital techniques in orderto
improve performance of radar, lasar,
and radar altimeter sensors.

(b)  Other developments in real-time and
near real-time radar data processing
are . desirable particularly for
surveillance activities where a large
part of the digital image slorage
volume Is taken up by nen-critical

image pixels such as those
corresponding to open water or bare
terrain,

(¢) Nsar real-time |aser data processing
should include a capability to
automatically merge the positional
information and planimettic sensor
data to get a digita! data base.



(d) Ground-based radar and laser data
digital processing should be
approached with optimism and
confidence as virtually any application
requirement can be met provided the
positioning syslems and sensors can
generate accurate and reliable data
records.
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ABSTRACT

This paper presents some results in the
field wof optical satellites radiometric
intercalibration wbtained by the French Spatiol
Agency CNES in evllaboration with wother
instituiaes, ONERA CERT/DERC (Toulouss), INRA
(Avignon) and LOA (Lille). Four main issues are
roviewed in derafl: (i) the istercalibratien of
a NASA hemispherical and CNES spherical laige

aperture prefligh: sources, (44} the
intercalibration ULetween SPOT1 and MOS1
initiated in the framework: of. the M0OS1

Preparation Prograin, (i1ii) the intercalibration
of LANDSAT5-TM and SPOT1 on the test site of La
Crau (South-East wf ¢:rance) using ground
measurements of tha ground reflectance and the
atmospheric properties and (iv) attempis to
intercalibrate the two satellites SPOT1 and
spOT2

KEEY WORNS Eadiomatric ecalibration,
Sunging camaras, SPOT, LANDSAT, MDS.

Hemot g

1 -~ INTRODUCTION

Absolute calibration of remote sensing
cameras, that is, the conversion of digital
instrument output into the observed radiance,
is* wery impertant since it pebmits, if
accurate, a gocd monitcring of a given
phenomenon with time tmulti-temporal
calibration) - ms well as dbility to mix
informations issued from different cameras on-
board different satellites.

Bs an accurate absolute calibration is a
very difficult task, the French Spatial Agency
CHNES, im its SPOT program, has  made in
collaboration with cother national inatitutes,
ONEFA CERT/DERO (Toulpuse), INRA (Bvignon) and
LOA (Lille), a significantc effort in <cross-
calibrating the SPOT iastruments using many
independent procedures .as possible. The HRV
cameras on board SPOT1 and fiow SPOTZ were
carefully calibrated before flight in MATRA
{SPOT ‘manufacturer) Iaboratories. An on-board
device Including 2 different light sources (an
halogén lamp + an optical fibre deéevicea tLg
conduct the solar 4irradiance onto
detectors) and continuous checks on orbit on
defined sites with or without ground truth have
allewad a good estimation of the temporal

tha-
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evolution of the .cameras,
with other remote sensing systemsd - such as
LANDSAT, MOS etc.. using the same ground
standard or extrapolating absclute calibraticn
from a camera to the cther by comparison of
quasi similtaneous images of the same area was
also an aim of the program.

As a result, these different studies and
expariments have turned out te be useful to
define luboratory standards, signal modtels and
calibration procedures, which may now be
applicable with sSome genarality to the naw
generation instruments in prepatation in the
vdarious Agencies.

Cross calibration

~ In section 2, generzl conhsiderations on
intwmrcalibration are- discuassed and
intercalibration ccefficiants defined.

Following is a description of some experiments
done, using tha SPOT2 HRV cameras, in the aim
of pross calibrating ground sources used by
CNES and MNASA (section 3] and, wikh SPOTI,
crogs callbrating SPOTL with ‘other cameras:
MO5+-1 (sectiun 4), LANDSAT TM (section &) and
SPOT2 (section 61,

2 - GENERAL CONSIDERATIONS ON

INTERCALIERATION

We: will adopt the SPOT signal medel as
described in the SPOT USERS HANDHOOK. Thus for
4 remote sensing camera (SPOT HRV, LANDSAT
TM...)}, the average output signal corrected for
dark signal is expressed asz :

Xk = Ak Gmk Ly (1
where k refers to the bpectral band, A is
the ‘absolute calibration coefficient, Gm is the
image analeg gain and L is the equivalent
spectral radiance defined as:

T [Lil)sjl}dl
. S {A) DA
S§{A) is kthe spectral profile
considered spectral band k and L(A)
spectral radiance.
S{A) is in relative units, x is expressed in

digital numbers units and L in Watt meter—2
steradian~—? ‘micrometer~1 as L(L)

12)

of the
is the



Fox a given camera, the purpose of ahspluta
calibration is to determine the Ak coefficlents
which allow' the user to convert output signal
in radiance units. This is uasually done by
direct mgasurement of a known radiance, a laige
integrating sphare in laboratery before fiight
ox, when in orhit, by ground trath over well
defined test 31&&8 (WHITE SANDS in NMEW MEXICO
USA or LA CRAU in the sauth of FRANCE] .

The intercalibration ceoefficient is defined
-as the ratio between 2 absolute calibratlon
coefficlents, When estimated between Lwo
cameras in orhit, it provides an absolute
galibration measurement for a given instrument
{the other acting as a refecence) ar acts a#s a
crogy comparigson by a different and irdepeddent
mean of the absclute ealibration of the 2
cameras, [1f absulute calivration cwelfleionts
are alresdy avallable for the 2 cameras). 1o
ey ‘ease bhid pross ioformation 18 usetul foc
the uszers uming diffarens sets aof ilmages tsken
by different inghruments.

In orbit, if no ground trush L5 peazible,
the comparisen tan be done between ths imagos
dasued from the game ground goens. viewe:d quaﬁi
simultanesusly by the 2 cameras. in the quasi
identipal spectral hende. If this rannan be
achieved; because of system limitations, it is
macessary to wdke inkto acoeunt bhae exisbing

differencea between the viswing conditvions
{time of &ver pass, View angle, atmospheric
changega ...) and the spectral bands: Mows o,

this leads t¢ residual errorz 1F 211 the mogsl
paramerérs are not perfectly kndwn.

‘In fuct the observed radiance depgnds on the
sguivalent ground weflectatcs ["vigwed" at Lhe
top of the atmosphere) py, through the relstion

; L L ok

B = Zpyeos (B) B (3
where Er is the equivalank normal svlar
‘trradiance (taking idte scdount the sun-earth

distance wariation) and @g is the ?ehith solar
‘angle, s

the top of atmosphere reflectatice depends an
the atmospheris eonditions. -This is the reasen
why, when ground truth is not -available, tHe
time of ovverpass of the satéllites to be
compared must be ag clogse as possibléa.

I erdgr to. achieve & good calibration
Aceuracy; a carefnl choive of the site nas baen
performed. Without greuad t'ruth, a muitabls
site for cameras intercomparison haa be fuliil
the following proparries:

(1)~ A high reflectance leval,
minimize the measurzements srrors.
{ii)= Thé site haz '‘to bé reasonably flat to
allow irradiance and wlewing ‘goometny
corrgctions due to the differences ‘betuwesn the
2 satellite overpass times.

{iii)1- 'The spectral reflectance NHes ke vary
smoothly and skowly with wavelength to finimize
the effects of possible differences batwéeén the
QQCamera'spectral bands.

nevcessary to

{iv)- -The site has toe be large ercugh te .aveid

undesirable atmospheric environmental -affects
ang also to- allow statistical analysis of the
image data.
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gne can suppose that
the £ cameras arxe looking at’ the same
reflectarice Ardd the rcvatio &f the absolute
calibration coefflcients is directly derived
from the ratio of the cameras mean digital
vubiput?

in these conditions;

cas {8y),

Ak 22 Bm
wos (Bala

: 4
Any %1 Gpa L

3 -~ GROUND SOURCES INTERCRLEBB&TION

o iptercomparison of a CNES integrating
apherw (manufactureg angd ecalibrated hy
Labsphere USAY and a WASA GSFC integrating
nemisphere was performod it the MATRA
intogravdon hall dn Toulouss, FRANCE in October
1987_ Their charvacteristics were tested against
a standsrd laboratory gpectreradiometer and
againegt the S5POTE satwllire instruments.

Thin experiment was placed in the context
of an dacredsing demand in the cemcte sensing
somuatilty of the akildty te cross ealibrate
various setes of remote sensing satellitea az
well 4s from othed saurces of dava such a3
aireraft and greurd radlometer measurementa.
Thus, thils 1nte:,:;a'}mp&:.1.&on Y hean \riewed as a
calibrarion  linpk  betwsen, the CNES spOT2
satellits and . the various radlometers
nalinrated by NASA GSFU. Besides, it provided a
batter charastepizarion of the performance of
eavh spuree and, as 4 by-product, a bhetter
ipsight. into thé xange of agcuracies of the
aharecterizaticn of ‘the SPOY2 sacellite
pariormances .

The detailed descriphian of the experiment
is glven in Levsy et al,, 1990,

Thes maasurad absoliute calibration
voefficienks far tha 2 HPAT HRVSs usﬁng the
sphers and the hemisphere sre listed in table
1. The discrepancigs Getween the 2 sets of

pesalts  rangé oot 450, no g%.__fhgaa
discrepatcies duecresse with .lncreasing
wavelengths and are  nearly idengical {to

within less vhan 1%) for borh HRVa, which is an
indication af good experiment repetitivity as
the 2 camerss afe. nmmlnally idennical. .

Pr | xsi xs2 ¥a3’
HRVL 0,498 | 0,566 | 4,578 | .0, B78
StHERE o 5 )
ARYZ2 L o.606: | 0,870 | 0,585 | 0,916
HEVL _ﬁ;ﬁiﬁf']b;éi}.
HEMISFHERE g Sl B
HRVZ2 0,622 [ 0,960
ARV 4,78
Atspmera)-nibenth] A
Afapheze) 5
‘BRv2’ 5,9% 4,6%
Table I : Gzoundﬂsauﬁces intercaiibrétioﬁ P



It is instructive to eleborate an error
budget of the experiment in order to attempt Lo

explain the observed disecrepancies. This is
done. in table ¥, where one makes the
distinction between bias (or deterministic)

type errors and random type srrors.

PA x81 X8 x83
CALIBRATION 'BIAS| & 4+ 5§ +4% + a3 + 2%
AL (A} (LARSPHERE- '

GODDARD)

LINEARITY RBIAS + 1% ¥ 0,6% | + 0;8s - aq
TOTAL HIRTS + 6% | + 4,68 | + 4,08% + 1
MEASUREMENT

ERRD I 41 s i
zswruagns £ 28 + 2% + 2% + 23
CALCULATION

ERROR . 3 A
Erher A 1 * 1% = 1% LR
MAX. ERROR  |13,8% tvol42.4% tol+2,6% tofl-1,2% to
ESTIMATES 48, 2% +6,8% +T3 +3,2%

RCTORL RESULTS | 4 g4 | -+ 7.5% + 63 + 4,6%

Table 2 : BError budget

Tha first bias taken inkc¢ account coﬁcé;ns

the calibration of the source itself. The
results of ‘table 1 were nbtainéd using the
Labasphere dphere calibracion and rvhe GEFe
hemisphere calibration. The GSFC medsuremerts
of the sphere shows a +2% to 5% difference
rélative to the Labsphere sphete calibratior,,
depénding on wavelength.
_ Thée second bias to donsider concetns the
linearity dissue. On the wone hand; the
functioning point of the sphere was not that
where the -spheze was calibrated, which is of
votsistence if the sphere is not perfectly
lingar, On the second hand, tHe vadianhce levels
v the sphere and of the hemisphere during the
eipériment were not strictly the same which
cvould have resulted in 2 slight bias if BPOTZ2
depdrts from 'a perfectly lingar behavigux. &
Tinearity analysis showed that non linearity
cand aceount Lo a 1% level bias.

The measurement erroxs have been estimated
to the +2% level peak to peak, They take into
account tha various temporal instabilities of
the sources and of the HRV 1nstrument

The calculation €rrors, which include the
reduction process of the images to sobtain an
average oubput signal and the various
calculation steps leading to the eguivalent
radiance value L from modéls of LA} and S(A},
have been -astimated te be within a Z1% level
peak to peak. ' '
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In the error budget of table 2, the

‘measurement and calculation errors have been

summed gquadratically and added linearly te the
signed total bias. This results for gach
specktral band in @8 Trangs of axpacted
discrepancies between the values of the SPQT2
absolute calibration coefficients A obtained by
the sphere A(sphare)l ¢r the hemisphera
Athemisphers), which can be compazed to the.
actual results, takén as the results of table !
averaged over the two HRVs. Table 2 shows that
the actual result fit marginally the eikpected
error range, with an overall tendency of the
discrepancy té be higher than expected, as if

an gddiciopal bias of unknown orlgln, of the
order of 3%, existed.
4 - SPOTL - MOS1 INTERCALIBRATION
The purpese of this expeviment, detailed in

Henry and Begni, 1989, was to determine the
MO51 absolute calibration coefficisnts using a
simultaneous MOSASPOT observation over an
appropriate sibs.

The ‘oily possible sites fulfilling the
criteria destoibed 1in gevtion 2 are  sandy
deserts or snowy plains. Besides, they have to

be in the visible range of a MOH1 obhservation
centie {(SPOT using its pn-bodrd recordar) .

The calibratioen of MHCOSL using SPOT1
calibration coefficients was performed,
according te these raeguirements, over a snowy
arga of MANCHURTA on February 16, 1888. The
images have been recorded by MESSR? and HRVL in
quasi vertical viewing with SROT1 overpassing
the site 17 minvies after mMOSl. Closa
Cpoperatian between NAEDA ard CHNES has allowed
a successful operation. '

Common: homogeneois
gver tha images {(sbout
radiometric average has
ezrh spectral band,

The HRVL absolute callhrat1bn coeff1c1ents
have been computad for the viewing date using
availiable dara in CNES {inguirard et al.,.
1988) . They allow to determine the eguivaleng
radiance of the scene:

area hast hesn selected
4 x 4 kmi} and the
been calculsted for

X5POT
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AGH 15}

LgpoT =

The HRV and MESSR spectral bands are not
entirely identical, the HRYV bandpasses being
X8l [0.50 = 0.50pm}, %82 {0.6 =~ .68 um]; X33
{0.78 - 0.89 um)], whils the MBS55R bandpasses
are Bl [0.51 - 0.59 um], B2 [0.61 = 0.69 pm],
B2 [0.72 - 0.80 um}, and B4 [C.80 ~ 1.10 um].

Assuming no chadge 4in the wobserved
reflectance during the 17 minutes-difference in
the ovegpasses one can derive the eguivalent
radiance at the entrance of MESSR from that
estimated by SPOT.

According to their simitarity, direct
comparison is possible between Bl and K81, B2
and XS2. Thus the MESSR equivalent radiances in



these bands can be provided by :

cosbg;

LMESSR = Lypy CosBsyny (6)

For B3 one can deduce the equivalent
radiance from the one measured in XS2 and XS3.
For band 4 the 3POT measurement has to be
extrapolated to 1.1 mm. A computation using the

spectral reflectance of sniow, the spectral
solar irradiance and the spectral sensitivity
of both instrument as a functien of wavelength,
provides the fallowing equations :

! COSGSHBESR i
= 0.4 2 + L - :
Lgz = 0.49{Lxs2 x$3) coslsry
coshiy "
Ipq = 0.89 Iys3 e — (8
Hence the MESSRZ obsolute calibratien

coefficients cdn be determined as Ax = xx / bLi:

The MESSR1 absolute calibration was aghisved
hy an intercomparison between thHe 2 instruments
made on the same ares (over NAGOYA) racorded
simultaneously by the 2 MESSRs on Fseb. 28,
1988.

Table 3 gives the SPOT1 HRV1 calibration
coefficients used in this intercomparison.

Table 4 gives the MESSR absolute calibration.

coefficients as deérived From SPOT HRVL and the
MESSR1 /MESSR2 coefficienta used to performed
the cdlculation.

Table 5 gives an estimate of the error
budget. Agcording to table 5, The figures for
the intercalibration accuracy range f:om 2% to
64 depending on ‘the spectral band,
absolute accurdcy nhtained for the MGS1
absolute c¢oefficiént ranges from 6% to 11%.

XSs1 X52 Xs3
0.483 | 0.3¢7 | o.s47
Takle 3 : SPOTL ﬁnﬁi absbluté caiibrstion
coefficients
B1 B2 B3 Bd
MESSR2 '0.417|0,396|0.266|0.337
MESSRL ._p;4iz 0.42€ 0.272{0.311
MESSR1/ ;
MESSR2 0.98B8|1.062|0,978|0.923

Table 4 : MESSR absolute calibration
coefficient as deduced from HRVL
calibration.

while the
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Bt | B2 | B3 | B4
t®) | (%) | (3) | (%)
Maasuremant acciracy 1 1 1 -1
HMethod ‘accuracy 2 2 5 8
ntmnsphazic effects |0,5)0,5]0:5/40,5
Snow effacts 0,5/0,5|e,5/0,5
EPOT/MOE-1
intercalibraticn
accuracy 2.9|12,.315.116.1
5POT coefficient
accuracy & 5 € €
MESSR2 coefficlient
agocuracy 6.4(6.4}7.9(10.1
MESSR1/MEE8R2
intercalibration
accuracy 5 5 5 1
MESSR1 coafflcients
agouracy 8.1 |8.118.311.3

faple 5 : Absolute calibration céeffitients
ercor budget

5 - SEOT1 - LANDSATS INTBRCALIBRATION

This intercomparison was done using ground
truth over the French test szte qf LA CRAU
{South-East of Frandé).

In that case the calibration methed has
consisted in measuring the site reflectance and
the atmospheri¢ parameters during the satellite
overpas#, then apply a rndkative trarsfer pode
named "58" .(Tanré et al, 1986) to derive the
radiance of the site viewed by the tested
camera, Radiometers adapted ko SPOT: spectial
bands (Guyot, 1984) were used to detérmine thHa
ground reflectance. The atmospheric parapereza
ware évaludted by radie sounding data foz wstey
content, and tables were used. for. tha Uzone
content (London, 19786}, The . aergscl optical
depth was daduced £rom Langley plcts using a
photometer developed by LOA (Laboratoire
d'Optique Atmospherique, Lille France) taking
inte account a continental- model accn:ding te
LOA measurements.

Two campaigns were done duang @ 2ommon
c¥erpass {(Sept. 30 and Oct.16, 1983). The
results are displayed in table 6. -

The last row in table.§ indicates TM/HRV1
intercalibration for ‘the nominal analogic gains
of SPOT (LANDSAT having no variable analogic
gain), which is-of better interest to compare
similar images o6f the 2 instciuments.

As simple models were used to determine



aerosol optical thickness, the obtained values
of absolute calibratién coetficients for the 2
gatellites may be mot very accurate, but the
results of the intercomparisen {Bgqy 7 Bkepor!
are goad. :

The: results show a good stability of the
measurements {less than 2% variability).

The arror budget for the intercalibration,
where only differential errors between the 2
instruments =are taken into account; is
présented in Table 7, The gverall accuracy is
thus estimated te be 4.6%.

=1 xs2 #s3
= M2 or TH) o THE
No=-30-158% 0.480 0.315 0.525
SPOTL
PU-1E-1499 9.475% p.320 ¢.531
BRY1 .
nean 0,478 0_318 0.528
§ 09-34-1968 D.676 0:859 1.06%
LAMDSRTS
1a=-LE~LHRD: Q.664 0,865 1.07%
™
mean o_4&70 0,862 1.472
Ax TH / Ay HRVL 1.0 2.:71 2:03
R
Ax T o HRVI 0.64 0.895 1,20,
Table € : SPOT1 HRV1 and LAMNDSATS TM absolute

calibration coefficient determined cver LA CRAU
French test site. .

Hean rvadiemetcic image

output estimate SPOT 2%
Hean radicmetzic image

cutput astimata TH 2%
ltnn;ﬁhnxic

measurmments:

.= water wvapour 0.5%
- Ozone 0.5%
- Raylaigh 0.2%
= aeroscls 1%
- environment effacts 0.5%
Ground . reflackance
moasurements 2:5%
Solar Arradiance

{caupled with spoctral

bands uncertainties) 2%
Selar angles 14
TOTAL  (quadeatac) 1.6%

Tahle 7 : SPOT-LANDSAT ERROR BUDGET
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€ - SPOT1 -~ SPOT2 INTERCALIBRATION

The intércompasison between SPOT1 and SPDTZ
was done by a ground truth campaign perforred,
during the BSPOT2 in-flight assegsment period,
over the White Sands test site by the
University of Arizona team <conducted by
F.N.Blater. These ground measuremerits weré
parformed ¢n February 6 and 7 (1990} when SPOT1
was overpassing the site, and on February 19
and 20 (1890) during a SPOTZ overpass. They
allowad to determine the in flight values of A,
for SPOTZ2. This mechod was preferred to an
extrapolation of° tha preflighrt calibration
gince sensitivity losses appear after launch
and during the first days oo arbit, certainly
due to band filters sutgassing (Dirguirard: et
al., 1988).

The HRV tasted were for SPOT1 HAVZ2 in the
Panchromatiz mode and HRY1 in the multispectral
mode while it was the reveise fur SPOT2' (HRVL
in PA and HRVZ in x5).

The ahsclute calibtation coeéfficients for
the HRVs which have not besn testad over White
Sands were obtained by using common images
taken, at the same Cime, over Lhe same area by
the 2 §POT cameras. Several image couples
tecorded over various areas (show filelds, large
pities or deserts)! allowed, by histugram
comparisen, tn astimate the relative
seasitivity between HRV1 and HRV2 far SPOTI and
for "SPOTZ (Dinguirard et al., 1988).

The results are given in table B.

White Sands absolute measurements have .an
estimated sccuracy of around 5 % (see table '),
This accurany added to the HRV intercomparisén
one (azound 2%) leads to an overall accuracy. of
f. 6% for the determination of the absolute
calibration coefficients.

In parallel, in the same wiy as the
intercomparisgn SPOT-MOS, common images have
been taken the second and third days after
SPOT2. launch, while SPOT2 was on a transdtory
orbit. This experiment is still under study and
the results, when available, will be presented
in a forthcoming paper.

PA Xs1 x82 %83
: ERV1 |0.580 | 0,492 |0.335 |o0.521
SPOTL
ERVZ |0.580 | 0.507 |0.388 |o0.s541
“HRV1 0.488 | 0.517 [0.824 |o0.754
SPOT2 ESI i :
‘BRV2  10.555 | 0.573 |o0.420 |0,73%
Tabie 8 : Absolute calibrarion coefficients for

SPOT1 and SPOTZ.



Mean radiommtrie image

ovtput estimate 2w

Atwesphacic

massuraments 53.7%

Refloctance

massuraments 2,5%

Salar irradiance 1.5%

Solaxr angles (including

nen lambartian ‘effegta) | 1%
TOTAL (Fuadratig) 5.2%

wWhite Sands measurement grror budget

‘Al y
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Atmospheric effeots on satellite imagery
Correction algorithma Far Ocean (olor or
Vegetation monitoring

K. Vermote, D. Tanre and M. Herman
‘Labaratolre d'Uptlque Atmosphérique, Université des
sciences et Tbckniquan de Lille FPlandres Arcols
villenauve &'Ascq, France

ABSTRACT.

Edrth Observation Satellite data génerally
have to be corrected from. the atmospheric
perturbation in order Lo provide measurements
relevant to earth surface properbies. A simple
scheme is proposed that takes Jntqlaccqunn the
perturbing atmosphere in simulations of the

scattered sunlight as obsecved from a
satellite. 'The scheme takes into -account
gaseous absorption, molecular and nerosols

scattering, and illustrates the lmportance of
the atmospheric perturbatien in spacehorne
observations. fThen, by using this model,
systematic corrections of satellite data are
investigated. Two prablems are carsidered:
acean color nonitsring, ‘in whieh dase
measurements at nedr infrared wavelenqths may
be used for estimating aeresocls perturbation
in the. other channels, and earth surface
abservations for vegetative céver monitoring,
in which case ‘the satellite measurements are
just scorrected from ‘the known molecular
influgnece . and Erum gaseous econtamination, by
using Oz and H,0 climatologlec estimates. Linear
correction algorithms are developed and the
sceuracy of the derived products is examined;

the. errors in the retrieved otaan enler are
estimated as a function of viewing geometry,
atmospheric turbidity, aerdsols type, and wind
velocity for the case of ocean ohservations.

INTRODUCTION

Batellite measurements are an important toal to
survey the.earth systém, Whetheér or not gne is
interested in the atmospbere, one has te deal
with its effects when using satellite data. In
order to obtain measurements releévani fo
surface properkies it's necessary to correct
‘the reflectance at the tep of the atmosphnrc
POA reflectance, from atmospheric effects. This
correction is necessary when lacking to compare
easuremehts performed ‘at’ different time and/or
at different places (monitoring of vegetative
cover}) or when looking for a gquantitative
estimate of parameters derived from spactral
signature (eg the chlorophyll coftents in ocean
coloi problem). The problem of atmospheric
correction is emphasized when using large field
of view sensors, and in Ocean color meniteoring
wheh usibg short wavelength centered channels
{eg 0.45um) .

This paper first describes very briefly the
atmospheric effect modelling nsed in
radiative code 55 {“Simulation of Satellite
Signal im the Solar Spectrum") developed by
Tanre and al [Tanre 1986).
to estimate ' atmospheric effects
elaborate correction strategy. Two operatioral
correctiop methods are presented: ccean color,
in which case measurement

the.

This model allows us
and to

in the infrared
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pressure is

{where water is "black") tan be wvsed to
estimate the aerosol perturbations and retrieve
water raflectange in the visible;
land/vegetation observations, In which case
there is no direct way Lo .estimate and correct
data {rom aerosol perturbation and wherae
measurements are just, corrected from the well
known molecular influence, and from gaseous
absorption, using climatologic estimates of 03
and H20 Integrated contents.

MODELLING

Within the #ignal observed In the splar
spectrium by satellite sensors, the. atmospheric
and svrface eontributions are mixed. To
retrieve surface réflectance, correction taking
aceount gaseous absorption and molecule and
acrosol .scattering, has to be applled. Four
gases absorb radiation i the solar spectrum
(0.35pm to 2.2um), O, and CO; which
cancentrations are stable in time and space,
and 03 and Hz0 which ‘concentrations are
variable with time and space but can be
estimated from climabtologic data (Londun and al
1976, Tuller and al 1968). The influence of the
mqlncu}uu, ot Raylelgh scattering, is well
khpn and may be estimated sccurately Lf ground
knawn. The aercsol scattering
properties vaty according to the kind of
aerosols, and of course with their abundante,
The aerosol scatbering parameters are variable
in time and. space and ‘a climatology of these
particles is pot well established.

The modelling of atmospheric effects can be sum
up by a very simple equition on which Lhe 58§
model is based. The reflectance at the top of
the dtmosphare, p*, 1s given by :

o P .
'Tg[p’” -pSS] B

Witch:

Tg: The gaseous transmission on the dpuble
path within the atmosphere.

T: The total atmospheric transmission function
ori downward and upward path._

fa: The: inttinaiq- atmusphe;ih reflectance
observed at TOA whan surface fs "black".
§: The spherical albedo of the dAtmosphere

{multiple surface-stmosphere interactions).
Ps: The surlace reflectance.

CORRECTION SCHEME OVER LAND SUREACR
?rinnLPle

Figure 1 illustrates the expected atmospheric
effecta over vegetative cover. For a typical
spectral signature of wvegetative cover, we
simulated p*, for the four channels of SPOT,-
VGT (8, centered at 0.55§m, Bs at 0.65im, By at
0.85um and Mir, the Middle Infiared Chanhnsli,
centered at 1.65pm), for a nadir viewing
cbservation and for an edge of field of view
observation. We also simulated the correction
product, Pssasrospls. L.e: the reflectance p*
correctad from gaseols absgrpkbion and molecular
scabtering_

Simuilations arfe made for a moderate zZerosol
content corresponding to a.visibility v=23Km.
The. major effects are the molecular scattering
in the visible channels (B} and By}, and the
gaseous absorption in the infrared ones (mainly
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Hz0 Ln Ba). In this case, the perturbing effect
of aerosols is not very high (compare p, and
fatseroscis) because theip  abindance id still
reasonable for a horizontal visibility of about

23Km. dotice the large effect of the atmosphere:

‘©h -the vegetation  index, NDVI, which is
generally thought net tu ke atmespheric
sensitiva, L

Accorqing te Flgure 1, considering that the

correction product Piisereseis 13 qenerally near

from pg, we propose to just ‘correct p* from
‘Hayleigh scattering and, from gasecus absorption
‘effects, that are known or may be derived f[rdm
climatologic dat_a. OfF course, as a further
step, bthe corrdcted data, Pgiasrosels May be
improved if some informatlion aboiit the aerpsol
content is availahle.

Formaliasm

Let us <onslder that measurement's correspond to
‘the "ideal™ system presented figure 2a. The
equivalent tadiance observed by the satellité,
g {directly connected to ohserved digital
count through: ealibraticn coefficlent) l=
expressed by : :

i
" HsEg

where Ey Is the solar:constént integrated over
the: spectral band and My the cosine of the
solar zanith angle.

(2}

3 '.:L';;;,T;' 2 'n-;,"' e g, T4
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The cofrrected reflectance Pstaerosolss
corresponds to the sltuation deplcted ‘in Flg
2b. Thus, assuming that the "aerpgsol plus
ground" system i lambertian, accordinq Lo eq
{1}, Pataerssols is given by:

Pasxerosals

P =T1!m.1 ‘8o, T80 Dn+‘l"n($1-{1'mol sap“mmm.}l'nmvll (3)

where the subseripc g refers to molecular
terms. The ‘error budget developed in 3.d)
stiows that we can consider 1L-SpPaiaacossls = 1.
Therefore, according to eqs (2) -and {3), the
corrected reflectance is 'a linear function of
the: obsgrved radiance (or digital count),ie :

Psyacrosols = AL"+B {4}

where A and B are given by

A= : — :
T10Teco,To,T20, Tr{t) TR Eslls

5 PR
Tgr,0Tr(Ms) TR(H)

j5)

Operational. Algorithm

Calpulation of A and B The correéctien
parameters, A and B, depend on quantities which
exact computation is time consuming (gaseous
transmlssipn using Lowtran Hr 35 model} nr
insufficiently decurate (pp with 548). A special
affort has been devoted on ecalculation of the
pr and Tg terms, looking for a compromise
between accuracy and minimization of the
computing time. fr vl o '

For each sensor (wavelength :esponse} and For
each absdrbing component 4 {ihntecrated content
U4}, the gaseous:transmission; Tgj,4 have been
caleculated by using the semi - empirteal
expression:

(6

Tgi = )
2 J= 1 + a2 .j{Uj x M}b.ji\t:iﬁLl(Uj X M)

whera M is the total gptical pa;h that is

M= 1/ + 1/ . {1
with gy, the cosine of the view zenith angle
The parameters ay 4 , by 4 , ‘©1,4 have been
caleulated by fitting the results of (6) to
results. given by 58, by a. least square
criterdon, The comparison wof the  two
c¢aleuldtions is given -on Figure (3] for :the
channel B3 of SPOTy where the absorptian effect
is most important (water vapcr)
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Eigure 3: Comparison of gaseous transmission
factor Tgy,o calculated by 55 and by formula
{6) for B3 channel.

The .pa caleuwlation 1s done by using a semi
empirical formula based on the Chandrasekhar's
X, ¥ Funetlens (Chandrasekhar '1960). The
computation time is very low, and comparison
with. accurate results derived from the
Successive Qrder of Scattering method {(Deuze
1589a) shows that the .acéuracy of -the
calculation is correct: The absolute accuracy
on pg is batter than 5.10™,

The transmission term Tg is derived from the

twe skreain method IZdunkowskL 1980), ¢the
rPsulting expxassion {s
oo
Tr{i)=* . {8)

Eeol

The absalute accuracy is better Chan 1073,

Use of Interpolation methods In order
to accelerate the <¢oérraction process, the
correction parameters are not computed for each
pixel of the image. They are interpolated in
time and space from a =et of pre calculated
grids of the A and B parameters. A specific
study developed for SPOT; (Vermeote 1990) shows
that errors AB< 1.107% and AA/A < 1% may be

abtained by wusing interpolatiopn agrlds
corresponding te a data storage of 25
Megabytes, sufficlent for one .year of

correction without recalculation; for the four
channels of SPOT4-VGT. Te have a mare precise
idea about this work, Table -1 indicates the
resolution in space (number of daegree of
latitude and longitude between two points of
one interpolation grid) and in time (number of
orbits between two interpolation grids) adepted
for each 5P0T; channel.

Error Budget Any data processing
algorithm must be associated with a drastic
‘error budget. The correctien scheme [ie: basic
eq. (3) ,using analytical fermulations for pg
{Chandrasekhar 1960), Tr eqg.(8), and Tg
eq.(6)] is intended to be run for an assumed
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the

Tamporal Spatial
interpolatlon Interpolation
—rpgeem— T
I siep in “Temporal Step Step. _ Spatial
orbil | Interpolation in L: in Interpolation
number} FEroronA lalitude || Longimde Ercor on A
(%] [%e]
AlBY) [1 0.78 1.5 2* 1.37
AlB) B0 0.79 1288 . i 1.48
AlB3) 80 Q.16 ol 72 1.25
AtMir g 0.16 s T 2° 1153
)
Temparal Spa_thl_
Interpolation Interpolation
Eroron Tt Frroron B
ne’) f10-3
8ipyl | 320 0.80. 6.0" 2° 1.12
018y} 480 1.00 . 8.0" 2° 1.00
BiD) [T .96 12" 1° 0.62
fable _l:spatial and temporal resolution of
'Intarnointiun gr.ids, Interpalal fon Accuracy.
barometric pressure Pg-1020mbar, ground

altitude z=0, and for climatologit values of
the azone and water vapor contents. Erroars are
induced at call levels, from the basic¢ eq (3}
to the interpolation process; we must also
consider the uncertainties om parameters given
by =limateologic tables (Uyzp,Upa,Ps). Then we
can dlstinguish three elasses of error
sources:

t1) model ling errors

that are due to Lhe use of Lhe appriuximate
was  (§) and {B), approximate formulation of
pr. and basic eq 13) (because Lthe
aervsolstsurface systeém fs non lambertian);

and te uncertaintlies on basieg constants
{ie: malecul ar anisotropy factor,
speclLroscoplic ceonstants in gaseous

absorpticn).

di fferences between the assumed and
atmospheric parameters

t1i)
the encountered
Pa, UQa, UHZO'

(if1}) systematic due ro the

interpolation scheme.

errors,

The errors
gecmetry ‘and on

depend generally an the viewing
the ground reflectance. To
evaluate these errors, the TOA rvﬁle¢tance,p*,
and the "ideal" reflectance fsiaerosols to be
retrieved were calculated, by the accurate
Successive Order of Scattering code, for
different viewing conditions (nadir and edge of
field of view), different seasons and different
aerosol contents, by varying the error source
terms successively within the éxpected range of
variation (ie:410% for spectroscopic data,®20mb
for Pg,..}. The correction algorithm was
applied to p‘r and the resulf was compared with
Jdea]. Pstaerosols value. Moreover, we
choose to.evaluate algorithm performance in the
same way, that the SPOT; instrument performance
are analyzed, because it's the most simple way
ta evaluate the quality of the. final product
{by adding Instrument and Algorithm noises) and
because we think it's the mere complete way to
describe the quality of a image like product.
The variatlion of the induted error is then
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analyzed {n verm of temporal biases (temporal
variation of the error), low fregquency bhiases
(variarion. of khe error in the field of view)
and the non' variable pdrt of the error is
identified as constant blases.
of ‘error, the relevant error
identified according teo Table 2, and the teotal
error was théen calculated by adding in
quadratic ‘all independent biases. The error
budget is just presented in its complete form
for By (Figure 4), we give in Table 3 the
induced biases for all ¢hannels at. the level of
reflectance corresponding to the typical
vegetative cover 'spectral signature presented
in figure 1.

sources where

Conclusiecn

the error budgel, shows that the corraction la

rather good within the range of typical land
obsarved reflectances, the upper limit of
vlaibiliry we have taken is 23Km. Constant

biases are relatively low. 'The loWw frequency
btases and the temperal biases induced by the
1nterpclation method are negligible. The mast

important biases result from the variabilicy of

dtmospheric parameters and from the
modelling
eq {31).

An ilmproved gorrectlon scheme would need mare
accurate W0 and 03 integrated conkents and
sonie informaticH about Ehe. aecosols, but in

signal
jassumingipg+aar93¢15 iz lambetrtian

this <ase the correchion method would be more

time consuming and more difflcult Lo reverse.
The main interest of such a reversible method
without external ‘data is fo provide a easy way
tu comparé. satellite ‘data; moreover, the
corrected products in most cases are vecry close
from the true surface réflectances.

0.0% - . L )
L IR Sy -

0.08 4 e PWAREEH ~
<+ 1 i g 3

d i P+ Rayleigh+rerosols

0.06 ] il e
“

.04 _|

00z

)
Eigure 5: Decomposition of p* for (Ccean

nbservatzons (wlthout glitter and corrected
from gaseous absorption).

OCEAN COLOR ATHMOSPHERIC CORRECTION ALGORITIM

Principle

The influence of the atmasphere In the case of
sea obsérvabtions is illustrated by Ffigure 5.
For the SPOT4-VGT Ocean mission, cenpared to
the vegeration mission, one channel centored &t
0.45Ym {By! is added in ecrder to svaluate the
water turbidity. ‘This channel 1s largely

'contamxnated by Rayleigh ScaLterinq which
effect varies . as A™!. The specitral dependance
of aercsbls can qary from A"} (Cantinental
medel} to A% (Maritime model}, Clearly, the

For each class

S1

sensitive to the
pw dis only a minor
But for Ocean

tetrieval of py is very
modell'ing acciracy because
part of +the signal p"
observations, py is null in By and MiE, so that
the reflectances in these channels, when
corrected &f the Raylefgh eontribution, provide
Information about the aeroscl influence. Then,
these estimated influences in By and Mir can
be extrapolated in the wvisible channels
{Bp. B3, Bz} in order to correct p* from all
atmespheric effects and therefore to retrleve

Pu-
In fact, the cntr:eval process is nob so
simple, pﬂthicularly because of the sunglint

IGordnn 1967 which is due to sirfice specular
veflection on the agitated ocean. Although
these resulls are nol presented, simlations
porlirmed wilth difforent. wind spaads show that,
in a reéstricred "zone" located around the
specular reflection geometry, the algorithm
error prohibits correct retcieval of py.

Formalism

The cdrrection strateqy is done in three =steps.
«Firstly, the obsé:ﬁed:réflectances in the
ffvu channels of the SPOT; Ocean color
mission ate chr:écted_ from gaseous
transmimsion, Raylelgh scattéring and
glitter (The glitter contribubtion,pg, is
calculated for the case of a  pure
malecular atmosphere arnd for a wind apoed
of 10m/=cc), according tos:

p'="AL"+B (9)
with
¥ T
TenoTgeo; T8 T80:Fsils .
{101
"p R P G
Temo
~Than; we astimate fhg aarosqi reflectance
in. the vialble éhanneL; p“i§; from the
corrected data puje and pgj. Assuming, that

p¥i® varies aceoarding to a A" law we get:

wisn
acrosols _ ° Zv =
pns pli;'_?‘:( E ) (133
A
wheré n is given.by
n= Log(-i*-) / Lug( {1721
Pir A, | '

-Finally, we correect p,is from p¥is apd
from molecutar transmlisslon functions
(a&co ‘ol transmission is puL cequal to 1)
ta get the estimated water reflectance:

'pe%} ,'by :
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Figure 5b
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Py = Clp'vis - pigrev)
with
C = YT TR(L)

(13}

Simulation and analysis

By using the radlative code developed by Deuze
and al (Deuze 1989%a}, p' was simtlated for the
five channels of '5POT4. Calculations were
performed for differcht wind spoads, differept
water refléctance
abundances [Uisll'llty of 50,23,10 Km), For
four solar zenith angles. [15°, 30‘ 45°,60%)., for
view zenith angle varying from nad;r to edge of
field and for all azimuthal eonfigurations. The
previoils correction algorithm was, applied on
this set of data, and we plotted on color polar

graphs the maximum of the abseclute résulting

error on py. The results ate presented for the
case of maritime aerosols on Flgure 5a, in the
case of By (where correction is hardest to
‘perform, see figure 5), assuming that ‘the wind
speed is khown. The results show that the CLror
increases when the solar zenith anqle .and the

view zenith angle are inereasing. ‘Tho crror on’

Pw also increases with -aeresol abundance and,
for visibilities smaller thar 23km,

very diffieult to get significant. result: The

interesting point is that the best results. are:

obtained for viewing azimuths perpendicular to
the sun ‘ingident plane. For continental aerasul
model, bthe results (not presented here) are
worst,
not a ‘good approximation for this kind of
particles, within the, 0. 45pm te 1.854m: range.
Therefore, wWe studied the correction -algorithm
results, by assuming that one 0.75Um centered
channel was avatlable {as it will be on the
MODIS instrument) instead of the 1.65um
centered one which was primary devoted on 5p0T,
to the study of mineral rescurces: The results

‘are given on figure 5h. The absolute error is

divided by a factor 2 to 3

and the same

performances are now cbtained with Continental

aerosols, in which case results
acceptaple ‘up to wisibility of
incldence zenith angle of 45°.

still
and

are

10kin

DISCUSSION

Over land surfaces, the proposed correction

algorithm allows to define a standard a
comparisen for satellite data. The correctien
removes the greatest part of atmospheric
effects. THe opbtained product, pPy,aerosolse 18

in most cases very clase from the true surface
reflectance, and is improvable provided that
data. on aercsols are avallable. This standard
can be computed by an opsraticnal, linear and
reversible algorithm, which ts assogiated with
& detailed error budget., This method is now
-ﬁpplxed at the. CIST (Brest) to cotrect a large
set of AVHRR visible channel data.

Cver the 'COcean, we: deflned a operat'tonal
‘correction scheme and the simulation -allows us
‘Lo evaluate and compare the performances for
two different instruments SPOT4; and MODIS.

different aerosol types and

it bocomes -

due to the fact that the A™M behavior is
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the aerosol effect.

about

‘of Bercsaol

To conelude, Jlet. us fecus on the limie of
atmospheric cérrections, As shdwn previousily
the major problem is probably the éstimate of
Better aerosol estimates
are needed in the studies of Ocean color where.
more detafled chardcterization of the aerosols
should allow a better determination of py. But.
these -estimates are especially needed in land
surfaces observations, where direct information
Lthe aerosol is lacking, In this case,
promising metheods are presently investligated,
that are based on examiriatién of the contrast
degradation 4in satellite imagery {Tanre 1987,

Kergomargd 1989), These methodﬁ, ‘however need
high rasclution sensor data so that their
application at a global scale.may be difficult,
Polarization measurements may offer another
possibility, that is now irnvestigated with
POLDER {(Polarlzatlon and Direct fonnal
Reflectance). This instrument, which a
prototype has been developed .at LOA, is
intendad to measure polarization and
directionality of the Earth outgoing radlation.

Because, the polarized light reflected by
vegetative covers does not depend on the
wavelength (Vanderb:lt 1985, Réndeaux 19907,

polarization measufements could provide the
required aerossl Information over land surface.
Cver the {Ocean, the characterization of
aerosols by pnlakiaanibn {Delize 1%88h) and
diregtionality is expected to allow a. retrieval
of Py ceducing absolute error by a factor 4 ko
5 compared with the "clazsic" means.
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ABSTRACT

..Recent enhancements to the FPRII (Forest. Penetrating Radar) promise to make the
system an excellent tool for topographic mapping in dense tropical forests.
Changes in the processing circuits now -allow the system to be operated at higher
altitudes where it is less affected by turbulence and yet maintain a high degree
of accuracy. The "8" band radar’s beam width is significantly reduced through
unique circuit design producing a narrow footprint on the ground. This has allowed
the system to utilize a smalier antenna.  Sophisticated navigational and
positioning systems including INS and continuous kinematic GPS allow the system
errors to be minimized through post-f1ight computer processing.

Some of these design enhancements have been implemented and tasted with encouraging
results. ' The remairing positional correction is currently being implemented with:
tests over tropical jungles planned for this year. This test will compare maps

prodqcéd from the: radar with those developed from a detailed ground survey.

1.0 INTRODUCTION

Mapping systems invalving the use of
sensors  other than  photographic
cameras are appealing in  tropical
areas ‘With' dense . forest. cover.

Photographic sensers which operate in.

the visible portion of. the spectrum
are hampered. by the" natura] elements
(clouds,  smoke, . haze) and . the
inability to. see beyond the tree tops.

Research..efforts. have progressed over
2 number of years with an increasing

degree of success. As the accuracy. of
the .sensor information. improves, it
becomes critical to know the precise

tions  affecting the _ data
ion. process., In. the case of an

yaw). and .the, exact.position to'a high
precision. - . .. .. 40

airborne sensor, this refers to- the .
attitude. of the platform.(roll, pitch,

Systéms.shéh éﬁ;fﬁdaéhéTtimetéﬁs have. . -
produced:. encouraging. -resulis. due to -

their high. sensitivity and: operation.

at microwave frequencies. . . However,

they. have been- ]imited by. the: need to-
fly relatively.low: where there. is.an
icYe ikelihood of turbuience and -
only having a coarse.knowledge of the

increased.Ji

aircraft position, In other words,

the radar:systems have been relatively -
accurate -:but -the. . processing -and

recording .- information. -have - Timited
their overall success.

The FPRZ ‘system was developed to be
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‘the

‘the

part of an airborne ‘topographic.-
mapping .system capable ¢f midking
detailed maps.of the ground. beneath a
dense . forest . canopy. ~ The
incorporation of - state-of-the-art -
pusitional recording -systems. have
e¢liminated many of the limitations
mentioned earlier and promises’ to
provide .an operational tool for
topographic mapping.

2.0 RADAR SYSTEM: DESCRIPT1O}

The-. radar provides : two . .recorded

.outputs on -a°strip:chart recorder.
One. output . is. the distance .from the

aivcraft to the ground -under: the
forest .and the othér is:the distance
from the aircraft :-to -the -forest:
canopy,: atong.the flight path.of the-

aircraft.. After-successfully testing

the system over a tropical foresét
where the annual rain fall exceeds
3500 millimetres, it was evident that
radar, with the “addition- of
ancillary -equipment,  could -be ‘a
valuable instrument -as an aid ‘in
topographic mapping: the -ground - urider
tropical -rain forests. A sample of
output obtained”'is shown' “in’
Figure 1. v - i

2.1 Radar

The radar transmits a 0.7 wicrosecond.

pulse™ with a peak power of 2.5
kilowatts at a- freguency of 3
gigahertz. This pulse duration i



measured at the 10% level and the
shape 1s shown in Figure Z.

At a frequency of 3 GHz more energ,
will be reflected, at times from tﬁg
ground and at times more energy will
be reflected by the foliage. The
pulses from the ground and those from
the forest canopy will be separated
and coupled to a strip-chart vecordey.

Any interniediate pulses will be
rejected. Some pulses, because of
varying phases in the reflected

anergy, will be narrower than normal
and will also be rejected.

2,2 . Antenna

Operating at a higher frequency than 3°

GHz allows the antenna to be smaller;
however, but raduce - foliage
penetration. A lower frequency would
c¢all  for an Aimpractically large
antenna. The 3 GHz frequency is a
good compromise.

The antenna has a stepped parabolic
reflector 112 centimetres in diameter,
9 centimetres in depth and a double
dipole wavequide feed: The one way
half power beam widih is 6 degrees.
The. antemna patiern is shown in
Figure 3. The antenna pattern Ffrom
the 3 db points to the peak has been
redrawn on a linear scale in Figure 4
to make it easier to understand the
artificial narrowing described latar.

2.3  Receiver

The receiver consists of a radio
frequency amplifter, a crystal video

{square- 1aw) 'detector and-a video
amplifier ‘that employs a pulse by
pulse automatic gain-control. A curve
of -a typical crystal detector is drawn

in Figure 5. Since: the peak of the
return pulse will be from the ground -

under .. the: trees, -from the forest
canopy, or from somewhere in between,

the. action of the crystal detector

will favour the peak of the' received
pulse.

The . transmitter,  modulator
duplexer are common compohents inmany
radar systems. (see .Figure 6). The
cutput- -of the crystal detector,  is
coupled to the amplifier and pulse by

pulsa automatic gain control eircuit.
The. action of the pulse by pulse

automatic gain control can be seen. in

Figure 7. The gain has been adjusted

sa that only the peak of the receiver
pulse exceeds the base line. The base
Tine is then restored leaving only the

peak of the received pulse. This peak

is further ampTlified and coupled to a
threshold triggered voltage

and
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comparator. Iis output are square
pulses Tleading and trailing edges
determined by the peak of the pulse.

Many  pulses, having varying
amplitudes, were used to produce the
photograph of the action of the pulse
by pulse automatic gain control in
Figure 7. The time of arrival of the
peak can be obtained by measuring the
time of arrival of both the leading
edge and trailing edge and averaging
the voltages.

is
narrowed since the energy transmitted
at tlie centre of ihe antenna pattern
is 'higher than ‘the sides of the
pattern, and the receiver circuit
allows only the peak of the reflécted
energy to be present at the output.

3.0 INTERNAL SYSTEM PROCESSING

The effective antenna pattern

A sample of the transmitted pulse is
a sync pulse far the timing circuit.
The sync pulse is coupled through the
calibrate and range circuit to the
ramp voltage generator. The time of
the linear voltage change is Tong
enough to be several thousand feet in
radar time -- the time for a pulse of
energy to travel to the ground and
return to the aircraft.

The ramp voltage generator is coupled
to sample and hold circuits (1) and
(2). The linearly changing valtaye
from the ramp vnltage gensrator will
be sampled then held. Voltage (1) is.
generated by the time of arrival of
the 1eading edge of the peak and
voltage (2) by the trailing edge of
the received pulss. '

The trailing edge of irigger circuit
(2) activates trigger -circuit (3)
which genarates ‘a 20 microsecond
sample period for sample and hold
(3). " The voltage that is equivalent
to the time of arrival of the peak of
the return pulse is ‘now available at
the output of sample and hold {3).
Because of varying phases in the
return signal, there will be times
when the peak of thé*?eceivedifu1sa
could be narrower than expected. A
pulse Tength filter measures ‘the
durztion of each pulse from Schmitt
trigger and enables trigger circuit
(3) only when the pulse ‘duration
exceeds a selecled thraeshold.

The sync pulse derived - from the
sampier is coupled to & counter {(min
10, max 100). To date, no forest has



been encountered that requires a count
higher than 100. The number selected
s the number of return pulses to be
examined by the peak detector
circuits.

The voltage at the output of sample
and hold circuit (3) is changing with
each acceptable return pulse. One
output of the peak detector circuit is
the voltage that  represents the
shortest distance from the aircraft -
the forest canopy. The other output
is the voltage that represents the
furthest distance from the aircraft -
the ground, Immediately -after the
cample and hold eivcuit i3 switched
back to 'the hold mode, the peak
detector circuits are reset to be able
to examine the next group of voltages
from sample and hold civecuit (3). The
output from sampie and hold ( } is the
tree canopy and the output of sample
and hold (5) is the ground under the
farest.

These. outputs -are displayed on a two
-pen strip charl recorder. -TWo event
‘markers  are. available. to  correlate

11 ““sensing -~ devices . such as
hy  and positioning with the
itput: of the radar. - An
m.the ' strip:chart for an
gital. converter 1s also

 circuit has been
: dar which provides a
“means of ‘calibrating the output of the
radar. The range of the radar can be
switched in either 500 foot steps or
}000 foot staps, The full scale vange
of the strip-chart recorder 15 1000
feat when the vrange circeit s
switched -in 500 foot steps and the
full scale-range: of the strip-chart
recorder -is 2000 feet when the range
circuit is switched in 1000 foot
steps.

4.0 POSITION WEASURING EQUIPMENT

A number of new devices are presently
being: incorporated to enhance the
overall accuracy of the system.

4.1 Global Positioning System (GPS)

GPS satéllites have greatly increased
the potential of surveying instruments
and falrly common in airborne surveys.
By simultaneously recefving the
'signals From several of the satellites
and through triangulation
calculations, 1t §s possible to

determine the position of the receiver

to within & - 10 motree in X; Y and Z
relatively easily. Recesivers can be
obtained from a variety

of

manufacturers which are suitable for
atrborne installations and provide
digital outputs for recording,

Knowing the position of the aircraft
to 5 - 10 metres in X and Y .is a
major improvement and adequate for
many survey applications. However,
the radar profiling system is trying
to achieve accuracies of 2 - 3 metres
and cannot tolerate the 5 - 10 metre
error in the vertical I component.
Through the use of more elaborate
recording and processing systems, it
is possible to improve the aircraft
positional accuracy to less than one
matre. _ Continuous  kinematic
recording 0f the GPS signal records
the phase of the carrier wave and
through subssquent post-processing
allows the radar antenna position fo0
be computed. v

Operation requires dnsta)lation of
antenna  on  the aircraft and
calibration, Flights must occur
during 2 GPS window when at Tleast
four and preferably five satallites
are above the horizon. Four
satellites should remain _in
continuous contact with the receiving
antenna at all times. Loss of one of
the signals may mean the Toss™of the
eritical Z component and negate.the
missions’ data collection 'accuricy,
The aircraft should return to the
exact same position as it bégan “the
mission to close the loop. ;

This proceduré is significantly more
complex to operate and time consuming
to process and correlats "with the
radar signal, howevey, {1t represents
a major improvement in accuracy,
eliminates the need for ‘tracking
cameras, and is consistent with tha
accuracy of ‘the radar signal itself.
§.2 Attitude Sensor -
The radar system effectively praduces
a narrow beam through the circuitry
described above. en the aircraft
is on a mission, it is regularly
buffeted by winds which cause the
radar footprint to vary from the
desired nadir position. This
mistracking can be a source of error,
particularly in rugged terrain,
unless a compensation procedure is
incorporated.

Several methods exist which can
minimize the effect on the position
of the radar profile. - These range
from installing a gyroscopically
steered antenna to discarding the

. signdals outside of a set threshold.
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For the wupcoming tests we will be
incorporating an tnertial navigation
system (INS) capable of digitally
tracking the aircraft’ motion and
‘discarding measurements ‘taken during
excessive turbulence, A1l data sets
will be recorded on magnetic tape for
subsequent processing and correlation.

5.0 SUMMARY

The FPR2 radar altimeter provides a
recording of the distance between the
aircraft and the tree canopy and
simultanecusly the distance from the
aircraft to the ground under the
forest. The recorded outputs are the
forest and the ground along the flight
path of the aircraft. Throiugh the
addition of state-of- the-art position
measuring and recording instruments,
1ike GPS and INS, the FPRZ 1is a
comprehensive system for developing a
ground profile through dense trapical

forests. The specifications for the

FPR2 .are given below.

6.0 SYSTEM SPECIFICATIONS.
Transmitter
Frequency - 3.0 GHz., Peak Power - 2.5
KWs., Pulse Duration - D,7 usecs.,
Pulse Repetition Rate - 2000 Hz.
Antenna
Stepped Parabolic Reflector with
double dipole feed, Half Power Beam
Width - 6° conical, D1ameter - 119 cms,

Reflector Depth - 9 cms. . Feed extends
34.5 cms below reflector.

RMS Error

Ground - 3 metres. Forest canopy - 6

metres.

Operating Range

300 metres to 30DD uetreés above the _ :

ground.

OFFSET 0.5 CM
LEFT OF GROUND
PAOFLE
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SYSTEM CONCEPTS FOR HIGH-RESOLUTION LAND AND ICE
TOPOGRAPHIC MAPPING ALTIMETERS

Eastwood Im

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

ABSTRACT

Global, high-resolution topography data set of land
and ice regions on earth is of importance in a
variety ol geoscientific applications. In this paper
two polential spaceborne radar instrement
approaches, the scanning SAR altimeter and the
intecferometric SAR allimeter, for acquiring such
data set are presented. The relative merits of and
some fechnical issues associated with these two
system approaches are discussed,

Key words : Topography, altimeter, resolution,
SSARA, ISARA.

INTRODUCTION

Global land and ice topographic information is
vital for eirth systeim sciences, with applications in
geology. geophysics, ecology, soil science,
kydralogy, botany, and pliciology. An overview
on these applications can be found in the NASA
Topographic Science Weorking Graup Report
{Topographic Science Working Group, 1988).
Existing topographic dala are available in the
forms of contour maps and digital data, with
digital data being, cli:..,i;i?ed from existing maps.
Figure 1 shows the existing, ‘topographic data in
these two formats, It is clear-from-this figore that

coverage is the major probleny _ms,n_m_ate_d with the

existing dutabase, particularly in. Africa, Asia, and
South Amerdea.  Other s’hOrt(.Oming‘. are the
uneven spadal seales and accuracies among
different existing data gets.: These ‘shoricomings
have rédueed significantly the usability of such data
sets for large-scale science studies.

With (he limitations on the-existing database, it is
clear that a-set-of global, uniformiy sampled, high
resalution landfice wpagraphic data i§ neeﬁed, and
that the space-hased instrumentation: is the only
cost-offective means of acquiring such data set.
Recently published report:(E988) has indicated that
such- data set must possess: spatial reselutions
between 30 m to 100: i afid height aécuracies
better than 10 m in_order to provide useful
information for most a_f the science applications.

[1.S.A,
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Spaceborne radar altinieter is oné of the promising
instrnment approaches for genérating such global,
high-resolution topographic map. Unlike the
optical techniques (both. steccophotography and
laser altimetry), radar measurements are less
susceptible: {o cloud covers and other weather
conditions. 1o addition, radae's relatively fast
pulse transmission rate and large swith coverage
make it more attragtive than the laser altimétérs
for dequiring spaudlly cdntinuous daia in, &
reasonable time period, and che altimetric
processing timie of the radar data is considerably
Tess than that Tequired for sicreoscopic date. In
this paper, two radar system approaches, the:
Scanning Synthetic Aperture Radar Altimeter
(SSARA) and the Interferomerric Synthetic
Aperture Radar Altimeter (ISARA}, that can :meet
the science requirements, will be presented. The
relative merils and the technicdl -issues associated
with these two approaches will also be discussed.
SAR ALTIMETRY - GENERAL CONCEPT
A rudar altimeter transmits short pulses and
meusure the round-trip propiigation time of these
putses as they are reflected from the surface and
detected by the radar receiver. With the nccurate
knowledge on the propagation time. the radar
pointing, and the orbitil altitude, the surface
elevation can be rccan__s_truclt:d according 1o

h=H-pcost (1)

where h is the surface elevation, H s the orbit

height, p isthe one.h.\i{ay range distance, and 8 is

the-radar antenna pointing angle relative to nadir,
For illustration purposes, H is chosen to be 400 km
througheut this paper.;

Because changes in land-surface elevation can be
sipnificant over small distinces, -good surface
spatial resolution and location determination of the
acquired data are needed in order to detect such
changes and dbtain the desired height accuracies.
With the synthetic dpcrtm'e radar (SAR) systems,
fine gpatial resolution: in the along-track direction



(ta) can be achieved by generating a small effective
along-track radar beam footprint

A

ERa 5 e

2)

where A is the radar wavelength and Lggr is the
synthetic aperture size of the antenna. Conversely,

Lsar can be determined from the specified ry and
instrument conliguration. Of course, how large a
Lsar can be achieved depends on the available
dwell tiine, the number of azimuth looks needed
for speckle noise averaging, the required swath
coverage, and the orbital velocity.

SYSTEM APPROACH - SSARA

A graphical illustration of the SSARA approach is
given in Fig. 2, and a set of system parameters is
given in Table 1. The SSARA system operates at
94 GHz and utilizes one eross-track electrically
scanned antenna with its short dimension oriented
along the satellite track. The scan range (6) of the
antenna is (.57 relative to nadir in order to.
achieve an cross-truck swath width (8) of 8-km.
For a polar orbiting satellite operating at an
altitude of 400 km, it is estimated that global
surface coverage can be achieved over a !-year
period. With such antenna rientation, the narrow
cross-track beany tootprint (F¢) defines the cross-
track spatial resolution {r¢). That is,

e =.Fe = %P . 3

In Eq. (3), l¢ is the cross-track antenna dimension.
At 94 GHz, H=400 km, and 6=0.57", a cross-track
antenna size of 12 m is required in order to obtain
arc of 105 m, and a cross-track antenna size of 42
m is required in order to obtain a rg of 30 m..
With the anticipated technical challenges associated
with large space aniennas at 94 GHz, this sirawman
design settles for a spatidl reselution of 105 m. In
prineiple, for a given antenna size it is possible o
operate SSARA at a higher frequency and/or in a
lower orbit in order to achieve a. betler T¢.
However, the atmospheric absorption (such as
cloud and precipitation) associated with higher
frequency operation, and the atmospheric drag and
surface coverage reduction associated with lewer
orbit operation, may become prohibited.

The vertical resolution ry for the SSARA system is
achieved by radar pulses mth short effective time
width (Teff):

Cleff'

L] c
Iy -—-—2— ="

5 @)
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where B is the instrament bandwidth and ¢ is the
speed of Light. To illustrate, for B = 50 MHz, ry. =
3m.

The along-track untenna beam lootprint is

A
Fa - ‘}‘:|'

P (5)
where 1z is the alosg-irack antenna dimension,
Notice that for SSARA Fy » Fe because Iy < le.
Consequently, the time-spread of a return echo
{At) is primarily due to the range extent of Fa.
For a terrain with a averaged slope & over a
reference plane along the sub-satellite track,

2 F;y tand
g

At = (6)

Using By, (63 and from azimuth  ambiguity
consideration, it can be shown that

lg>4M Ve (T + AN
where 17 is the doppler oversampling factor near
unity, T is the transmit pulse width, dnd Ve is the:
spacecraft velocity (7.66 km/s). In deriving Ineq.
(7), it has been assumed that the transmitted signal
and received echo interleave one another. This
inequality constrains the Jower limit of the along-
track antenna dimension., Using T=8 us, 1= 1.3
and § = 12°, the minimum Iy required is 0.4 m.

The scan time {ts ) a{.mss the swath is defined such
that a full scan is accomplished -before the
spacecraft moves an amount equal to. Fy. Thus

=042s. ()]

5= JaVse
Consequently, the maximum allowable dwell time
aver gach res-oluiion ce}i= is:

1 __I{;SI?- = 54ms 9)
With re=13=105 m, Lgar can be deétermined using
Eq. (2) 1o be'~6.5 m. The 1-lock dwell time is,
therefore, '

., Lsar

' g =085ms . (10)

By combining Eqs. {9) and (10), the number of
achievable azimuth looks is 6.

The signal-to-noise ratio (SNR) can be expressed in



general as

PrG2A2 As oo Ly

R (4x)3 Ak T B

(L1)

where Piis the transmit power, G is the antenna
gain, Ag is the ared illominated by the pulse, op is-
the surface backscattering coefficient, Lg is the
system loss, 7 is the pulse compression ratio, k is
the: Boltzmann's' constant, and T is the noise
temperature.  The surface aréa illuthinated by the
pulse’ can vary substantially depending on the
imaging geometry and surface slopes. In.the SNR
calcalations, a pessimistic value of Ag

Sake ke
AS =TS = TTCH TS (12)

has been used. Usiong the: parameters in Table, 1
and assuniing 1 Ga of -3 dB at an 8 incidence, a
"worst-case’” SNR of +3 B is achieved,

The height accuracy of the SSARA system depends
strongly on terrain steepness and the processing
algorithimis: A prévious study has indicated that
ceniroid-type algotithms pm‘torm reasonably well
tor natural terrains (Rodriguez et al., 1986). By
identifying the various error sources and with
reasonable estimates of their contributions; an
etror budget wag decived and tabulated in Tabie 2,

SYSTEM APPROACH - ISARA

Because of the limited cross-track antenna
dimension the spatial resolution of the SSARA
approach is.limited to. 105 m. Tn order to achieve a
beter Rpall'll resolution, an interferometric SAR
altimeter (ISARA) lechmque has been proposed
(Zebker and Goldstein, 1986; Li and Goldstein,
1990). The surface imaging geometry of the
ISARA approach is similar to thdt of the
conventional SAR imaging radars ¢xeept that in
this case a second antennd is employed (see Fig. 3).
The two antennas ave of the same dimension and
are separated horizontally. Pulsed signals are
transmitted through one antenna and backscattered
echoes are received by both so that phuse
difference betwéen. the two recorded sarface
images can be determined. This phise difference,
being-a function of the surface height within the
same image pixel, can then be used to infer the
surface topography.

The phase difference. {$) can be expressed as
¢ == sin(6- £) (13)

where D is the baseling separation between the two

66

antennas, and £ is the angulac-offset of the antennas
on a horizontal plane. From Eqs. (1) and (13) we
can see that h can be derived by accurate
knowledge of D, €, p,-and H. Notice that p in this
case can be derived directly and aceurately from
system clock timing. Whereas, p in the SSARA
case must be estimated tmm the pulse flight time,

The ISARA design dbi shown in Fig, 3 operates at
35 GHz. The *mtenna dimensions ar¢ 5.5 m

(along-track) by 0.4 m (cross-track), and lhc
antenna beams are pointed at 25" off- nadir. The
two antennas are se;mruted horwontal]y by 10 m,
The radar parameters! for this ISARA system are
shown in Table 1. Most of the SAR parameiers can
be derived in the S]mﬂ.'lr t;ishmn as. that used in the
previous section with a few excepnont'. The cross-
track spatial resolution, for instance, is obtained by
the ground projection of ‘the radar slant range

resoluticn, and the sw ath width is the cross- trick

heam footprint size. For this pdrtmulm system
design, an spatial resolution of 30 m x 33 m, a
cross-rrack swith width of 10 km, and a total of 24
tooks. (12 in azimuth and 2 in ringe} can be
achieved. Assuming a Gg of -10 dB at a 25°

‘incidence, the SNR ig ealeulated to be hatter than

11 dB.

Besides the errors in orbit determination and clock

timing, the other major crror sources in the

ISARA approach are the phase noise (G¢}, pointing
error (G ), and the bascline determination erfror

(6p). These error terms can be expressed as
follows:

. Aptand ;

o =5 p oy . o)

oy =p sind O (15)

psmﬁhnﬁ oot

[In Eg. (14); the height error decreases with. an

incredsing D (first ferm of Eq. (14)). However, Gy
increases directly with P due to the
electromagnetic field decorrelation of the two
received images. Consequently, an optimum D can
be selected for a given system. in Fig. 4, the
height error isopleths are plotted -as the functions
of the antenna baseline separation and the radar
bandwidth. For this patticular ISARA design, 4
height error contribution, due to the phage noisé i$
2m,

From Egs. (I5) and (16), the knowledge on system
attitude and baseline separation must be accurate to
0.0003° and 2.3 mm, 1espectively, in order to
obtain the required height accuracies. These
knowleédge requirements ate reaching the state-of-



art of the corrcspondmg technical areas

Another problem in measuring mterferomemc
phase is the multiple 2 ambiguities in the phase
measurements.  For the system considered, a
topographic change of n x 180 m will give rise to a
n x 21 change in phase and make the measurements
ambiguous. Fortunately, it is highly unlikely that
any natoral terrains will exhibit a 180-m
topographic ch-mgc in over a 30-m pixel spacing.
Therefore, it is anticipated that the pixel-to-pixel
phase change can easily be unwrapped.

The total height error budget for this ISARA
design is tabulated in Table 3. Faor the described
system, the topographic measurements can achieve
height nccuracy of ~3 a.

SUMMARY

In this paper two potential spaceborne radar
instrument approaches,. the scanning SAR altimeter
and the interferometric SAR altimeter, for
acquiring global, high-resolution fand and ice
topographic data are presented.

By operating at 94 GHz, the SSARA system can
achieve spitial resolution of 105 m' x 105 n1 and
height accuracies of ~3 mw (for gentle terrain}.and
~10 m (for steep terrain). For the required system
bandwidth, the instantaneous data rate is estimated
to be ~800 Mbps. A rather sophisticated on-board
«data compressor must be employed such that the
downlink data rate can be accommodated by the,
ground receive stations. Another major issue in
implementation such system is the technology in
fast, electronically scanned antennas at 94 GHz.

The 35-GHz ISARA system can achieve spatial
resolution of 30 m x 33 m and height accuracies of
~3 m. The major technical issues-associated with
this approach are attitude and antenna baseline
determination, ‘and large, 2-dimensional space
structure for anténna support.
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Parameters SSARA ISARA.
| Frequency (GHz) 04. 35
Antenna : ;
Effective apertute (m) 120x04 . 04.x5.5
Beamwidth (deg) 0.02.x 055 1.2 x 0.09
Peak gain at nadir (dB) o R ©52
| Angle from nadir (deg) +0.57 (scan) 23
Transmit peak power (W) 200 ' 250.
Pulse duration (microsec) o 87
PRF (kHz) 50 39
.| Bandwidth (MHz) - 50 - | 0 24
Systemi loss (dB) . 3.0 - 25
System noise temperature (de.g) 2200 1200

Tablé 1. System parameters for SSARA and ISARA.



Source Error (m) for | Error (m) for
gcnlle terrain steep terrain
Attitude 1.1 2.7
Altimeter timing 3.0 10.0
Ephmeris 0.6 0.6
SAR processing 0.6 0.6
Atmosphere and ionosphere 03 0.3
Total (RSS) 33 10.4
Table 2. Error budget [or SSARA.
Source ~Brror {m)
Phase noise 20
Baseline 0.9
Attitude 11
Clock timing 0.1
Ephmeris 06
SAR processing 0.6
‘Atmosphere and ionosphere 0.2
Total (RSS) 26
Table 3. Error budget for [SARA,
: SCALE
i Africa Ssn]. 15 40,000 - 13 75,000
i % Asia 1:100,000 — 1:126,720
.| North L] 1:140,000 = 1:253,840
s | i America’ [} unmapreD
US_SR
20 — g South
v - 14 America
| n
- :7 f‘ .:_‘.;’; -
i % A je 71 World
il gk
4 7 ] | [
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| 1 A | |
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CONTOUR MAPS

DIGITAL DATA

Figure 1. Existing topographic data at various scales in both contour map and
digital form. Seurce: United Nations Development Project.

68



Figure 2. The conceptual design for SSARA.

Figure 3. The conceptual design for ISARA.
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Figure 4. Height error isopleths for the SAR interferometers. The dashed
lines correspond to the selected baseline and bandwidth for ISARA.
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USE OF EXTERNAL DATA FOR AERTAL TRIANGULATION
AT TINSTITUL' GEOGRAPHIQUE NATIONAL - FRANCE

R. BROSSIER - C. MILLION

Tristitut Géographique National
2, avenue Pasteur
94]_6{) ST-MANDE

FRANCE

'COMMISSION I, WG I/4

ABSTRACT

IGN has realized during lhast years seve-
ral trials in crder to use for aerial triahgu-
lation eéxternal data provided by navigation
means or auxiliary sensors. The major aim of
these = trials -is to reduce ground preparztion
‘particularly for eountrles where d:.splacements
are difficult.

Best results were obtained uuth GPS -system
and pressure sensors. For instance a CROYUZET
2100 pressure sensor was used is production
surveys, in French Guyana and in Benin, with
introduction of these’data in aerial tn.angula—
‘tion computation.

The ' paper presents the on-board equip-
ment, the use of their data’ in different
configurations, and the main results.

1 - INTRODUCTION
For several years IGN has been involved in

developments ~about use - of external data in
aerial triangulation. The aim of these trials

is to reduce ground preparation, which is very

costly in countries with pdor geographical and
commnication basic aqua.pnent.. Several ways
were explored :

- laser telemetry, already used for airborne
profile recording and now applied to slant

range measuring from aircraft . to -ground; as

close as possible to the point of view.
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~ atmospheric preéssure measurement by pressure
sensor, in order to determine ailrcraft alti-
tde .

- positiening and navigation System data the
most  interesting baa.ng those - given by GPS
system.

These three kinds of data were used either
separately or in association, for instance
laser and pressure sensor or GPS and pressure
sensor.

2 — THE, ON-BOARD SENSORS

1) Laser telemeter

It is a TAY 130 telemeter; built by, CILAS
french company. This equipment was already
described in a previous publication (ref 1)
related to ground profile recording. Let us
remind its main performances : -

- Maximal range measurement : 15 km
=~ Maximal measure frequency : 20 Hz
- YAG laser transmitter
. BEmission wavelength 1.06 pm
. Maximal energy per pulse 40 mJ
. Pulse duration 18 ns
- Field of emission 0.5 mrad
- Field of reception 8 mrad:
- Measure accuracy 0.50 m



2) Pressure serisors

Two pressure sensors, bullt by CROUZET
France company, were used during the trials.
Both equapments are based on the same principle
i e deformation measurement of a diaphragm
placed in a vacuum chamber and connected to a
static pressure port. But the deformation
measurement device i guite different fin’ the
both sensors.

a) Crouzet 44 model

This sensor is controlled by ‘a force ba-
lance. The pressure to be measured creates
diaphragm deformation which moves sn arm. “This
displacement is balanced by an eler:'trumdqne-uc,
foree generated by a current in an adjusting
coil Jocated in af  air-gap of a permanent
magnet. An electronical cireuit continuously
maintains the baldhce ; the current in the
adjusting eoil passes through a measuring
regigtance which delivers. a tension propotLion-—
nal to the pressure to be measured.

b} Crouzet 2100 model.

On this sensor diaphragm defermation 1s
riot  measured by an electromagnetic foree 5 the
arm connected to the diaphragm strains a quartz
monouristal. The resonance frequency of the
quartz is a function of the applied constraint
and  the piezo-aléectric efféct 1§ used EOr mea-
suring rescnance frequency. lo addition a re-
Bistive sensor located inside the deviece allows
to measure itg temperature and therefore to
correct pressure  measurement by means of an
integrated microprocessor .

During the trials these both sensors were
used together and they provided very similar
results.

In practice the. measurements are performed
by a sequence of six pressure ;:eg:ordings, at a
frequency of 1 Hz, centered on the exposure
pilge of thé RC 10. The average value of these
measures is kept after elimination of aberrant
values, 1if necessary. From these measures a
calenlated  Altituds: for -esch polnt of view is
determined, referred to isobaric surface, by
means of an appropriate model. Finally the
following lineariged least sguare model was
-used, with one unknown (B) for each flight axis

.M'"_"' A o+ B
where M : sensor measure
Z : calculated altitude

a-9dM_ _g¥
az R T

g : gravity acceleration
: perfect gas constant
: absolute outside temperature [in *K)
These altitudes 7 canbemtroduced direc—
tly in aerial triangulation computation.

44

. Eor

between
ble po::.nt on ground. These data, corrected from

3) GBS navigation system

IGN used a TR5S-B GPE receiver, built by
SERCEL~France company, f£for several ‘trials done
either -on low speed twin engine Aerccommander
aiveraft, or on fast speed twin jet Falcon 20.
This receiver was already described during a
previcus presentation dn Stuttgart, in 1966
{ref 2). Let us femind this equipment comprises
an antenna with its presmplifier, .a receiving
processing unit, a colour CRT display unit and
a tontrol  keyboard. The receiver can simulta-
neously process all the signals coming from up
to 5 satellites, on 1. 1 frequency (1.57542 GHz)
and C/A codé. It is designed for measuring
pseudo-distance #nd phase at a rate of 0.6
gecond in each of the 5 channels. ‘TRSS-B
receiver is equipped of an internal processar
for computing in real time a complete 3 Do+ T
position selution using pseudo-ranges smoothed
by phase. .

For  tlights at large scale on Aerocaman-

airératt the equipment was the same than
previous macitime applications. But trials
o Faleon 20 dirervaft needed a speclal ommidi-
rectinnal DORNE-MARGOLIN  antenhna  ©f which
acrodynamism wds compatible with the aircraft
speed (350 knots) .

der.

4} Berial survey equipment.

AlL the surveéys were performed with a WILD
RC 10 camera, equipped with a Uay lens cone of:
foeal  length 152 mm. This cone is medified fol
picking up exposure pulse on the reed-switch
which commands expdsure. mechanism. of the lens
cone. But. this operation ogours with a delay
which can be determined experimentaly it labo-
ratory : it is a constant for a given lens cone
and a given exposure time..

For the laser experimentations,.an auxi-
liavy: 35. mm camera was used. Tis optlcal axis
is ra.goreusly parallel  te the laser emisggion
beam. The images given by this c¢amera alldw to
localize the point of impact on ground of the
laser beam and to transfer this point on the
associated 24 x 24 om stereoscopic survey.

3 — TEST PLIGHLS
Each of the previously described equipment
was used during test flights, in order to
determine its interest for the needs of aerdial
triangulation.

1) Laser and pressureSensors

TAY 130 laser telemeter has been used for
several years for alrborne profiling. Bub this
method is wvery heavy and it needs many manual
and costly operaticns.

Another application of laser telemetry.
consists of direct medsurement of slant range
the exposure station and ag identifia-

atmospheric refraction prov;.de a scaling for
each: negative, in addition o pressure measures



for the determination -of altitude of the expo-
Sure station.

In practice this method comes up against
many difficulties. Identification of the points
of impact is not the least, due to the use of
the 35 mm camera and the delay between exposure
times of " this auxiliary camera and the RC 10
ocne. This delay was measured in laboratory :
its' value is B4 milliseconds i e a distance of
about 15 meters in case of a Falcon 20 survey.
Despite of all precautions taken in the succes-
sion of operations it was not possible to reach
a good precision for the localization of the
point of impact.

-‘Another difficulty is occured by the fact
we cannot select the point of impact which can
fall on any topographical detail. That implies
an important. percentage of unusable points :
for others the accuracy is a function of the
ground slope and the vegetation coverage.

Nevertheless a full test was done on the
1:50 000 sheet of la Souterraine, with a survey
at a scale of 1:30 000. Results can be summari-
zed as follows :

~ Number of exposure stations : 60
— Number of usable laser
measurements : 36

- RM5 on slant range between exposure
station and ground compared tc the
calculated range issued from aerial
triangulation ¢ 1.80m
(accuracy of the calculated range
itself is about 0.70 m)

Usable laser data and pressure measures
have béen introduced in aerial trianguiation
copputation where they brought interesting
results as illustrated hereafter :

- standard deviations on check points

lwith a full network

with a few control
of control pomts

X ¥+r0,70m No check

v Sl 0.50 m

0.45 m

* it concerns a normal adjustment block with
side overlaps of 20 %. Therefore a minimal
control point ‘network should be kept, i = if
n is the number of flight axis :

— 2 points for planimetry
-n+ 2 points for altimetry

These trials were not carried on, due to
the previously recalled difficulties. But some
improvements would be studied such.as :

- reduction of delays between 35 mm camera and
‘RC 10 exposure times.
~ suppression of the auxiliary 35 mm camera.

Yet it remains that the measures are avai-
isble only on bare and flat ground and it is

points* and external data
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difficult to automate elimination of faulty
points (trees, roofs,...).

2) GPS data

Use of GPS data in aerial t.riangulati_r.m
was dlready described in a previous paper
(ref 3) relative to the results of two experi-
mental surveys over the 1:50 (000 sheets of
Lunel and Vichy. For these missions two TR5S-B
SERCEL receivers were used :

- one on a stationary point at Creil airport
— the other, on-board the aircraft

GPS data were expleoited in trajectography
mode by means of a software which uses pseudo-
rangas, phase and beat counting for Doppler
shift. This computation provides geograghical
coordinates of +the aircraft trajectory, at a
rate of 0.6 second. Coordinates of exposure
stations are linearly interpolated then trans-
formed in Lambert projection before introduc-
tion in aerial trianqulation computation.

Results can be summarized as follows :

Wwith a full network with one X.Y.Z control
of control pdints point and GPS data
funel X ¥ =0.75m 0.75 m

2 =0.45m 0.50 m
Vichy X ¥ = 0.55 m 0.55 m

Z =0.45m 0.60m
Remark : stiffness of the adjustment block was

enhanced by two north -~ south flight axis. In
these conditions one X Y Z control point is
encugh with GPS data.

These results show that GPS data, in assc-
ciation with only one control point, allow to
avoid heavy ground preparation network and give
comparable. accuracy, at medium scale. In addi-
tion it is not necessary to put a receiver on
the site what is generally impractical in
countries where metecrologic cenditions are
poor for aerial surveys.

However, GPS data will be really usable
for phntogrammatry when GPS constellation is
complete and only if satellite enissions remain
accessible for the civil community. To-day, GPS
association with other sensors allows to extend
acquisition periods Some trials were done in
this way, using a pressure sensor in addition
with GPS for 1:30 000 surveys on two 1:50 000

sheets, Albertville and Manosque. Cver these:

sheets 3 satellites only could be received,
leading to a 2D 4 T solution i e planimetric
coordinates and time. Then GPS data are compie-
ted by pressure data and this solution is
su:.table when -satellites are low on horizon.
One. can summarize the results given by this
method.



- Standard deviations on chieck points

with a full network
of control points

with a few control points
GPS and pressure data

Albertville

X ¥Y=09m 1.0
Z = 0.80m 1.0

Manosque

X Ya=0.9
7 =0.7

Remarks

al The Albertville sheet is situated in moun-
tainous area (it's a pact of the 1992 Olympic

Winter Games site !J. The important heights
explain  bhigh enough values of standard devia-
tions in case of a full network determined by

classical ground preparation.

By For the Manosque sheet it is rather the
oldness of ground preparation (transferred on
1987 survey} which explains high values of
standard deviations.

c)  The Albertville and Manoscue adjustment
Blocks do  not have any transversal flight. The
contrpl  point network must be the following
one o

w 2 polnte for planimetry
-n + 2 peints for altimetry
flight axis)

{n number of

d) Over thesé both sheets use of GP5, even in
lowered configuration, and pressure data, leads
to results of which cuality i hardly lower
than these obtained from a full control point
network. : ' '

3) Pressure sensor only

The goéd results obtained with association
of a pressure sensor, either with ‘GBS or with
laser telemetry =allow to consider the use of
‘pressure sensor only. Some trials were simela-
ted from Lunel and Vichy data ; then two real
applicationy were conducted, the one obver
French Guyana coast in 1987, the other in
Benin,in 1989. '

French Guyana survey was done: at a scale
of 1:30 000, over a zone where displacements
were very dlfficultu Due t¢ this fact ground
preparation was limited ‘to the coast and the
maln coastal streams. Pressure measures were
therefore very useful for completing altimetric

netwerk: for the inside adjustment block to.

bridge the  gap between control point lines
along the rivers.

The cnntrlbutlon of these pressure measu-
res is tested for instance over thé-St-Laurent
du Maroni block (124 stereo pairs) where many
altimetric: points -are-available. Some of these
points are not used for controlling but kept
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the polnt of

GPS  which

strangly

for checking. In these conditiors results are
as follows :

- 7 standard deviations on check points
Without pressure data

1.90 m
With pressure data

1.25m

e _mn

The Benin survey, at a scale of 1:30 000
covered a part of the ouénd valley, in order to
do a preliminary gartography for danms setting
up., That involves a dense savanna with trees
where ground penetration is difficult due to
the lack of tracks. #s -in French Guyana
pressure sensor  data allow to ensure the
continuity of altimelric network,

4 ~ CONCLUSIONS

The different experimentations conducted
By TGN during last years allow to draw some
conclusions on the interest of external data
for aerisl triangulation.

At first, it dees not seem that laser
telemetry have a great future except on bare
and desert ground due to the problems to spot
impact and the burden of office
work of its use.

Pressure sensor is already most interes-
ting : despite of its low volume, low weight,
low price, it provides difectly usable data for
aerial triapgulation. Its accuracy remains com-
patible with medium ‘scale survey and It can be
associated with other sensors such as GPS or
laser.

‘However,
tested at

among all the external data
IGN for photogrammetric needs it is
brings the best results. ‘They will
contribute strengly to reduce ground prepara-
tion when satellite constellation is. com-

plete.

But don’t forget that the trajectography

mode, with two receivers, only brings suitable
results, particularly when GDOP factor moves
quickly. At medium scales it is rot necessary

to place a stationary receiver close to the
survey site ; it is enough to put it on an easy

accéss point where all logistics are available,

At large scales this method becomes inadeguate

and it Is neécessary to operate in Kinematic

mode with a stationary receiver inside the

‘survey site. In'tHis ditection, IGN plans to'do
a dengification of a geoditic network by photo-

grammetry and GPS.

At any scale GPS will &llow to reduce
ground preparation and costs of
surveys. and will generate deep changes in all
the photogrammetric: line of production.
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BUNDLE BLOCK ADJUSTMENT USING KINEMATIC GPS-POSITIONS
Jacobsen, Karsten;,  Li, Keren,  University of Nannover

ABSTRACT:

The Unlversity of Hannover has carried out a photo flight with kinematic GPS positioning using a dual fre-
quency recelver with P-code in the aircraft and a referanceé station on the ground. Checked by precise block
adjustment, the occuracy of the GPS-positions relative in the strips has reoched following standard deviati-
ons: Sx=tiBcm, Sjr-ﬂfacm, Sz=+10cm.. But problems with the ambiguity solutions have coused systematic shilts
of the positions in tha strips.

The syslematic elfects have been respected by bundle adjustment with program system BLUH [, using additi-
onal parameters separately for any photo strip. Based on 3 contrel points In o line crossing the fight direc-
tlons the bundle block adjustment using the GPS projection centre ctoordinates has reached an occuracy of
10cm In all ‘components determined by accurate. check points. After elimination of the systematic shifts of
the GPS posltions, hlock adjustments Qlthb,ut.'.contmi' points have been possible also with just 20% sidelap.

Following problems have pot been solved sufficiantly up lo now:

- loss -of relerance caused by cycle stips, aven If this effect can be delermined by selfcollbration

- exact recording of the exposure instant

- synchranus mode of GPS registiations and photo exposure

- exoct callbration of the gntenno and camera system

the number of satellites will be completed within 2 yeais. Alter complete coverage, the use of GPS projection
centre caordinotes ‘will become a slondard application’ because also with the today existing problems the
number of ground control paints can be reduces drastically:

KEY- WORDS: block adjustment, kinematic GPS pasitioning, minimizing number of control points

INTRODUCTION University ‘of ' Hannover in July 1988 with kinematic: GPS
The expenditure for the ground survey of control points PDSif_iD"f?lg In the dircraft in relation to o ground
for block adjustment is -not negligitle. Sometimes tha station in the block area. 5 strips .with SD%- endlap,
cost for the ground survey is the some like for the. 20% sidelap have heen flown in the sacle ¥6370 using_.
whole, block adjustment. It is possible to. reduce the u TI410C (dual frequency, P-codel.
number of necessaty control points with odditional strips’ 4P f e f 1 Foasss + i

of photes crossing the main photo flight dicection. But
with ‘known projection -center coordindtes determined by
kinematic GPS positioning the number of control points
can be minimized, alsa block adjustments without control
points are possible. The economic meaning has lead o Gl 1
the reclisation of a test biock with. kinematic GPS
positions, This ‘resulted in the projection of the first : ¥ Pl

dpplications. i 1 T TR R AT e 4

GPS TEST BLOCK BLUMENTHAL +

TA00E~T

A phato flight. over an .crea with a high pumber aof
; e : ! Bt L1 I i

accurate known -ground points has been made: by the i I f } 4 R e
il Sl P B e By Ah UNTVERSITY OF HANNOVER  PROGRAM SYSTEM BLUM
EPS ALIMENTHAL p = AOX o ~ GOX
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1.1 69 photos, 248 control points {no GPS positions),
p=BD%, q=60% differences ot control points:
Sx=+/- 42cm  Sy=+#/- 42cm Sz=+/- 50cm

12 69 photos, 4 control points (no GPS positions),

p=B0%, q=60% differences ot 263 check points:

Sx=+/- 21.0¢m Sy=+/-8.7cm Sz=+/- 35.6¢cm

maximal differences in height: 290.2cm - with 4 control

paints the block is very unstable, no computation is

passible with 4 control paints and only 20% sidelop

table 1° results of bundle block adjustment with
program BLUH, without GPS pasitions:

The ambiguity. problem. of the kinematic G‘PS positioning
hos been soived "on the woy” based on linear
combinations of the dual fre quency phase
measurements ond the dual frequency P-code (Seeber,
‘Wuabenna 1989). After this, the full corrier phose
decuracy was used. The noise level has been high, this
can be explained by a multipath effect. So the solution
for one- strip wus not correct with a systematic shift
of approximate 3m, A comparison of the photo
orientations determined by bundle adjustment with
control points and the GPS positions resulted in:

systematic differences
GPS - bundle adjustment after stripwise elimination

of shifts

dx dy dz SX sy 74
strip £ -356 -1.27 169 +17 16 09 [ml
strip 2 -381 -121 198 A4 21 .14
strip 3: .31 296 168 A4 26 08
strip 4: -299 -1.34 255 A5 AT 40
strip 8. -4.00 =121 146 26 .12 09
mean +.18 .19 10

table 2: accuracy of kinematic GPS positions

The systematic differences betwesn GPS and bundle
adjustment can be explained by the tima periad
between the recorded and the effective instant of
exposure. This difference in time could not be ovoided
becouse ho registration of the center of the expasire
time wos possible. The recorded time was depending
upon a diode located close to image plane. '

mean square differences
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distance in fiight cerresponding

direction time differance
strip 1 3% m 59 ms
strip 2 37im 62 ms
strip 3 308 m 51 ms
strip 4 3.87'm 65 ms
mean 59 ms

toble 3: systematic difference of GPS positions

aenfnal 2xpasure

= tine
shutter ppen
. shutter tlosed
__i:_._-’./;‘f e sttm

\l"ﬂ.llvl tagtant

release recorded of expesure

slonal time

Instant
of expasure

Instant af photographic expasure

figure 2:

In aoddition to- the error in time, there is o shift of
strip 3 In X and Y ond o shift of stripg 4.In Z The
shifts hove been determined by bundle odjustment with
selfcclibrotion using additional parameters (focal length,
principal point xy seporate for any strip) with 3 to
4 control points. With just one control point, the
determination of the shifts have not been dccurate, the
shift in Z could not be identified, for the individual
strips, The offset between antenna ond. cumerd has
been respéected in the bundle adjustment. progrom of
the University of Hannover BLUW corresponding to the
individual photo orientations, But ‘the comera was not
fixed to the aircraft, so a changed yow angle of the
camera haos coused errors of the X and Y- coordinate
not exceeding 0,1m.

The control points shauld be distributed to the different
strips. It Is better to have a line of contre! points
across the strips than control points ai the corners. of
the block. Bosed on a line of control points; . the
systematic shifts of the individual strips can- hbe
determined by odditional porometers in the black
adjustment (see fig. 1).



photos  p  q control  SX% sY ¥

points
69 80% 60% 4 3+ 110 10.1 2341 [em]
69 B0% 60% 1 & 231 54.5 441
a5 BO% 60% 3 + 117 31 19.4
35 BO% 60% 1 #2445 361 512
21 BO% 20% 2 + 143 18.7 285
21 60% 20% 1 & 212 344 58.4

table 4. results of bundle block adjustment with BLUH,
including GPS  positions, without individual
precorrection of the GPS positions, accuracies
computed with independent check points

Bundle adjustments without control points have been

possible also just with 20% sidelop. The resulls are

influenced by the shift of the kinematic GPS positions

{table 2).

photos p q controf SX SY 87
points

69 BO% 60% 4 + 98 71 9.7 lcml
69 B0% EBO% + 97 104 101
69 80% 60X + 104 06 17.7
35 &60% 6C% Q + 104 135 232
35 BO% BO% 1 £+ 96 124 217
35 BO% 60% O £411 136 179
21 60% 20% 2 £ Y15 15.3 257
21 60% 20% 1 + 108 118 347
21 6D0% 20% O + 129 16.0 23.5

toble 5: Results of block adjustment with stripwise
precorrection of the GPS positions, computed

‘with independent check paints

for these computations the systematic shifts of
the GPS positians of the projection centers have
been eliminated stripwise In advance, This s
corresponding to o GPS positioning without loss
of reference or with correctly determined
ambiguity.

The results are strongly depending upon the used
control point(s). If Just 1 control point will be used, the
Individual differences of the ground coordinates are
infliencing the whole block. The main influence of the
number of control points is the determination of
systematic -shifts. After efimination of the systematic
differences in the coordinates between the adjusted
object points and the check puoints, only negligible
differences in the corresponding date sets hove been
achleved after stripwise preparation of the GPS
positions with different control points.
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p=80%, ¢g=B0% Sx=t 9.3cm Sy=t &7em Sz=+ 989cm
p=60%, g=B0% Sx=t B8.4cm Sy=% 11.2cm Sz=+ 17.3cm
p=60%, q=20% Sx=t BBcm Sy=* 13.4cm Szs: 24.3cm

table &: relative accuracy of determined ground
coordinates Standard deviations determined at
independent check points after elimination of
shifts in the ground coordinates X, Y, Z (mean
volug, Independent from number of control
points)

SUMMARY

With the today technology of kinematic GPS positicning
of projection centers during photo flight it seems not
to be possible to aveid systematic errars changing from
photo strip to phato strip. Alse with relative positioning
using also a GPS receiver in or close to the flight area.
shifts up to 4m cannot be avoided.

Based on a small number of contral points GPS
positions abtained by relative positioning  with one
recelver in the -oircraft and a reference ‘station on the
ground. stripwise shifts can be identified and respected
by block adjustment with selfcalibration by odditionol
parameters. By theory just one control point is
sufficiant if the block geometry is stabilized by at least
one crossing strip. Only by reasons of reliobility more
than one control, point is necessary in such a case The
accuracy which can be reactied today is suffliciant for
all mapping purposes. Without control peints shifts
cannot be avoided, but the internal occuragy of such @
block s usually =atisfactory,

Systematic errors are not only caused by the GPS
positioning oiso the inner orientation of the cameras is
not known aoccurate enough. A 15 microns change of
the focal length can be caused just by influence: of the
temperature. This is corresponding to a vertical shift of
0.01 % In the case -of a wide angle camera - the usual
level of accuracy. Errors in the principal point con be
compensated with opposite flight directiens.

Constont errors in time recerdirig also can be identified
by block adjustment using photo strips with cpposite
flight directions: Such errors. connot be avoided. Only
the new camerg Zeiss RMK TOP supplies o signol of
the midpoint of exposure for data recording (Zuegge
19B89). But even this can be affected by systematic
differences coused by the characteristic of fim (figure
2). The camera relegse signai should niot be used for
recarding. Even If no rotary shutter is used, affected by
the use of the shutter the temperature will be changed
causing a change of the delay between release signal
and the instant of exposure within some milliseconds
{Merchant 1989).

Accuracy will be lost by the interpolation .of the
projection centers between the GPS recordings. The
time difference between instont of exposure and GFS



recording should be small as possible. If the camera is
not |_.|sed in a simultaneous mode the recording intervall
should not exceed 1 secorid. High speed photo *flight

will roise these problems,
The offset between comera and GPS antenna: in the

gircraft should be small as possible, This offset can be
respected in the bundle block adjustment if the relation
between comera und aircraft is net changed during

photo flight. That means also the drift angle shauld not
be respected for the comera orientation during photo

fiight, otherwise a.recarding of changed orientation of
the comera in relation to the aircraft is recessary. This
problem also can be avoided If the antenna is located
exactly above the camera;

The ottitude data can be datetrmined by block
adjustment. There is no odvantage ‘of an’ inertial
navigation system tagether with GPS positioning if the
problem of cycle slips can be solved.

CONCLUSION

The power of kinematic GPS positions has been
demonstrated. Even with the today necl aveidable
systematic errors it can be used In ¢ combined bindle
block adjustment. With just one .contral point o
sufficiont acturacy oise for-farge scale mapping -can be

reached, Only because of religbliity more than one.

control peint should be usad.. The block: adjustment
should be: done . wnh the. bundle method, like, with, usuai

blocks - the. . independant. model:: adjustmant - will not lead:

tol:the 'same accuracy: The - toduy bottleneck of a not
Sufficiant “ satellite -coverage will ba ‘solved” within the
3 years, 1t can b passib_[_e'”hut the GPS system
will be, supp{emented by ‘the, USSR. GLONAS, system
whmh Is very: simnllgr 0 GPS, :

User frlendly bund(e btack programs for combined
udjustment with GPS dqta dre . available. But the
programs for .the. kin&mqtlc GPS compututfon still have
1o be-Improved. - The: GPS ambiguity problem will be
‘feduced with a higher ‘number of avaftable setellites.
"The enurmous economic udvuntuge of btock adjustmant
\._wjth ‘GPS pl‘o}ectlon center coordinutes hos lead to the
Airst: projection. of comercial applications.
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CUALITY ENHANCEMENT 1N ACGUISITION OF AIRBORNE REMOTE SENSING DATA
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Besides the smula transmission levels also the correlations between atmosphere, aircraft, imaging
System dnd data carriers diminish the quality of remote densing data.

The most  important sources of .qua'litv reserves are the improvement of acouisition of orientation
data, of navigation and attitude stabilization of airtraft, dymamic or/and electronic compensation
of bluring and distortion inftuence of angular (rotatory} meverents, end the increasse of specific
informabion content of remote sensing recordings in comectioo with the correspording  image data
carrier. .

Furhter gualitative and economical effects gan be produced by the wse of multisensors: in connection
with multidata concepts.

KEY WORDS: Data guality, sensor.orientatiom, piloting, angular motion, el ife-canpensation.

1. Problems of the interaction between atmos- 2. Improvement of aircraft ;ulc:lt,].nq
phere, aircraft and. imaging system B L e

i _ : -~ For aerial photogrammetry implemented — with
The development test results obtained on  the smaller aircraft visual navigation is still

grm under 1aboratory tmditions and under worldwide predominantly used for maintaining
givﬁm fl:.ght conditions: were in practil:al the fixed flight strips, whereas for electronic
routine flights not gererally achieved. There— scanner and side-looking. radar systems larger
fore; the aim was ip investigate the csuses of aircraftt with pr:Lmar:Lly instrumental navigation
the regative influences under practical condi- is employed. The reason of this lies on the one
tions . and to initiate optimum counter-measures. hand in  the recording principle and, o the
A worldwide accepted criterion of image quality other hand, in the financidl: ratio of the
is  the modulaticn transfer function MIF  (cf. entire aircraft to its instrumentation. Proof
/143, whose advantage is that the MIF  total was furnished that the investment costs fer
value -can be:formed by moltiplication of the automatic bhighly precise navigation which at
transfor valoes of the discrete items. Howsver, first glance seem ‘o be high are qulc.kly
a5 wWas rﬁcugn:zed in this cmnsectlcn. this doas amortized by highly gqualitative antd significant
Btill mot  justify the procedure Lo consider eeonomic -advantages. This becomes . evident by
these discrete items  independently of each the following consideration: When the prices
other (object, atmosphere, camera system with for remote senm.ng products are fired on the
optics and sensor, motion of the camera system, basis of a definite gquantity and qualJty it is
data carrier and reproduction instruments). with reliably exact flight line naw.gatlon anr
Because of the mutual interrelation and. ‘the attitude stabilization of the aircraft possible
d@paﬁdénce a0 wach other the total process. st to minimize the expenses by the reduction of
be' trested as a comples whified system, ~which lateral overlap of flight strips or swathes and
requires an interdisciplinary cooperatbion. the reduction of the reflight rate.

: i ) 4 For remte sensing applikstion in aeroplanes a
These  cooperstive relations | have been modert  havigation system has to  ful¥il  two
gstablished 'in the GDR between the instrument basic tasks:
drdustry, academic research instititions, eivil
aviatitn enterprise; data users and analysts an — the highly precise, realiable: and optimum,
the producers of data carriers {(e.g. film) and iem.cost-sffective peeformarice of flight and
are further developed between ressarch and
proguc £ion. - the output of data of  outer orientation

{position coordinates, attitude angles) for

In the following, a few selected investigation the on—line control of the . imaging systems
results shall be presented. and for synchronous recording on the data

carrier of the remote sensing system.
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For fulfilling the firet aforementioned task in
complisnce with Internationally valid eccurscy
requirements relative to a whole frame block we
sonslder 1t according to our owm investlgations
necessary to &Achieve in the near futwre 2n
acouracy of ocuter orientation ae to the flight
path in a route relative to its centre line. or
regarding -ite middle flight attitude and the
routes of a frame block relative to each other,
with the following values:

For: the relative on-line position accuracy:

“in plane Ax,Ay < n-16 m; n=1 for h<Z km
in height 4z ¢ n-20 m; n=2 for h=2..4 km ete.

for the dynamic on-line attitude stability in
each flying height:

angular speed about all three sxes
(pitch®, rollo, yawe) < 02 78,

and for the relative on-line attitude accuracy
in each flying height:

pitch angle ¥, roll angle w, vaw angle @ < 0,5°
(for photographic and CCD-matrix cameras)

While the positlon accuracy can be realized by

the aircraft alone, it i with respect to the

‘accuracy of +the attitude sangles and there
dimamic stability after the prestabilization by
a flight control system possible that a dynanmic
angles-etabilized platform performs the fine
gtabilization for the partionlar recording cy-
s‘ta;m except for the above-mentioned residual
values.

A future-oriented navigation system capable of
meeting the above requirements ig intended +to
be used in & satellite-bassed global positioning
end navigation system such as GLONASS (USSR) or
OPS-Navetar (U8A), which may give a congside—

rablé impetus to the incresse of quality and

quantity in remote sensing and particularly in
rhotogrammetry.

By mesns of a reference slgnal and a rphsse
metéring of interferometer unit the GPS Navstar
ie also in the civil C/A code capable of auto-
matically controlliing more exactly (e.f./2/)
and wore effectively than hitherto both the
flight parameters of route guldance and attitu-
de angles via a flight control system (inclu-
ding antopilot) and the recording system accor-
ding to image-sequence, direction and attitude
with =an on-line total accurscy of the above-
mentioned wvalues &as well as the restitution
Instruments with the recorded orientation data.
Since the orientation data are acquired with a
conalderably higher accuracy than the on-line
values 1o be realized according to Seetion 2,
it is also poseible to carry out a highly accu-
rate -off-line post-rectification &nd a gecme-
tric ailocation of the pixel to the terrain.
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3. .u_ininiaa‘oim of motion influences

On principle. three groups of elgnificmnt
relative motlons can be distinguished between
recording system and objekt scens:

~ forward motion o6f the aircraft,

~ sngular (rotary) vibratlons excited especi-
ally by air turbulences,

- translatory vibrations arieing from the air-
craft engines and the atmosphere.

The latter group has a neglisble influence on
the image quality,

The influence of forward motion need no longer
be dealt with, since on the one hand it is well
known and on  the other hand the number of
aerial cameras without forward motion compen-
sation (WTMC) is declining. For +these cameras
the shutter time limitation involved has still
to he taken Into consideration. But also with
camera syatem with FMC (e.g. LMK, MKF-6 and
MSK-4) 1t 1s because of the previously inferior
angular motions etill not allowed to fully
eliminste the limitstion of long shutter times.
However, the limitation is based on completely
other laws than for forward motion. It is for
the same sngular motions independent of the
flying height, The effect of angular airoraft
vibrations on the image data was enalyzed
gccording to /3/.
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Fig. 1: MHaximum shutter epeed in dependence on

roll motions for a photo slze. of 23 co x 23 cn
for various maximally sdmiesible inaze roint
migratione



In Fig.1 a diagram is shown representing the
maximm shutter time as a fanction of the
particular speed of angular motion and of the
maximally admlssible image blur to be expected
in the imsge corners.

The angular motions of an alreraft or helicop-
ter are besldes thelr stochastie nature largely
of a periodic nature and can be described by a
sum of two or three superimposed sinusoldal or
quadratic functions. Their typical freauencies,
which exert the Iargedt effect on +the image,
11e between 0.1 and 1 Hz. and thelr angnlar
speed amplitudes are significently dependent on
turtulences. !'hnder conditione of a quiescent
flight (without noticeable turbulences) the
roll moticn of aseroplanes with &  take-off
ueight of abh, 3 € to 6 t wlthout sutopilot sy-
‘wtem resches anplitudes of angulsr epeed of up

to 1°/8 and at medium turbulences of up to 47/s.

As against the roll motlon as the strongest and
most. influential angular component the other
argalar  components of plitch and yaw increase
the maximum total image motion by about 256 %,
Due to the vectorial addition and depending on
the phase position of the aggular vibrations
the maximum of image point motion oceurs at
lerset In one polnt at the imsge edge or in one
of the 4 image cornerg. The latter case is
illustrated by an example in Fig. 2, for which
the maximan of the three angular speed compo-
nents are just in phase.
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Fig. 2: Determination of total angular pixel
bluring for varicous photo coordinates according
%0 image orientation in the aircraft.

Exsmple of LMK-15 at a medium. turbulence
(O=3%s, =& = 1%8) and a shutter time

tg= 1/350 & or at a scarcely noticeable turbua-
].enoe (b= 1%8; v=%= 0,4%8) at t.s —1/120 B):
the drift is compeneated, i.e. %2,= 0

¢,¥,% -maximum in phase; in the image:astarﬂa
for de'(d) ete; the following rumbers are the
amaunte of migration (bluring) glven in um.
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On the other’ hand , for the instantanecue
vibration etate : D = LU max and
=% = 0°in the middle of exposure, the
meacimam  image blur would be evident spproxi-
mately on  the whole left and right imsge edges
and the minimom blur on the whole image centre
1ine in flight direction.

Through the influence of a real photographie
shutter with an efficlency between 70 % and 80%
the image motion being actually evident in
the image ls accorling téo. /11/ in confrash Yo &
theoretically determined image motion of 50

for an ideal shutter (lens shutter efflclency =
100 %) reduced by abt. 256 %, so that in comnec-
tion with the above-mentioned 25 % incresee
conclusions to a firat spproximabtion can be
drawn in practice from the roll motlon alone to
the image motion. In any case, however, the
image motion is due te all angular motion

components  eubjected to a random procese  from

image tc imsge, since there ie no commecticn
between the temporal cosrse of the anaular
epesd amplitude and the moment of exposure.

Therefore,

it may happen that one or several

photographs of higheat or high resolntion with

leng shutter time ave directly followed by  one

being intolerably unsharp. Normally it 1e so

that with adherence to the given shutter time
Limltatlon the statietical disbribation of
gharp and less sharp photes stlll ocomrs, but
the highest image blur will then ric longer
exceed the admiselble messure, Thus, in a
reascriable system conception the stochastic
influence of the angular image motion has to be
osonsidered alveady in the instrument design In
order that a weste of means is avolded, when
for example an imsging systém with highest
resclution, which 18 well euited for the
quiescent flight of a satellite, nan on the
other hand in an aircraft statistlcally reach
the waximum resolution: only in one of n  photo-
graphs,

In the case of scarmers the anmlar motion-
induced distortion within one line ean be
neglected, tabt between sdiacent lines it most
abgolutely be taken into conslderation especi-
ally becaunse of coowrring scanning gsps, in
partionlar when a emall exposure times 18
choogen in relation to the line cycle frequency
in favour of a emall pixel bluring. Overlapping
or maltiple scanming as 1llustrated by way of
example in Fig. 3 can be rectified aferwards,

bat miesing oblect detalls with dimensions
eraller than or egual to the partienlsr
geanning gap in consequence of underscanning
camot be regained in the following Ilmage
processing, 6o that at lesst for this an on-
line compensation technigue has to be applied.

Soch  motion compersaticn  technlgues were
suggested on the busis of latest Imowledge
desoribed above and developed up o maturity of
invention with the partners mentioned at the
beginning. They concern a dynamically angle-

stabilized platform according to /4/ for all

recording eystems, the cholce of the instant of
exposure  in phases of minipum sngular mobion
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according to /5/ for photographic camera
- gystems ‘and the electronic selection of
detector elements of an array for an
instantanecus desired ecan line which corres-
ponds to the desired flight attitude according
to /6/ and Fig., 4 for scanners.
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Fig. 4: Detector array (1) with & nominal scan
line directed vertically dowmward (5) and one
looking ahead (6) with the motion ranges
(2,3,4.7 and 10)
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4. Maximization of the usable ‘image information
dengity

The usable image m:tomt»im density is defined
as the processable information quti‘t:v utored
on a remote sensing data carrier per unit area;
this information quantity is differentiated by
the geometric resolution (or imsge modulation),
the radlometric resolution (grey valué, tempe-

rature stages and others) and the spectral
resolution {band width per chmxml) In photo—
graphic Yecording avetéms their m.huizatim
would be the achievable gamut of grey valuee
mrfﬂmmmﬂthomxjmmtinlfm
in resolved lines per millimeter “and would
inter alla be synonymous with the opt‘huimtim
of aerial image ean:osum {ct. /T/).

In modern merial filws with strongly reduced
emalsion thicknesses (¢.g. OFWO-VF 45 or KODAR
PANATOMIC-X Asvographic. II), the resolving
power is only weakly dependent on contrast, 8o
that we plead for the full utilization of the
possible density wvolume in the image on the
linear porticn of the characteristic curve of
abt. 1.6 density unite for the VF 45 type =8
couga;gd with the previous constamt limitation



In conjunction with the details given in Sec—
tion 3 this eMtension of the density volume, an
improved differential exposure measurement and
the use of microcomputers on the basis of
refined. computation algorithms with regard to
the photographic systems codld render it
possible to achieve maximization of the
recorded image infomration density.

In this connection one has also to consider the
technology of aerial film developeent, for the
aforementioned measures require a film develop-
ment  at a nominal gradient being cmtrcllable
within the film. For this purpose'a: l:mtiﬁums
pru:llling machine has to be modified so ‘that
the rate of travel of the film is autmut:.c:ally
rontrolled by the data carrier which is to be
scanned synchronously to the film or on  the
film (ef. 710/).

9. Multi-sensor. concept

With the sumiltaneous uUse of different supple-
menting recording systems which operate either
indeperidently of eath other or in an -enhanced
version coupled together, the interpretation

reliability and information capability of the'

remote sensing data can
increased,

considerably  be
with the added effect that their

acquisition becomes more sconpmic. The multi—
remote sensing which had already

concept  in wih. 1
been suggested years ago by leading, scientists
of various countries can now be realized with
the present state of microelectronics. This was
stated in 1988 at the lé6th Congress. of the
15FRS  in Kyoto/Jdapan and recommendedt. to. all

t:u.mtr:;es for application. With the cmdm:tlm'

of the "GEDEX" complex experiment of the inter—
national INTERCUSMOS rooperation first steps
were undertsken from 1985 on in d:.r*uc:tzm of a
rrultlgmmr use in the ﬂem:te Sammg DJ.V:I.BJ.DI“I
of the INTEFFLLE which were. then continued by
the creation of a IKE=2 ccu.plad block. for the
mltm I..I.EE nf the MSK-4 mlt:.spectr‘al
Camera and an LI‘K Aer:.al Can'era nperatzd From
ow  control unit (cf. /97) efd which shall  be
followed by a thematlcal ly. prngr-arrrnable opto-
Elektrm;c mltmspe:tral Amaging. system (TOMAS)
would have to be controlled by . radiometric,
spectral mteomloglc, g@mmetrac. urlmtat-i_'m
and motion date from the edvanced phject line
field which arg suppla.ed by an advanced field
serisor as it is duggested in /B/.

The degree of automation of the recording
.systm is furtber :.ncreﬁsed 4in order to
IEltTlpllfy Dl:EratJ.Cl'l and to. reduce the mumber - of
operators r_\eeded for the recording  system in
thB aircraft.
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RSPECTS AND FIRST RESULTE OF THE APPLICATION OF
ANGULAR MOTION COMPENSATION (AMC) IN THE
LMK AERTAL PHOTOGRAPHIC BYSTEM

Norbert Diete, Carl Zeiss Jena, GDR
ABSTRACT:

Image gquality enhancement is one of the main concerns of improving
the instruments for 1leogging of primary photographic data.
Considerable progress was achieved thanks to the simultaneous
applications of high performance optics, photographic material of
strongly enhanced resolution and the compensation for the aircraft
forward motion (FMC).

Now, more and more the surrounding conditions of taking aerial
photographs revealed to have a limiting effect on the further and
general gquality enhancement. The logical consequence of the
preceding scientific~technical process was the development of the
BM2000 gyro mount as part of the IMK standard equipment in order
to compensate for any image motions as complete as possible.

Based on the results of a flight using simultaneously both a
conventional and a stabilized mount, the present paper tries to
give a first answer to the guestion for the effect of such
measures on the image quality improvement achievable under dynamic
conditions, Compared with photograms taken without stabilization,
the photograms obtained with AMC showed an increase in resolution
to 130% at a flight height of hg=1200 m and 162% at hg=600 mn,
calculated from the evaluation of high contrast test patterns.

The considerable reduction of both the maximum and the average
image blurr thanks to the application of =tabilized mount was
generally proved.

(original not received in time for publication)
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Pigure 1. MOMS-02 Optical concept

Figure 1. shows a schematic representation of
the MOMS-02 optical concept: In order to be
able to fFulfill the different uset
reguirements @ wmodular concept, which was
already sucessfully proven by MOMS-01, was
selected. The system consists of five lenses,
thrée of which are intended for the
sterecscopic images, and the other two for the
mul éi-spectral images. The central lens, with
a focal length of 660 mm, forms the core of
the camera system, It makes possible the high
rvesclution imagery with & ground pixel size of
.5 X 4.5 m. In order to attain a sufficient
swath width with such high resolution, two
linear sensors are optically joined to each
other in the focal plane. In conmection with
the cencral high rvesdlurion lens, ‘there are
twa other stereo lenses, each with a focal
Iang__t'fhn of 237.2 mm. Because of their pitch of
+21.9 " and -21.9 7, respectively, relative to
the  direction of  flight, three-fold
stereoscopic imagery is achieved, The focal
length of these lenses was-so chosen, that
there is an integral relationship between the
ground pixel sizes seen by the high résolution
channel and the two Inclined channels of 1:3,

In addition, two other lenses, each with a
focal length of 220 mm, enable the multi-
spectral imaging of a total of four chanmels.
In order to achieve this, there are two
sensors in the focal plane of each lens,
together with their correspending filters. In

order to ease the image data analysis, the

relationship of the ground pixel size of the
high resolution channel with that of these
mul ti-spectral channels is alsc selected tc be
L:3.

Figure 2. shows the total MOMS-02 imaging
geometry, and the ground track resulting from
it. The swath width for the high resolution
channel can be as much as 37 km, depending on
‘the recording mode, asnd for the other
chanuels, as wide as 78 km, These values are
relative to a nominal orbit altitude of

296 km. Because of the viewing angle of 21.¢”
in the twe outer sterec channels, the image
swath on the earth’s surface for these
channels is separaced from the swath of the
nadir channels by about 140 km.
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Figure 2. MONS-U2 Imaging geometrty

Tu the woverage areas, because of the size
relaticuships of the ground pixels, it fakes
nine picture elemenlts of the padir viewing
high reselution channel to £ill the area of
one of ‘the multi-spectral pixels. The same
holds for the ground pixel area relationship
berween the high resclution channel and the
two angled slereo channéls.

Tabke 2. lists the most dimportant optical
parameters of the MOMS-02 camers. The center
wavelengths of Cthe seven chamnels are
distributed over a range betwean 472 nm and
790 nm. The &orvesponding bandwidths, of the
multi-spectral channels, vatry between 35 nm
and 65 um. The sterec channels all cover the
same pancliromatic region, a bandwidth of
240 ne with a center wavelength of 640 nm. The
high optical quality of the lenses allows the
values of the modulation transfer function to
be read out at the Nyquist freéquency.
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‘Table 2. MOMS-02 Optics performance data



Figure 3. illustrates the MOMS-02 stereo
imaging  prineiple and the  associared
difficulties of later image data
interpretation. The three viewing angles

already disciussed make it pessible to image a
peint A en the earth’s surface, at three
different times, and with the rthree different
viewing angles. This scenario makes the later
stereoscopic lnterpretation possible. The fact
‘thar the three images are vecorded with a lag
time o©f abour 20 seconds makes it very
difficult to corrvelate the images; because of
the [ntérvening movement ‘of the platform. In
ordey tna later be able to modol , and thus
compensate. Ear thesa movaments, other
appropriate supplementary data mus L be
available. These are for one, rthe position
data given by TDRSS tracking. and for ancther,

the attitude data delivered by the Shuttle
navigation system (IMU). The Tlatter are
supposed to he tecorded Jiveptly with rthe

MOMS-0? image dara diving the tlight.
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Fisure 3. MOMS-02 Stereo imaging

The strict requirements placed on the imaging

quality of the camera require the use of
modern CGD sensors. Table 3 lists the most
significant parameters of the applicable
Fairchild linear arrays.

SENSOR FAIRCHILD CCO 13t

HO. OF ELEMENTS PEA SENSOR 000

PIEL SIE 0 «10ym

NO. OF SIGNAL OUTPUTS 2

FULL WELL CAPAZITY > 750000 ¢”
READOUT NOISE 355087

DYRAMIC RANGE > 15 000 1l 10 300001
SATURATION OUTPUT VOATAGE a- 48y

CHARGE TRANSFER EFFICIENCY G90993

MTF AT NYOUST FREQUENCY. 60 %

SOECTRAL RANGE 400 - 950 B

Table 3. MOMS-02 Sensor charactéristics

T2

Special emphasis should be given ta the wide
dynamic range of 6000:%, as well 45 the change
transfer efficiency of .999999, which assures
a high modulation transfer function.

‘The high data rate of the MOMS-02. channels,

gives rise to certain operational limitations
during the mission. The maximum data reécording
rate of the on-board magnetic tape recorder is
100 Mbit/sec, which means that all the
channels canriot be operared simultaneocusly. In
order to be able to manage the high data
rates, data COonLpY ession  is necessary,
Fspsrlally in the hlg‘h yesolution channel
which is compressed from the original 8 to 6
bits. It was determined that the compression
procedure would not impair the ability Le
interpret rthe stereo Imagery. The mulri-
spectral channels ecan be recorded without
compression, with the full radiometric
resolution of B bits. The adaptatien of the
image to the current lighring conditions
ocours by a switching of the electronic
amplification factors.

Table &4 1lists the seyen opetational modes
proposed for the mission. 1ln addition to the
two purely sterso and nultispectral modes,
saveral combinatious of these are possible.
In modes 6 and 7, only half vhe high
resolurion chammel (designated by SA in the
tshle) is used. This limitation of the swath
width is due to. a limited data rate. The
chuice of operational mode during the Elight
igs determined by the corresponding overflighs.
landsecape type.

CHANNEL COMBUATION

MODE SHATH #0d

1-STERED * STENEQ CHANNELS 51 6 47 Yiew
‘2 MULTGPECTAAL | MIS CHAMMELS 1 #2934, Ll

3 M SIERED il CHANMELS 3+ 4 STERED CHANMELS G4 T ™

4 W5 STEREQ WIS CHANNELS T4 344 STERED DHANHEL & m

5 WS STERED WS CHANNELS 1 4 2744 STEREC CHANNEL T i

B b MR WIS CHMNELS 2 ¢ T4 HA CHANNEL SA A3 15T
ToWE A M CHANNELS 1% 3 ¢ 4 MR CHANNEL S4 sz
Table 4. MOMS-02 Operation modes

The magnetic tape recorder allows & maximun
recording time of 5.5 haurslzcorrespnnding Lo
a data capacity of 2.5 X 10 bits. Wirh this
recording capacity, 8- 10 willion km” can be
covered, depending on the combination of
operational modes used.

shows tha MOMS-02 systen
configuration. The camera, developed by MBE,
comprises four modules, These are the optics
module with the five lenses and the associated
control and read-put ale::t:ron-i.cs for the CaD

Figure 4.



sensors, a power supply box, a logic box, and
the magnetic tape recording equipment. The
magnetic tape <trecorder. is in a sealed
container, ginceé during operation, a slight
regidital atmosphete is necessary.

The entire
sUTrLe ture |

gystem is mounted on a bridge
and meets free space conditions.

Betause the bridge is not accessible during
cannot

the flight,
changed.

the Mmagnetle. tape be’

LasIc Box
,

Flgure 4. HOMS-02 System configuration
3. D2 MISSION PARAMETERS
MOMS-02 is the only earth remote -sensing

System on tlie D2 mission, and therefore mist
be intepgrated into the liwmiting operating
eonditions of the other, primarily materials
sclences, experiments.. The orbit inclination
has been reduced from the original 37 ve 28.5
so that for this mission. mainly equatdrial
reglons will be covered. The current launch
date of the 'STS 52 flight is set for March
19492 the projected launch time is 16:00 UTC.

The necessary recording conditions for
MOM5-02, with a solar altitude of betwsen 20°
.and 70%, will be shiftipg from the northern
latitudes to the south’ during the course of
the mission. Because of thls, the overflight
surface areas desired for photogrammetric
intérpretatiori, are only a&ccessible at the
beginning of the mission.

Figure 5. shows a typlcal orbit path, as well
as the boitders of the possible coverage area.

The boxed-in: areas are the regions of primary
intérest for the Scientists participating in
the mission.

D WM 00 TEST MEAL OF MAN DTERERT

Figure 5. MOMS-02/D2 coverage

4. DATA CONCEPT

During the seven day. flight of MOMS-02/D2, a
total of abewt 2 .X 10 bits ol data, fioem the
operational modes proviously deseribed, will
be recorded on high density magnetic Rape.
Tha recorded tape will be taken out of the

container after the landing, and Fflown te
‘Germany for further processing.
Figure &, shows an ovetview of the data

processing cuncepl developed for HMOMS-02/D2.
To get a quiclk ovebview of the vaw dara, a
Quitklook data set ig plammed. This image data
set will have a strongly reduced resclution,
reduced by a flactar wf 3 for both the 1rows and
golumis. Because of tlie large quantity of
data, it is planned to store the Guiekleok
data on an intermediate. optical disk. From
this optical disk, the Quicklook images can be
readied for single CCT vopies, add/or produced
on film. The Quicklook Images are -to be used,
for one, to check the goality of rhe rvecarded
images, and, for another, to seleck especially
interesting images for Ffurther processing,
The Quicklook images also represent the
groundwork for ‘the preparvation of a data
catalog, whigh, for ldter users, will
streamline the sélection pirocess of ‘inages of
interest.

AfLer the: Quicklook preprocessing is,
completed, the aectual image processing will
begin. The beglnning will be ‘the conversion of
the HDT. data into Level 0 computer compztible
fermm. This process will run on a spéecially
adapted Gould computer: Within this process,
the dacompre’s‘_sion' of the data, which was
compressed on-board, will take place, in order
to restors the otiginal 8 bit Format in the
fhtee steresm channéls, In case the MOMS-D2/D2
flight attitude data from the INS navigarion
system is recorded .along with the imape data,
the plan. is ‘to generate a separate CCT with
the data conversion, which will also contaln
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tha attitude data. This so-called A-QCT will
serve as tlhe input data for later mudelling of
the Shuttle flight attitude. Additiorially, .at
thig Tirst processing point, supplemental data
made available to the project by NASA, can be
eoordidated. into the MOMS-02 data stream. The
converted data will alse be

optical disk, in order to simplify .the
managedbility of rhe preat guantity of data,
The data format Qs compatible with the

perbinent DER staudavds, since the subsequent
image data sets are proposed to be processed
oir the DLR-WT-DA FIRE system. From there, the
data can be dlsrributad to the users,

Just as the first dara conversion takes place

on a speclally adapted mainframe computer, &1l
the subgequent procegsing steps are planned
for so-culled workstations., This councept

offers the advanlage. of increased processing
speetd, which is erivical In light of the large
quaptity of MOMS data. In addition,
coucept offérs the possibllity of more para1~
161 processing. The standardization of the
computing concept with respect to
prepavation of the 1image: data, and with
respect to the users, simplifies software
erchange and to possiblé editing problems.

The' Level 1 data. ‘comes. about in thé framewerk
af the first systematic correction step,
whereby the data which had already been

stored on an

this:

routine
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& perlod of one-half year a .i:’_te_i.‘

HOMS-€2 ground segment

radiometrically ecowrected on board, would
undergo  4ny necessary fine radiometric
corréctiont on the ground. The data storage.
will be, as in the previous akeps, on optical.
disk. With the Lavel 1 data, useable data is
available to the ugevs For the first time.

In the npext gtep, systematic geometric
cotrections, mecessitabed by the curvature of
the earth -and the earth’s. rotation; will be
made. The stdrage and distribution of these
systematically corrected Level 2 data conform
with the previcusly deseribed procdédurss, The
project’ goal 1s te have the data conversion
and all systematic correction cempleved within
the flight,

Figure 6, 1illustrates the génerdl use of the
Level D through Level 2 <data. Because the
Lavel 0 data is of such limited value, the use
of the data will bhs concentrated on. the
radiometrically and/or. geometrically corrected
data. In many areas of thematic applieatlon,
these data are directly usable In image and
CCT form.

In the next higher ‘analysis level, for the
examination of atmospheric.inﬁluences o the
speclfication of altitude dependent phenomena,
there will be, along with the systematically
corrected data, stéreo analysis middels; drawm
upan for -the production of level 3A and 3B.
data.



The producticn of |high accuracy digital
landseape models constitutes the care of bthe
MOMS-02/D2 data analysis., Within the frameéwork
of preparing for the D2 flight, the necessary
saftware packages will be ddveloped by the

Science Team, and will be tested using MEOSS
An, integrated stered:

alreraft flight data,
work site is planned to be built within the
DIR Institut fur Optoelektronik, wheve all the
software packeges Erom the participating
selentists will be invegrated, In addition to
supporting the speclalized work of the
partieipating dnstitntions, this work site
will .enable users to use all the sofrware
packages developed foir the project. The Lovel
4 data produets, which in addition to the
stetreéo  aodels, conlain the  integrated
supplementary orbit and shuttle attitude data,
repregent the sclentlf:cally most demanding
application of the. MOMS-02/P2 data.

The integrated sterdo work site will also be
available to those tisers who were. not
participants in the project, afrer a
suacessful Lest phasge,

3. SCIENTIFIC GOALS OF THE MOMS-02 MISSTON

The scientific guidanee of Lhe HUMS-02 p2
project is realized in the form of a Science
Team, made up of selentists In the areas of
photogrammetry and thematic mapping.

‘The. Team's objectives are to define, from a
scientifie viewpoint, the necessary
requiréments for the MOMS-02/D2 hardware, aud
te oversee its conforimance to the MOMS:G?
specifications Lhroughout the duration of the
project, The Science Team is supparted by the
project.  manager. The team defines the
gelentific goals of the mission aod .specifies,
during the preparations, phase, all conditions
for the laker use of the mission data:. With
the 3-lime arrangement in the panchromatic
region, a stand-alone photogrammetric stereo
interptetation of high resolittion should be
possible.. The following functions are to. be
differentiated:

- Thie. poSsibility of the sterespscopic

visudl imagie or the corxesponding automatic
image processing providing better
interpretation, for topographic as wéll ag for

thematic contents.

- ‘fhe high resolution of less than 5 m
ground pixel size will afford the manufacture
of high guality research maps, and vot, as

before, at a level of reduced standards of
guality.

- Over and ‘above cartographic
requirements, MOMS-02/D2 will creater an

outstanding data source for the productien of
topographic / geographic data bases and fer

mulbispectral

thematic sreas,

the development of geographie information

Syslems:,

< For the.future, the MOMS-02 system will
offer the pre-réquisites needed ta develop
photo-maps, that is, photo/map combinations
adapted to demanding, specialized points-of-
view.

- An original, important task will be the
manulacture of digi&él tarraln models with .an
acenracy of 5 m or better. A significant goal
af the mlsslen s te examine and prove this
performance capability.

- Independent of other uses, MOHS-02 will
be the foundatlon of the development and
testing of & fully digival photogrammetric
imaging and analysis system, and thus will lay
the groundwork Fer the digital photogrammetary
of the 9075,

The enphasis of the thematic stisnce objective

lies In the linking of high vesolution stereo
data with simul Laneously acquired
data, The soeven  different
operatlional recurding medes of MOMS-02 enable
the exauinatlion of a wide range of differing
Scjentiflic experiments can be
optimized In differest applications over land
and over water. because of the flexibility of
the SReUsors. Such  expefiments in  the
development and testing of analysis mudels and

in  the combining of different  sensors
jllusttrate the expansion of the urility of
remote sensing methods. Thls expausion will

carry Chrough to the solutlon of problems in
the observation and analysis-uﬁ the changes in
our earth's ‘surface. Examples of these
problems, include desertitication, vepetation
index, deforestation of the ‘troplecal rain
forests, geochemical and hydrelogical changes
in  the doil, .and examination of the
concentration of mineral resources, In many
ingernational programs (Europtan Community and
UNY, pilot projects and experimental
conttibutions for the fubure bebter nse of.
spaceflight technology can be realized with

MOMs-02.

The stereoscopic mode euables connecting
digital three dimensional data wilh
multispectral data, thereby Amproving
conventional  image interpretatién.  This
comection will allew, for the first time,

pilot experiments ‘onm synchrohously  acquived
data sets in different applications areas over
iand surfaces to He carvied odt. The
comparison of images teken from different
viewing angles {(forwards, backwards, tadir)
makes it opossible ‘to examine the angle
dependence of surface signatures as well as
the examination. of the surfacée behavior in
coastal cceanographic areas {e.g.,
transparence or water depth). '



MOMS-02, with its modular concept, its wva-
riable recording modes, and its high spatial
and spectral resolution, enables defipnition of

optical sensors for  furure operational
applications. Special attentien in this regard
is  application to  future ecological

observation systems in connmection with imaging
spectrometaers such as MERIS and HIRTS.
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PREPARING THE USE OF ERS-1 DATA FOR TROPICAL FORESTB BOIL MAPPING
Frédérigue Seyler and Boris Volkoff, ORSTOM, Cameroon

EBSTRLCT :

An airhorne SAR experiment has been carried with a C-band radar
(DLR system, German Aerospace Research Establishment, Germany) te
prepare the use of high reseolution imaging SAR .which. will be
launched with ERS-1 satellite.

The aim of the study is the evaluation of the microwave data use
for the mapping of South Cameroon forest lateritic soils. The
scale of topographic and thematic data which are needed for this
mapping have to be compatible with the size of the lateritic
systems spatial variations. Usually, in yet unknown regionsg,
aerial photographies are in use. For humid tropical areas, this
usual method cannot be improved due to the everlasting clouds
cover.

A first experiment has been carried out in the south. of France on
a forested area of medium size relief, seewing for the topography
and the thick forested cover to the South Camercon modeling. The C
band SAR data, acguired in August of 198%, have been tested by a
comparison with the great amount of auxiliary data available for
the chosen area (scil map, vegetation map, digital terrain model,
5POT image data).

(original not recefved in time for publication)
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8POT 2 -~ FIRST IN-FLIGHT RESBULTB

Patrice Henry, CNES, France
ABSTRACT:

SPOT 2, the second satellite of the SPOT family, will be launched
mid-january 1920. :

A two month check out period is foreseen, to perform an overall
assessment of the image quality both in terms of gecometric and
radiometric performances, and to confirm the good results of the
ground tests. :

This paper presents the very first in-orbit results, and a
comparison with the system specification allows to verify how the
requirements are met. As far as service continuity is concerned,
the SPOT 2 results are compared to SPOT 1. A particular emphasis
is put on the oportunity of using easily koth SPOT 1 and SPOT 2
data for a given application.

Thus, the follow-on of the SPOT program ensures, to the remote

sensing community, the long term availability of high resolution
images. ;

(Original not received in time for publication)
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INTERNATIONALIZATION OF REMOTE SENSING
Yvonne C. Lodico
United Nations
New York, NY

usa

ISPRS number 199

Abstract

The remote sensing industry is
rapidly expanding,
governmentsg, private entities,
research institutions,
database services, to name a
few, will invest hundreds of
nillions of dollars in the
technology. Considering the
q1obal.coverage of remote
sensing systems and their data
and the ever increasing
interdependence of econonic,
envirenmental and political
systems, international
cooperation is essential.
Thus, to make the operation of
‘the satellite systens
financially profitable, to
avail the systems to all
possible users, particularly
to those in the develeoping
countries and to promote
international harmony, the
astablishment ‘of cooperative
arrangements among: national
ofganizations and private
entities will promote the
widest. application and the
most successful ventures in
using remote sensing te
moniitor our Earth's
enV1ronment.

Introduction

Following the launch of the
Landsat ‘satellite in the early
1970'5, ‘niew earth observation
remote sensing systems were
launched that introguced
different sensors and quality
of resolutions that expanded
the amount of data ‘and
information about oux
environment and natural
resourceés, In almost twenty
{ears,.the*remotefsehsing
industry has grown
tremendously, repreésenting a
significant element of the
internaticnal ‘space’ business
w;th_ravenues expected in the

This Ppaper’ dees not
necessarlly répresent the
views of the United Nations.
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billions for the 1990's.
DEapitE the taohnoloQLoal
progress in remote sensing,
obstacles exist. These '
obstacles include developing
the remote sensing systems,
educating users about the data
and establishing legal
stapndarde. These obstacles

result from the fact that

designing, launching and using
a sophisticated satellite
remote sensing system is a
very costly enterprise. Also,
the present and potential user
conmunity have diverse needs
and have various preferences
for legal norms. Therefore,
this paper reviews present
availability of earth resource
remote sensing technology,  the
market for the data, the
existing international legalw:
and political structure E
regarding access to data, and
some relevant international:-:
cooperative organizations® that
may offer insight to promoting
international use.of” remote
sensing.

current and Potential Use of
Remote Sansing 8ystema

Since. the launch in 1960 of
the United States TIROS
(Television. and' Infra~-Red ;
Qbservations.Satéllité)}-thﬂ*
first dedicated metaorologlcal
satellite, Better and more-
diverse images have been - :
obtained from space.about tha
Earth's surface. Although :
othér meteorological S
satellites-were launched,
including the: Soviet Cosmos :
and Meteor satdllites, in
1972, the United ‘statés =t
launched the ‘first'satellite:
designed to canduct remote
sensing, the Farth Resources
Technology Satellite; (ERTS) ‘or
as ‘it became known, the United
states ciwvil Tand. observation
and Satelllte Programme -~
(LANDSAT) . -~ Following Landsat
1, thernlted ‘States ©
government lainched Landsats 2



and 3, and in the 1980's it
launched Iandsats 4 and 5 that
provided higher resolution
(30m) thematic mapper sensor
in addition to the original
multi-spectral scanner (80m).
The Landsat system is expected
to continue with the launching
of Landsat 6 in 1991.

In 1974, the USSR launched its
Earth observation system with
the Meteor-Piroda series.
Also, the Soviet Union carried
cut extensive Earth
observations. programs during
several manned Soyuz and
Saylut missions with a
sophisticated Multispectral
Cosmic Photographic (MKF)
camera developed jointly with
the German Democcratic
Republic. Also, the Soviet
Union obtains. data currently
from the MIR space station and
Resurs: satellite using the
RFA-1000 camera that produces
very high (up to 2m)
resolution. (Space News),
Other remote sensing satellite
systems include the French
remote sensing satellite SPOT
first launched in 1886. To
ensure continual operation of
the Spot system, France
launched Spot-2 in January
1990. The Spot system
provides high resolution (10 m
and 20 m) and allows varying
observation angles which offer
the advantages.of repeated
observation and stereoscopic
viewing. 1In 1988, India
launched its remote sensing
satellite, the Indian Remote
sensing Satellite: (IRS), that
carried sophisticated
instrumentation and with a
ground resolution of 72m and
3ém in the wvisible and near-
visible infra-red regions.
Also, the  European Space
Agency (ESA) has carried two
major remote sensing .
experiments on the Spacelab
and expects to launch its
Earth Resource Satellite (ERS-
1) in late 1990 to provide an
all~weather remote sensing
fac;lity capable of cbserving
and monitoring the ocean,
coastal zones, land and polar
regions using microwave
tschnqlogy. The ERS=-1 will.
comprise a complex systems of
sensors dincluding a synthetic
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aperture radar for improved
meteorological information
system through the collection
data on weather conditions
above the oceans. Other
systems for the very near
future include the Canadian
Radarsat planned for launch in
1994 to provide for a space
based radar system exploiting
the applications of synthetic
aperture radar and the
Japanese Earth Resource
Satellite (JERS-1) and Advance
Earth Observation platform,
ADEOS, planned for launch in
1995. Thus, since the
launching of Landsat, the -
availability and quality of
earth observation remote
sensing data have increased
tremendously and with expected
international launches of
remote sensing satellites in
the 1990's there will be even
greater and more diverse
amount of data.

Market Potential

With the advent of remote
sensing technology, land use
planners, meteorologists,
environmentalists and other
development specialists, have
expanded their knowledge o
abput the guality and extent.
of the Earth's natural
resources. In addition,
private entities and local
governments are beginning to
apply remote sensing data.
Accarding to a United .States
Commerce Department study
(Department of Commerce) . the
revenue from sales of non-
enhanced and value added data
will grow from $7.2 bl.ll:l,on to
$9 billion dollars from 1987
to 1997, :

Major commercial users of
remote sensing include oil and
mineral exploration concerns,
engineering and construction
companies, agribusiness;
forestry, ocean transport and
fishing industries, land .
development, cartography,
research and academic y
community, state and local
governments. In addition to
serving commercial needs, it
is possible through remote
sensing to monitor the effects



of commercial activities such
as the movement of oil mlicks
to icebergs, the effects of
acid rain on forests and
lakes, and the influence of
ground erosion on farmlands.
Also, the legal profession has
discovered that remote sensing
can provide supportive
evidence in cases dealing with
illegal waste dumping, oil and
gas disputes and in
alternative dispute resolution
cases. (Marks, B.) In
addition, the development of
Geographic Information Systenms
(GIS) that can combine
remotely sensed data with
other types of data such as a
map, census, and property
ownership is expected to
accelerate demand. There are
over 20 state operated systems
in the United States, many
universities have implemented
a GIS and within the United
Nations there are several
remote sensing data bases,
such as the United Nations
Environment Programme's Global
Resource Information Database
(GRID) and the Global
Environmental Monitoring
System: (GEMS). Therefore, -
aconomic potential for wvarious
;applications ig great and
should increase with greater
knowledge about: the
applicability of the data.

Commercialization

With :such grand market revenue
projections, national
governments have

‘established private (or guasi-
private) commercial companies
to market remote sensing data.

The United States Land Remote:
Sensing Commercialization Act
represented the first effort
to completely commercialize a
remote sensing system., To
ensure againet exploitation of
the conversion of remote
sensing data to a commercial
commodity, the act specifies
that private company must
provide for nondiscriminatory
access ‘to unenhanced, civilian
data for all potential users,
and must honor its

international obligations (See

Land Remote Sensing
Commercialization Act of 1984,
15 U.S.C. secs. 4201-4292
Supp. 1989). The Act provided
for the sale of Landsat to the
private sector, with the
intention that Landsat 5 would
be the last remote sensing
satellite fully that the
United sStates government would
fund. The government awarded
the Earth Observation
Satellite Company (EOSAT) the
contract to assume operation
and market Landsat products.
Although the Landsat almost
came to a termination, funding
was renewed and United States
government will construct
Landsat 6.

Other natiens support remote
sensing commercial activities.
Although the French CNES owns
Spot, the private company,
Spot Image manages, markets
and distributes the data.
Since its inception, Spot
Image sales have risen
steadily, from $3 million in
1986 to $22 million in 1989
and the company expects a 25
per cent growth over the next
three years.(Space News).
Also, the Boviet Union has
established . a marketing -
company, -Soyuzkarta, to-
distribute its remote sensing
data. It is likely that as
other governments implement
new remote sensing systems
they will establish some type
of commercial mechanisn to
market and sell the data.

The Legal Order for Remota
Sensing Activities '

With the widening use of’
remote sensing data,
international legal and
pelitical implications have
intensified over access and
ownership of serised objects or
territories. Due to its wide
scope of coverage, remote
sensing affects practically
all nations; either as-
operators, users or objects of
renote sensing applications.
Nations have differed over who
has the right to retrieve
sensed data, who may )
distribute it and whether a
sensed state should have ‘any



priority over access to the.
data about its territory.

The exploration and use of
outer space is a global
problem affecting the entire
international community. .
Therefore, the United Nations
has provided the forum for
establishing.rules and- .
treaties gcvernlng activities
for outer space, including
remote sensing. Since 1971,
following the United Nations
General Assembly Resolution
2778,(U.N. Doc. A/RES/41/65,.
22 January 1987) the Committee
on Peaceful Uses of Outer
Space (COPUOS) has inc¢luded
the agenda item of satellite
remote sensing. In attempt to
establish a legal order for
renote sensing, the United.
Nations General Assembly in
1986 -adopted resoclutien 41/65
entitled the Principles

Relating to Remote Sensing of
X t Space.

The Principles on. Remote
Sensging derive from the
doctrine set forth in the
various outer space treaties.
According to Principle I, the
term "remote. sensing”.as the
sensing of the Earth's surface
from space for the purpose of
"improving natural resources
managenent, land use and the-
prutection of the i
envircnment." PrlnCLple T
also defines the terms. prlmary
data, processed data and
analyzed information.
Principle II requires remote
sensing . activities-to be.. . .
carried out for the benefit
and in the interests of all
countries. . This is similar to
artiele 1 in the Outer Space
Treaty (1967 Treaty.on
Principles Governing the
Activities of States in the.
Exploration and Use of Puter
Space, Including the Moon and
Other Celestial Bodies) that
calls for the exploration and
use of outer space, including
the; moon and other celestial
bodies, to be carried out for
the benefit . and in the
interests of all countries."
Principles III and IV. _
essentially. provide that
remote sensing should be .
conducted in accordance with
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international law, Principle
1V ‘adds that remote sensing
activities should not be
carried in a manner ‘that is:
detrimental to sovereign..
rights. Principles V through
VIII generally call on states
to cooperate in:equitable and
mutually -acceptable terms.
Principle IX provides that
states conduct their remote.
sensing programs:according to
Article IV of the Ragistratlon
Treaty (1974, The Convention
on Registration of Objects
Launched into Outer ‘Space) and
Article XT of the Outer Space
Treaty.

Also, the Principles contain
general provigions regarding a
state's sovereign rights over
information about its
resources. According to
Principles X and XI, sensing
states need to disclose any .
information that would assist
another state to avoid or

mitigate a natural disaster or

avoid harm to the Earth's
environment. Principle XII,
considered critical to the
Principles, provides the
sensed state with access to
the primary and processed data
concerning its own territory.
The remaining Principles .
require states to consult with
sensed states to provide ways

‘for. their participation

(XII1), recognizes states. ..
responsibility for national
remote sensing activities in:
space (XIV); and provides: for
a dispute resolution - .
mechanisms through aBtBbllshEd
procedures (XVJ

The Principles on Remote
Sensing establish a fairly
bread ‘mandate and leave
unclear the issue of
sovereignty and.: territorlal
jurisdiction:.and the role of
private operator as it relates
to sensing of natural
resources (DeSaussure, H.
1989) . Principle IV's
provision that dalls for
states to not conduct their
activities in ‘a. manner
detrimental to rights of
states over their own natural
resources raises a-gquestion:
about national sovereignty,
that is, the extent that



information about natural
resources applies to
territorial jurisdiction over
‘natural resources. Principle
XIT that provides for equal
access to the data, may imply
that a sensed state does not
have priority over data about
its own natural resources. It
also leaves ambiguous
proprietary rights over
analyzed information.
Principle XIII requires only
states to consult with other
sensed states, it does not
address the role of the
private sector and whether the
private operator has a duty to
consult with a target state.
Also, Principle XV provision
for dispute resolution may not
be relevant for a private
company that may avoid taking
a claim to foreign court
system.

For comparison, remote sensing
laws in the United States
Landsat Act illustrate a
national government's effort
to establish a legal regime
for remote sensing. With the
establishment of this Act, two
policies of "Open Skies" and
"Nondiscriminatory Access to
‘Data" became law. The "Open
Skies" policy is based on the
principle that non territorial
sovereignty extends into outer
space (National Aeronautics
and Space Act of 1958, 42
U,5.C. secs. 2451-2484 Supp.V.
1987). This is similar to
article 1 of the Outer Space
Treaty. The Act also embodies
a policy of Nondiscriminatory
Access. According to the Act,
unenhanced data (15 U.S.C.
sec., 4204 supp.II 1984), data
that is "unprocessed or
minimally processed signals or
film products collected from
civil remote sensing space
systems must be made available
to all potential users
"without preference, bias or
any other special
arrangement... regarding

delivery, format, financing or

technical considerations that
would favor one buyer or class
of buyers over another." The
same information that a
foreign nation could receive,
an private company could also
receive at the sane price.
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The governments of developing
countries, that do not have
the financial resources to
purchase remote sensing data
or the technological
capabilities to process
interpret the data have
unfair advantage. Even
the data is made equally
available to all nations, some
nations lack the ability to
analyze the data. For some
countries, outsiders with
access to remote sensing data
may know more about the third
world and its resources than
nations do themselves. This
is the reason that developing
countries urged the right 4
prior consent to the sensing,
as well as the right of first
access to the data. The Land
Remote Sensing
Commercialization Act rejected
the right of disclosure. To
ensure, however, that remote
sensing remains within the
bands of international law,
the United States Landsat
commercialization provides the
Secretary of State with the
requisite authority for
ensuring that private
commercial earth remote
sensing activities are
conducted in strict accordance
with recognized international
space law.

and
an
though

Obstacles

The future growth for remote
sensing may depend largely
upon educating the potential
buyer because many potential
buyers do not. yet know how to
use the data nor do they
appreciate its applicability.
For developing countries, the
obstacle are worse in terms of
education due to the costs and
lack of training in the use of
the data. Remote sensing
data, however, are
particularly pertinent for
their economic development as
well as for the support of the
world's ecological balance.

In addition to data
dissemination and education
obstacles in developing remote
sensing systems, a remote
sensing system requires
exorbitant financial and



technological commitments.
Along with the satellite
system that can cost over $200
million, the sensed data that
is transmitted to Earth
require special ground
receiving station equipped
with suitable decoding
facilities are needed. Earth
observation satellites such as
the United States Landsat
nissions require ground
stations that cost about $15
million in capital investment,
with annual expenses running
at a level between $1 and $2
million. In addition, to use
these facilities requires
fairly advanced technic¢al and
scientific knowledge.

The enormous technological and
financial investment for a
remote sensing system even
hinders commercialization
efforts. The United Statas
Landsat program, despite the

establishnent of Eosat and the

mandate of the Landsat
Commercialization Act, has
nearly terminated on several
occasions, For a purely
private company to stay
competitive, it is necessary
to invest in neéw spacecraft to
deliver timely high resolution
prodiicts, At the same time, a
private company must sell lots
of products and make a profit
and this is difficult in light
of competition from other
companies that receive
support, financial, technical
and political, from their
governments. Therefore, it
appears that the requisites
for building the remote
sensing industry require more
than commercialization, but
also some form of cooperative
arrangement with a
governmental or international
institution.

In addition to the
technoleogical and cost
aspects, no uniform
regulations exist. As more
nations launch and develop
remote sensing programs, their
domestic laws geverning their
remote sensing systems will
extend along with the remote
sensors beyond territorial
borders. To ehsure
international harmeny, noims
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and standards for
international compatibility
must exist. In an effort to
implement international
guidelines for remote sensing
activities the United Nations
established the Principles for
Remote Sensing. The United
Nations Principles, though
provide for a basis for
international cooperation, do
not establish any mechanism
for international order of
remote sensing. These
obstacles point to the need
for establishing some form of
international coordination or
cooperative for remote
sensing.

Promoting Internationalization
of Remote Sensing -
Cooperative Arrangements

To ensure the widest possible
use of remote sensing
technology, multinational or
even bi-pational alliances may
facilitate technological
davelopment and data
distribution. Within the
United Nations, there are
various programs initiated to
assist developing countries.
The United Wations Outer Space
Affairs Division, as part of
its Programme on Space
Applications sponsors meeting,
seminars, training courses and
workshops on remote sensing
for participants in developing
countries. Its efforts are
often in- cooperation or
collaboratlon with other
United Nations organizations
and specialized agencies.

Not one international
organization, however, deals
specifically with space-borne
remote sensing activities. It
is possible, however, that
zome type of international
cooperative arrangement could
be established and those
organizations like INTELSAT,
TNMARSAT or ESA may offer some
insight in establishing such
an arrangement. Although
established outside of the
United Nations, these
institutions have incorporated
the basic tenets of
international .space law that
the uses of outer space should
benefit all mankind.



The launching of
communications satellites and
the anticipated demand for
international communications
prompted the establishment of
the International
Telecommunication Satellite
Organization (INTELSAT). With
the interim agreement signed
in 1964 and the definitive
arrangements signed in 1971,
the organization's purpose is
to make available global
communications on a non-
discriminatory basis in light
of the technical and operation
expertise and significant
level of financial investment
required for satellite
communications.

The organizational operates as
a not-for-profit coaperative,
with its ownership and
investment to finance capital
expenditures based on actual
use of the system. Revenues
which derive from utilization
charges, with all users paying
the same charges, are
distributed to Signatories in
proportion to their investment
shares.

The structure invoives both
governments and
telecommunications entities.
The organization has a four
tier structure consisting of
Assembly of Parties, The
Meeting Of Signatories, the
Board of Governors and the
Executive Organ. The Assembly
of Parties consists of
sovereign states and considers
general policy. The Meeting
of Signatories of the
Operating Agreement considers
future programs and their
financial implications. The
Board of Governors, is
respcnsible for the design,
development, construction,
establishment and operation of
the INTELSAT space segment.
The organization began with 11
nations signing an interim
agreement and at the end of
1989, more than 117 nations
belonged to INTELSAT.

The International Maritime
Satellite Organization
(INMARSAT) established in
1979, provides satellite
telecommunications services
for the shipping and the off-
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shore industry, including
communications for distress
and safety at sea, efficiency
and management of ships and
aircraft, maritime and
aeronautical services. The
objective of INMARSAT is
similar to that of INTELSAT in
that its seeks to provide
global, though for maritime
use, communications to all
users on a non-discriminatory
basis, -Therefore, the users
of INMARSAT, do net pay a
differentiated scale of
charges and regardless of
level of development, they can
benefit from the use of
satellite technology.

Although the organization
operates also as a
cooperative, it has the
characteristic of being both
public and commercial
enterprise in that each
INMARSAT Party is required to
either sign the Operating
Agreement or to designate a
competent entity, public or
private, subject to the
jurisdiction of that Party.
The Organizaticn is reguired
to operate on a sound economic
and financial basis having
regard to accepted commercial
enterprise. Like INTELSAT,
Signatories, in proportion to
their investment shares,
receive capital repayments and
compensation for use of
capital. Unlike a commercial
enterprise, however, when
there is a surplus of
revenues, space segment
utilization charges must he
reduced. The structure
consists of an Assembly of
Member states to consider
policy, a Council composed of
Signatories that donate the
largest investment shares
together with four members to
ensure eguitable
representation, and a
Directorate that is
responsible for operating the
communications system.
private

To promote European
cooperation and use of outer
epdce, a Convention was
ratified in 1980 to form the
European Space Agency (ESA).
Presently ESA includes 13



Member States: Federal
Republic of Germany, Austria,
‘Belgium, Denmark, Spain,
France, Ireland, Italy,
Norway, the Netherlands,the
United Kingdom, Sweden,
Switzerland and an Associated
State, Finland. Canada is
bound to ESA though a
cooperative agreement and
participates in several
optional agreements. Like
INTELSAT and INMARSAT, ESA
seeks to ensure eguitable
representation. The average
income of Member States is
calculated to form the basis
for determining contributions
to the budget and each state,
regardless of its financial
and technelogical
capabilities, has one vote for
matters concerning finance,
science and technology, unless
the vote is on an optional
program. According to ESA's
Convention, however, for
optional programs, such as the
ERS-1, only participating
States vote and finance
optional programs.

Conclusion

Although not all countries
have equal technological
access, they are part of and
participate in the.
international, interdependent
framework. Thus, it seems that
remote sensing information
that provides global coverage,
detecting all the various
elements of the world's
resources as well as the
changes that we cause, should
receive the greatest
international utilization.

In other areas of space
technology, international
cooperative arrangements have
been established. These
organizations haved operated
successfully, in terms of
financial and international
cooperation, because of the
need for efficient
communications technologies.
Although TNTELSAT, INMARSAT
and ESA are institutions
outside the United Nations
structure, they have an .affect
on the harmonizing
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international space co-
operation.

In addition to well
established international
cooperatives, however, there
is growing trend for
multinational space efforts.
Due to the level of financial
and technological expertise
required for space projects,
governmente have found that
they need to collaborate.

This requisite, along with
international efforts and
legal support, may set the
foundation for cooperative
arrangements for promoting the
internationalization of remote
sensing.
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ABSTRACT

Approval of RADARSAT for constructiopn and launch brings the dream of an active microwave sateliite
dedicated to operational earth resources management closer to reality. Following the example of
the Landsat and SPOT series, RADARSAT is desianed to make remotely sensed data available to earth
resources managers on a routine basis at & reasonable cost.

Tropical forests are one of Earth's most valuahle resources, from both econcmic and ecological
perspectives. Their large areas and freguent cloud cover make them promising candidates for
management strategies which incorporate RADARSAT data. Optical satellite data should also play
an important role provided less fraquent coverage is acceptable.

We have reviewed much of the published Jiterature concerning the use of optical and microwave data
for vegetation assessment in the tropics, and discuss how both data sources can contribute
information for mapping and monitoring of resources over a very wide range of scale and coverage.

RADARSAT wi'll proyide data in three basic modes: ScanSAR (500 km swath, 100 m resalution), Standard
(100 km swath, 28 x 30 m resolution), and High-Resolution {55 km swath, 8 m resolution). This
range of capabilities, coupled with frequent revisit possibilities, will .eriahle RADARSAT to
cantribute to tropical forest resource management over the full range of scale and coverage. We
have also identified information which can be provided by low and high resolution opt1ca'l satellite
sensors and by airborna SAR.

In order for RADARSAT and other data sources to become an integral part of tropical forest
management, work is required to better understand the information content of these data sources,
to develop information enhancement and extraction techniques, and to foster technology transfer -
to agencies with mandates for tropical forest managament.

Repetto, 1988 and 1990, Booth, 1989, Ellis et

1. INTRODUCTION al., 1988, Wilson, 1988). For most tropical
countries deforestation has become a drain of
Tropical forests are one of Earth's most an increasingly valuabie resource. Local and
valuable resources. From an ecological overseas interests alike have over-exploited
perspective, they play a major rale in the forest rasources. Failure ta collect
hydrological cycle and in recycling royalties, export taxes, and related fees has
atmospheric carbon dioxide. They stabilize led tc a cronic undarvaluation of tropical
‘5011 and prevent excess runoff of silt and forest rescurces (Repetto, 1980).
dissolved substances into streams. Their
effects on climate through energy and water The pattern of tropical forest conversion
exchange with the atmosphere are not well varies from one country and region to another.
understood but are ‘expected to be very In some cases there are deliberate conversions
significant. Much of the Earth’s species to small or large scale farming or ranching.
diversity 1s repraesented by the plants and In other cases clearcutting 1s practiced, or
animals which make up tropical forest biomes. partial harvesting of commercially valuable
trees causes enough damage to prevent. recovery
The alarming rate of destruction of tropical of the original forest. In yet other cases,
forests has .been widely documented .and construction of roads, canals, or railways

publicized (Myers, 1986, Nelson, gt al.,1987, permits access 1into praeviously sparsely
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populated areas, and the subsequent influx of
migrant. farmers causes degradation of the
‘original forest environment.

In most cases tropical forasts are much less
likely to regenerate to thair pre-disturbance
plant and animal communities than temperate
Tatitude forests because of severe Joss of
nutrients, seed sources, and vitality, vigourous
compatition by early seral species, the
inability of late seral, shade tolerant species
to baccme established in large open areas, and
the Tlengthy time required to reach climax
stability.

While it is apparent that improved management, of
tropical forests requires substantial economic,
political, and institutional changes, it also
requires additienal dinformation about the
forests ‘themselves and changes which are
happening in and around them. Much of the
additional information can ba supplied by
satellite and &irborne remote sensing systems
{with adaquate fiald checking).

The purpose of this paper is to identify some of
these ‘information requirements Ffor tropical
foreats, and examine the contribution that the
Canadian RADARSAT system may make in conjunction
with other readily available data sources.

2. POTENTIAL ROLES OF REMOTE SENGING

Information about tropical forests is required
over a range of areas and levels of detail.
other words it is a muTtiscale problem which
must beaddreéssed with sensors having'a range of
fields of view and spatial resolutions.
International agencies such as the United
Nations Food and Agricultural Organization, the
World Bank,

require  “strategic”® data at hatiunal,_
continental, and global ‘scales (10% and
smaller). Global scale environmental programs

such as the Ipternational Geosphere Biosphere

Program and the National Aeronautics and Space
Administration Mission ta Planet Earth also
require data at continental arid global scales.
These organizations place considerable emphasis
an monitaring activities. For these
vrganizations, data must be acguired freguently,
when needad,
Frequent, reliable coverage is essential.

Sadnd tropical forest managemant by natlenal and
state agencies begins with regional baseline
data -about undisturbed areas before develiopment
if at  all possible. Information about
topography, _geomorphowgy., drainage networks,,
and vegetation cover requires data with higher
spatial reselution, on the order of 10 to 100 m,
than that cons1dered by the interpational
agencles. Howaver, the area to be cavered for
specific sites is smatler. A baselline inventory
daes not need frequant temporal coverage, so the
data volume remains manageabie. Once an area is
openad to human access, changes 1n vegetation

In

and ‘tha World Rascurces Institute.

not when weathar may permit..
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governmental

cover are often rapid. Frequent, reliable

coverage of active areas at high resolution is

required. At the same time, there is often a
requirement to monitor changes on a ragional
scale (state/provinca, and nationwide) far
. rescurce management and policy
format.ion. '

In order to assess the potential contributions
of remotely sensed data to effective tropical
forest managemant, we have raviawed published
aucounts describing applications of optical and
migrowave data sources’ to ‘tropical forest
management. ,

Our review, although by no means conplete,
includes accounts of aerial photography, the
Landsat Multispectral Scanner {M§8) and Yhematic
Mapper (iM), and the Systéme pour 1'Observation
de Ta Terre (SP0T), as well as reports of
airborne and ‘spaceborne imaging radar data,
Proven abilities and itmitations of various

optical and microwave data sources are
indicated, leading to predicted roles of
HADARSAT in  combination with other readily

dvailable data sources.
2.1 studies with optjcal data
Aerial photography Aerial photography has

been used in the tropics for many years, just as
in temparata latitudes. The difficulties of
storing and using film in bot humid eavironments
are dascribed hy lLeshack (1927), Additional
prokzlems such as fregilent g¢loud cover ang
turbulent air are well known and also mentioned
by Leshack. These problems have meant that
aerial photography has been much Tless
extansivaly employed in the ‘tropics than in
temperate latitudes. Nonetheless, it seems safe
to say that aerial photography of tropical
forests can be acquired {f it 1s essential,
gtven sufficient patience and persistance, and
a budget which can accommodate high standby
costs.,

As in temperate 1atitudes, aerial photography is
particularly useful for information regarding
vegetation 1inventories; including species:
composition (Myers: and Benson, 1981,
Stellingwerf gt al., 1986) and for envi ronmenta'l
and forest resource management plans {Terchundan
t.al., 1986), Large scale photography can also
ba used for forest mensuration, such-as heights
and diameters of crowns (Aldred, 1976).
However, crown diameter generally cannot be
used to infer trunk diameter, as is often
possible in temperate latitude forests. The
review by Stellingwerf et al. also.demonstrates
the use of aerial photography for mapping
mangrove forests, forest damage and drainaga,
mapping plantations, and detecting and mapping
toads and land use change.

‘Landsat Multispectra! Scanner Data The
ready availability of Landsat Multispectral
Scanner (MSS) data fellowing the launch of
Landsat 1 in 1972 resulted. in a significant




numbgr of studies and attempts to use that
revolutionary new data source for tropical
forests. Many of the early results ware
reviewed by Baltaxe (1980 and 1987). The
majority of successful applications of Landsat

deta to tropical forestry have relied
predominantly on visual interpretation of
black-and-white single band images, colour

composites, and computer enhanced colour images.

Stellingwerf et_al.,(19868) 1llustrated the use
of Landsat MSS data in tropical forests. Thay
showed how MSS data could be usad to map broad
vegetation classes in Indonesia and Colombia, as
well as vegetation change and land use change fn
Colombia.

As in temperate latitudes, Landsat MSS data have
been found particularly well suited for mapping
broad vegetation classes in previously unmapped

areas. Examples of successes for this
application have been documented in Brazil
(Novaes, 1979), Bolivia (Baltaxe, 1980), Papua

New Guinea and the Phillipines (Williams and
coiner, 19875), and Peru (Sadowski and DRanjoy,
1880), while Keech et _al.,(1978) used Landsat

MSS data for a more detailed vegetation
inventory in Brazil.
Mangrove forests represent a particutarly

important but threatened resource in many parts
of the tropics. A number of studies, including
one by ERIM (1979) have demonstrated that the
Landsat MSS can be used to map mangrove forasts.

Landsat MSS data have been utilized for mapping
regional drainage networks and roads in
Indonesia (8tellingwerf et al.,1986).

Changes in vegetation related to agricultural
conversion, settiement, and harvesting have been
interpreted in Landsat images of <Columbia
(Stellingwerf et al.,1986), Brazil and Thailand
(Baltaxe, 1980).

Joyce and Sader (1986) have reviewed studies of
Landsat MS8 data for deforestation in the
tropics and conclude that forest clearing can be
detected and mapped at scales of 1:200 000 end
-smaller, for detecting plantations of 4 ha and
larger, but that it has only marginal utility
for partial cutting, successional changes or
detecting changes caused by insects, disease, or
othar stress agents.

sat Themat

Ralatively few results have been published of
studies with the Landsat Thematic Mapper and
SPOT HRV sensors for tropical forestry
applications. Those that have asppaared suggest
that the significant increase in capability of
these sensors relative to the MSS will generally
be valuable in the tropics.

Rosenqvist et al,,{1989) used three dates of
Landsat TM, MSS, and SPOT imagery to identify
deforested and ‘landslide-affected areas in
Thailand. The intent was to identify the causas
and effects of the heavy rainfalls, flooding,
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And seera dBndz] 199a it had TfRchpd A, J5cee
techniques were used to show that over 3500 ha
of forest had been cleared, and bare soil
exposure had increased by over 230% during the
four year monitoring period prior ta the
disastrous flooding and landslides,

Guillon {1989) used Landsat TM (Bands 2,3 and 4)
for pine plantation mapping 1in 1inaccessibile
areas of Argentina. Broad classes of pine
plantation cover, age, and densities could be
identified on the TM imagary,

Artieda (1989) analyzed multitemporal Landsat
MSS and TM imagery in the Ecuadorian Amazon far
the purpose of defdrestation monitoring between
1977, 1985, and 1986. Both visual and digital
analyses were employed to identify 16 different
forest and land cover types, which ware
compressed to six types (forest, cultivation,
forest/pasture, pasture/cultivated, open water,
wat areas) for the purpose of change detection
batween yenrs. A 58% reduction in forest covar
was maeasured between 1977 and 1986. The large
area coverad per scene, the periodic revisit of
Lhe same study areas, edase and efficiency of the
digita) analysis approach and cost effectiveness
comparad with conventional air photo and field
approaches were listed as definite benefits.

Ekstrand (1986) was able to map B vegetation
classes with the Thematic Mapper in Ethopia,
compared to only 4 with the MSS. Both wvisual
and digital techniquaes were combined to give 80%
classification accuracy.

Witkie (1990) used TM data to detect and map
small settlements near the Okapl Rain Forest
Resarve 1in Zairs, The author was able to
distinguish active from abandcned settlements,
and also to suggsst which of the settiements
were agricuituralist, and which were gold
miners’ camps.

Khan et 81. (1983) found that visual
interpratation of simulated SPOT multispectral
images could be very effective in monitoring
the condition of mangroves in the Ganges delta
of Bangladesh. Thay were able to. detect
deforestation, afforestation, original forest,
dykes, roads, and other features important for
this densely populated and vulnarable area.

With
increasing concern over tropical deforestation,
researchers have examined data from a number of
Tow resolution, wide area sensors to explore the
utility of these instruments to provide timely
information over wide areas for national and
international agencies,

Their findings, plus others not specifically
mentioned, are summarized in Table 1. This
summary 1s not intended to be exhaustive, but
simply to portray the most important
applications which have been demonstrated with
optical sensor data when applied to tropical
forests.



Justice et -al. (1985) demonstrated that Tlow
spatial resolution, high temporal frequency
AVHRR data are useful for monitoring temporal
dynamics for the entire globe. Normalized
vagotation index images were analyzed to study
the phytophenology of the African grasslands,
indian tropical foreats, and forest clearance
in Brazil. Nelson and Holben (1986) compared
three low resolution data sources (1 km AVHRR,
4 ‘km AVHRR, and data from the spin-scan
radiometer on the Geosynchronous Operational
Environmental Satellite, or GOES) with. the
Landsat M8S for detecting forest clearings in
Brazil. They found the GOES and 4 km AVHRR data
to be too coarse for meaningful estimates.
Howevar, they found ‘that the 1 km AVHRR data
could be used to map forast clearings in
Rondonia adeqguately.

Building un Nelson and Holben’s work, Woodwell,
et _al., (1987) used the MSS to determine the
forest/non~forest threshold ‘in AVHRR band 3
radiance and then used the AVHRR scene to

estimate the deforested area for the entire.
was

state of Rondonia. Their estimate
consistent with other data scurces.

Matson and Holben (1987) investigated the use of
AVHRR data for detection of tropical burning.
They showed how band 3 (3.85 to 3.93
micromatres} can detect sub-pixel fires, while
the use af bands 3 and 4 (10.30 to
micremetres) can be used to estimate hoth the
temparature and area of the burn. They found

that the Targer butng were associated with
decreased values of the Normalized Differerce

vegetation Index (NDVI, the difference between
the band 2 and band 1 intensities, divided by
their stm), indicating a decrease in vegetation
greanness in areas which had been extansively
burned.

Malingraau and Tucker (1987) summarized the main
contributions of the AVHRR. sensor .as detection
of fires and detection of clearsd areas over
wide regions of active forest clearing. They
indicate that band 3 is mora suitable than tha
NDVI for differentiating cleared frém uncleared
areas.

2.8 'Studigg.u1th-m1cruwave data

The advantage aof radar remote sensing tc operats
independently of solar iTtumination and in areas
of persistent cloud cover, such as the tropics,
was demonstrated in the successful completion of
the first d1maging radar mission- over- DRarien
Proy;nca of Panama in the -late 19605 (Wing,
1970).

Numerous studies of the application of radar
remote sensing in the tropics have been carvied
out since then, Most of the tropical
axparienca with radar has bean "dn the Jjob
Tearning” as part of operational surveys, in
contrast with temperate latitude studies, which
have been generally of a formal research nature.
A few reviews of the use of radar for forestry
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.applications have been published,

including

those by Churchill et .al.,1985, Simonett gt

-al,, 1987, and Werle, 1989b,

Airborne

Alrborne SAR and SLAR surveyvs
8ynthetic Aperture Radar (SAR) ahd real aperture

Side Looking Airborhe Radai (SLAR) 1imagery of
tropical areas ‘around the gylobe have been
acquired during more than 50 major commercial
reconnaissance surveys, employing mainly X-band
SLAR and SAR systems with HH polarization and to
sone extent a K,-band SLAR system with HH and HV
polarizations., Raglana1 and nationwide surveys
in Southeast Asia, and Africa as well as Central
and South Amarica to-date exceed more than 15
million km? in ‘areal coverage. With the
exception of more recent investigations
enmploying digital 'SAR data, image analysis
procedures have mainiy relied on visual
interpretation techniques. During the 1970s,
most data sets werg collected by the
Westinghouse SLAR, the Motorola/MARS SLAR .and
the Goodyear/GEMS §AR systems. The data wera
optically corralated and processed on image £ilm
sujtable for quaiitat1ye imagne ana]ysis. The
primary objective was the assessment of natural
resource, terrain mapping and map revision,
whereas in many ‘instances the analysis of
tropical vegetation was of secondary importance
(Werle 1989a}.

The development of digital SAR imaging and
processing technology by tanadian industry and
the Environmental Research Institute of Michigan
(ERIM) during the .early 19805 resuited in.
advanced operational systems, Digital SAR data
with a spatial resotution as good as 6 meters
and offering high geometric and radiometric
fidelity were used 1in computer assisted image
analysis proceduras, for the construction of
image mosaics, and in. topographic mapping
programs, 8ince -the mid 1980s, Intera
Technologies of Ca1gary has employed dirborng
SAR systems in the tropics for a variety of
commercial forestry and land cover surveys
including ‘thase with a focus on natural
vegetation (Thompson and Dams, 1890},

Regional and nation-wide tropical vegetatian
surveys, primarily using X-HH data, ‘have been
reported by a number of investigators, e.g.

Thompson and Dams, (1990), Furley (1986}, Parry

& Trevett (1979), Trevett (1986), Gelnett et al.
(1978}, Major vegetation formatinns and to soma
extent zones experiencing ecological transition

and stress within the <Tropics have been
idantified includipng savanna, dense and open
trapicdl forest and woodland mosaigs.

Oifficulties were encountered in identifying
spacific formations in hilly or mountainous
tarrain. De Malina and Molina (1989) were able
to map thirty different vegetatiocn cover types
in Colombia at .a scale of 1:40 000. Areas of
salective logging and differing. tree crown
dansities were also identified.

There is further evidence that mangrove forest
environments can be mapped accurately because of



their genera11y strong radar backscatter
-compared to surrounding forest stands (Lewis
1977, MacDonald et.al., 1971). Thompson and Dams
(1990} report success discriminating primary and
secondary forests, and in mapping a variety of
forest cover types, including mangrove/Nypa pa'lm
swamp, beach forest, peat swamp farest, htil

dipterocarp forest, high scrub forest, tea tree’

and wallum cover, eucalyptus forest, and
mimosoid legure ané paim faorests., Their data
source was high quality black and white stereo
prints made from X~Band HH digital SAR.data with
resolutions of 6 X 6 m and 6 x 12 m.

Plantation types which have been distinguished
on airborne SAR imagery inciude pa1m and bananas
(Dellwig et al. 1978, Thompson and Dams, 1990},
and pina, auca1yptus, and rubber (Thompson and
Dams , 1990}

Beveral studies indicate that forest disturbance
can be detected and mapped (Dams et al. 1987, de
Molina & Molina 1986, de Molina et al. 1973,
Sigco Smit 1978, Thompson and Dams, -1990).

Airborne radar data acquisition was almost
exclusively restricted to the dry season and
hardly ary muiti-temporal data sets have been
obtained so far.
ajgnificant changes 1In radar backscatter were
identified comparing dry and wet season imagery
acquired during the Nigerian NIRAD survay. Thase

changes were. mainly attribited to moisture

differerices.

Spaceborne SAR investigations  Spaceborne
SAR  imagery of tropical terrain has been
acquired during the experimental SEASAT (1978),
SIR-A (1981} and SIR-B (1984) missions. These
radars operated at f-band with horizontal
transmit and receive palarization (L~HH). The
spatial resolution achieved by seach . system
varied between 25 meters, 40 meters and 18-60
meters, respectively.. SIR-A and SIR-B provided
only ra1at1ve1y narrow swath coverage of 50 lm
and 15-40° km, respectively. The comhined tota)
coverage in the humid and seasonally humid
tropics exceeded a land area of 1.5 mitlion km®.

MuTti-temporal SAR.data. is extremely limited and
is restricted ‘to some -repeat coverage of the
BEASAT SAR within the mask of the Merrit Island,
Florida, receiving station, and to occasional
overtap of SIR-A and SIR-B image swaths, With
the exception of cne study (Pope 1987), this has
virtuyally precluded the wuse ‘of existing
spaceborne SAR data for change detection within
tropical forest environments. The few studies
that have been carried to assess envirenmental
conditions and dynamic land -use ‘phenomena thus
relied on single date spaceborne SAR datd.

Both computer assisted and visual interpretation
pracedures wereg employed in the analysis of
spaceborns SAR -data for tropical vegetatien and
lands use investigations. Most. of them suffered
from a lack of ground information and knowledge
of specific environmental .and target parameters

Trevett (1986) noted that
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at the time of data acquisition thus Timiting
the accuracy of interpretation results.

The imagery acquired during the SIR-A mission in
November, 1981 provide a useful vet 1ittle known
sourca of dinformation for examining forest
conversion in all major tropical forest regions
of the globe. There 15 evidence that SBIR-A
imagery (lL-HH) at a scale of 1:250,000 is
suitable for identifying the nature and extent
of tropical forest conversion such as commercial
timber  harvesting  operations,  man-made
grasslands for cattle ranching projects as well
as natural grassiand successions, and, to a
limited extent, settlement colonization and
agricultural schames (Werle 1986 and 1989a).

Stone & Woodwell {1987) and Stope et al. {1983)
found evidence that cleéarings withinh the
tropical forest of Amazonia .may exhibit
different radar backscattering behaviour as a
function of age .and clearing practices. Thay
found that L-band would be helpful in
determining primary forest composition, but
thair datd were insufficiant in areal coverage
to determine exact rates of deforestation.

Hoffer & lee (198%) avaluated the potential of

mutti-tempara!l SEASAT .and SIR-B' deta for
defintng areas of forest change, different
forest categories and reforestation sites in

Fiorida. Primary categories of forsst change
such as deforestation and reforestation were
identified with relatively high accuracy.
Reforestation stages were detected with modest
SUCCesS.

Ford & Casey (1988) distinguished and mapped
swamp and 1owland forest, tidal forest, wetland
and clearcut areas ip the coastal rainforest of
Bornes using SIR-B data. at “twe  different
incidence angles. Radar backscatter vajues for
swanp areas were noted to change @ a function
of incidence angte., The SIR-B data were not
suited for ‘discriminating between different
forest types within the mountainous interior of
Borneo.

Imhof¥ et al. {1988) have' ‘studiad
multi-incidence angle SIR-B data of Bangladesh
in arder to characterize forest canopy and
assess radar: psnetrat1on capabilities. They vere
able to map fiood boundaries beneath mangrove
vegetatiocn canopiss., Breaches and holes in the
natural canopy structure wera also easily
detacted,

De Molina & Malina (1986) examined SIR-A data as
part of a ‘multi-sensor study faor forest
classification in the Colombian Amazon. Alihough
their forest typing exercise met with no
success, a clear discrimination of forested and
non-forasted areas Was ngted. Boundaries between

‘savanna vagetation, tropical forests, fleodplain

vegetation and clearings ware: delineated without
difficulty.

Ford and Da Cunha (1985) examined the radar
backscatter properties of floodplain vegetat1an
using multi-frequency SAR data. Alvmvial forest



areas were clearly identified on SIR-A L-band

datd, but could not be separated from
surrounding forest areas on X-band airborne SAR
data,

Pope (1987) was able to ‘monitor seascndl
flooding of lowlard terrain in tropical forasts
of Guatemala using multi-temporal SEASAT SAR as
well as afrborne SAR data. Radar backscatter
values of vegetated flooded terrain was found to
be at a maximum under small inc¢idence angle
{TTumfination.

These findings @nd others are summarized in
Table 2, which Shows that, as i the: case of
optical sensors, many different kinds of
information useful for tropical farest
management can be obtained from suitable radar
data.

Studies at CO-band dre poticably absent from
Tabje 2. With both ERS-1 and RADARSAT including

t~band SARs, there is a serious knowledge gap
apout the capabilites at this frequency.

¥. POTENTIAL ROLE OF RADARSAT
3.1 gharacteristics of RADARSAY

The Government of Canada &hnounced on 13
September, 1984 that RADARSAT, Capada's planned
earth resources remote sensing
-aparture radar (SAR) satellite, was fully
approvad for construction and operation, with a
design 11fet1me of five years from its 1394
launch. The approved design is outlined in this
section (Langham, gt al., 1989). (More complete
discussion of RADARSAT may be found in a
companion paper (Raney, et al., 1890).

The SAR is an advanced multi-mode. instrument
(zed, for example, Luscombe 1983) that, oparates

at 5. 3 GHz (C- Band) having a wavelength of about:
It has a choice of three transmitter

5 cm.
pulse bandwidths and numerous .beam selections
{and thus incldeénce angles} to give images with
a variety of swath widths and resolution (see
Table 3),
are elactenically salectable, .and each rapidly
accessible in response to a variety of user
requirements during each orbit.
RADARSAT mission has been optimized for I1ge
surveillance din. Canada’s rniorth, it
characteristics which are very favourab1e for-a
varjety of applications around the globa.

The SAR:can be turned on several times per orbit
to a maximum accumulation of 28 minutes.
parts. of the world are accessible for
observation from RADARSAT within a three day
period ‘although the repeat cycle is 24 days.
{If an area needs coverage at a specified
incidence angle, the larger number applies.)

The NASA Taunch of RADARSAT from California is
schedtled for 1994 wusing a medium-class
axpendable launch vehicle. 'RADARSAT will use-a

synthetic

The beam positions and swath widths

Although the

includes

Most-
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SAR,

sun synchronous dewn-dusk orbit. Perhaps the
greatest operational advantage of the dawn~dusk
orbit is that the SAR can be turned on at any
time without consideration of conserving battery
power. This means that thare is no distinction
between ascending and descending passes from an
applications point of view. Another operational
advantage is that the data reception periods for

RADARSAT will not conflict with other remote

sensing satellites most of which use near mid-
day orbit timing.

3.2 Three levels of use

in approaching the use of RADARSAT, airborne
and npt1ca1 tata Tfor tropical forast
management, it is very helpful to recognize a
rejationship: between the area for which
information is required; and the leve) of detai)l
desired [see Section 2),

Thare

are also corresponding relationships

‘batwean the. area covered by a sensar and its

spatial resolution (see Table 3}, and between
the spatfal resolution of sensors and the level
of detail availabla from them (see Tables 1 and
2 and the review by Molina, 1981). These
relationships result 1in natural groupings
between the information requirements of various
agencies, and the appropriate sensors to satisfy
the information requirsments. We have

emphasized three such groupings fin Takle 4,

where we match information requirements with the
sensors which appear, at present, appropriate to
satisfy the information requirements.

Strataegic forest managament information. is
required at global, continental, and national
scaies. Typical mapping scales range from 1: 10®
to 1: {07, with appropriate resolutions 1n the
range 0.1 to 10 km. Strategic information
requirements are wide 1h scope but quite general
in nature, As ifdicated in Table 4, the
informaticn about trapical forests s reélated to
the overall characteristics of the vagatat1un,
and can be supplied by Tow resolutiocn sensors,
The use of the NOAA/AVHRR for mapping broad
vegetation classes, monitoring vegetation growth
and wvigour, and detecting Tlarge areas of
significant vegatation change has been very. wall
documented (see Table 1). In.the ScanSAR mode
{500 km swath, 100 m resolution), RADARSAT
should ba able %o detect cases cf: vegetatiun
removal over large areas.

Numerous  studies have shown  microwave
backscatter to provide. information . about
vegetation which 1is complementary to the

information provided by hptica1 sensors (e.q.
Ahern et al,, 1978, Guindon et al., 1980, Brisco
ef al., 1983, Wu, 1985). Tt is reasonab1e to
expect, therefare that RADARSAT data will also
prove useful as a compiement to optical data for
mapping broad vegetation classes over wide
areas,

The second level.of datail reguires a variety of
information by national, state and provincial



natural resource, -environment, and parks
departments. Because of the diversity of their
mandates, these agencies require a wide variety
of 1nformat1on. Mapping scales of 1:10% to
1:10% are typical, and spatial resolutions of
10 to 1000 m,are.apprupriata.

For this level of detail, RADARSAT data in the
standard (28 x 30 m resolution) and high
resolution (8 m resolution) modes will
contribute valuable forest management
information. Again, it8 utility may te enhanced
further when combined with optical data. High
resclution airborne SAR can provide additional
information on forest type and density by
depicting the texture of the canopy. RADARSAT

data in the standard and high resolution modes

will prubab1y be valuable for mapping dra1nage
networis fincluding, in some cases, standing
water under tropical forest canopies (as in the
case of mangrove swamps). It will probably also
be useful far mapping roads, settlements,
plantations, agricultural cohversion, and other
avidence of intensive land use. Since 8AR
imagery, particularly at -high incidence andles,
depicts. tapography very clearly, RADARSAT data
may be particularly effective when combined with
high resoiution optical data from the Landsat
and SPOT sateliites in a way which allows
interpreters to visualize: topography when
mapping vegetation classes from optical tmages.

The ability of RADARSAT to provide relatively
high resolution images whenever desired will
allow government agencies to closely monitor
areas which are daeveloping rapidly through the
road-building and land clearing activities
associated with development. Such timaly
information will enable governments to deal with
daviations from approved forest managment plans
much more guickly and therefore much more
effectively than has beer possible in the past.
RADARSAT data will.aiso snabie forest management
agencies te menitor forest inventory depletions
due to c1earcutt1ng, but selective cutting will
probably not be detectable with RADARSAT data,
although access roads may be visible.

The persistance of haze, smoke, and cloud cover
in the tropics makes it virtually 'impossible to
monitor large areas with Righ resolution optical
sansors  over . shert pariods. of time.
Nevertheless, these sensors may centribute to
mapping diverse vegetation types and vegetation
condition, and to initial mapping and tc map
revision at. Tess frequent intervals.

It 1s worth notihg that such mapping information
can alsa be obtained through aerial photography,
as indfcated in Table 1. However, we believe
that the use of satellite data will prove to be
far meore cost effective for most of the
tnformation at this intermediate scale.

In compiling Table 4, we have emphasized the
Landsat Thematic Mapper even ‘when the Landsat
Hu]tispectra1 Scanner or SPOT HRV multispectral
.data-are 1ikely to provide-suitable information.
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Dur experience in Canada, has shown that sales
of TM data to the forestry sector great]y exceed
MSS and SPOT multispectral sales. TM fis
preferred over M85 ‘because its spatial
resolution and sgpectral bands provide more
information  than. either MSS or  SPOT
multispectral data. SPOT panchromatic data are
chosen wheh their superior spatial resolution is
deemed important enough to justify the higher
cost per unit area.

The third and most detailed levetl of information
is required by natural resource companies,
engineering companies, and local governmental
and non-governmental organizations. very
detailed information about timber resources and
the conditions such as topography, vegetatian
cover, and drainage ig required.

Stereo aerial photography has been the remote
sensing technidque of choice for sich infarmation
for many years, and 1s likely td remain so for
some time to come, because much of the
information needed requires stereo imagery with
resoiution in excess of that avatlable from
foreseeable satellite sensors or commercial
airborne SARs. However, the multispectral data
available: from tandsat and SPOT can  often
supplement aerfal photography for detailed
vegetation mapping. RADARSAT high rssolution
data may provide supplementary information on
topography and may also prove particularly
useful for revealing standihg water undar the
vegetation cover. Recent experience with high
resolution airborne SAR i5 beginning to sugdest
that this data source can provide muth of the
information traditionally expected of medium
scale agr1a1-¢hotcgraphy.

This aszessment shows that RADARSAT 15 expected
to contribute information at all three levels of
datail because of its wide area ‘coverage and
rangs of spatial arn temporal resolutions. At
present, RADARSAT's most important role appears
to be for monitoring deforestation and other
signs of human activity at a wide range of
scales. It will probably also provide
information which complements opticdl data for
general and poss1b1y detailed cover type mapping
at scales from 1:20 000 to 1: 107,

4. PROBLEMS TO BE OVERCOME AND RECOMMENDATION
FOR FUTURE ACTION

The experience we at thé Candda Centre for
Remote Sensirig have had over the 1ast f1ftaen

years in devaloping remote sens1ng for improved

forest managétient 1n Canada can serve as a guide
to the steps necessary to help introducs
microwave and optical remote sensing qinte the
tropical forest managemént procetés. One lasson
iz particularly clear from our axparience:
intreducing new  technology, even.  very
cost-effective  technology, i a slow,
painstaking processg.

Five areas of activity must all be pursued to
realize the potential of remote sensing for
tropical forest managemsnt.



The first. 1is to establish a detailed
understanding of the information requirements of
the agencies with mandates for various aspects
of tropical forest management. It 1is not
essential that all of the requiremenis for many
agencies be itemized in detall from the outset.
This can be done initially for a few agencies,
with the others following as their interest and
project resources parmit.

The second area is one of research: to identify
the information content of operational microwave
and optical sensors. As can be seen from Tables
1 and 2, much information is already available.
However, large areas of uncertainty remain.
There 15 almost no experience with C-band SAR in
tropical forests. This can be overcome through
‘investigations with C-band airborre data and
data from the ERS-1 satellite, followed by
actual RADARSAT data. More experimentation is
needed to address the information content of
various optical and microwave sensors in the
context of the detaiied information requirements
of particular agencies. Finally, most of the
results reported to date are qualitative; more
quantitative assessments of forest variables
that can be measured, and mapping accuracies

achievable are needed to assure prospective:

customers that information derived from remote
sensing data can satisfy their neads.

The third area, a companion area of research, 1s
the development of information extraction
techniques. Once the information content of
various sansors 1is known, the appropriate
information extraction technigues may be
obvious, but this is not always the case.
Research will probably be needed to enhance and
extract the important tone, texture, and pattern
information on  SAR imagery. Much
axperimentation may be necessary to develop
effective ways to combine microwave and optical
data and to extract the desired information from
tha combined data sets.

The fourth area of activity is the development
of suitable infrastructure in the agencies
responsibie for tropical forest management. It
is generally accepted that remote sensing data
i1s best utilized whén combined with natural
rasource information in digital form on a
geographic information system. The Canadian
provincial forest management agencies have found
that a very large effort is necessary to convert
a detailed existing forest
digital form on a GIS. Develeping countries may
be at an advantage in this respect since they
may have the opportunity to establish their
resource management data base in digital farm at
the outset. GIS technology itseif has come down
in price recently, -and systems covering a wide
range of sizes and costs are available from a
multitude of vendors.

The final activity is technology transfer: the
adoption of tha technology by the resource
management agency. Experience has shown that
this 1is most effective when the resocurce
management -agency becomes a partner in the

inventory into
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most appropria is often a
part of the determination of the detailed
information requirements of the agency. Agency
personnel can then either follow the technalogy
development process as chservers, or participate
nmore actively. Participation can include
contributing to investigations of information
content and accuracy to be expected from the
data from various sersors, and specifying the

systam they will need to use the remotely sensed

data operationally.

4.1 Recommendation

One effective way to carry out activities in the
five ‘areas. described above 1s through a
partnership between organizations supplying
remotely sensed data, organizations with
tropical forest management mandates, and
organizations specializing in the development of
remote sensing technology and applications. In
preparation for the RADARSAT mission, the Canada
Centre for Remote Sensing 1is proposing
investigations of the information content of
C-band SAR data, optical data, and information
extraction technojogy to be carried out jointly
with nations having responsibility for
management of tropical forests. Such Joint
projects could pave the way for increasing
activities of this nature, leading to widespread
operational use of microwave and optical data
for improved tropical forest management.
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Table 1. Summary of Optical Applications Rasp}ts,iQ;Tropiqa1 Forests

Applications Area  Country .. Sensor _ﬁpaﬁn‘ ~ .Reference

Broad veg'n clases

Indonesia MSS 80 m Stellingwert et al. 1986
Columbia’ MS8 80 m Stellingwerf et al, 1986
various. MSS 80 m Baltaxe 1987
Brazil ‘MSS ‘80 m Novaes 1979
Bolivia. MSS 80 m Baltaxe 1980
Papua N.G. MsS 80 m Williams and Coinet 1975
Ph11lippines MSS a0 m Williams and Coiner 1975
Peru MSS 80 m Sadowski and Danjoy 1980
Ethiopia ™ 30 m Ekstrand 1986
Vegetation inventory _ _
Brazil M55 B8O m Keech et al. 1978
Species compesitioen
Ihdonesia Pan 20 000 Stellingwerf et al. 1986
Mexico Pan 30 000 Btellingwerf st al. 1986
Thaitand Pan 50 000 Stellingwert et al. 1986
Australia Nat. cel., 2 QOO Myers ‘and Benson 1981
Mangrove Forests ) o
Columbia Pan 45 000 Stellingwerf et al. 1986
Bangladesh MSS 80. m ERIM 1974 .
Bangladesh SPOT 20 m Khan ef_al. 1982
Forest damage Columbia Pan 20 000 Stelitngwerf et al. 1988
Drainage Indonesia ‘MSS B0 m Stellingwerf et al. 1986
Plantation mapping . _
Indonesia Fan 20 000 8tel)lingwerf et Al. 1986
Indonesia’ Pan 10 000 ‘Stellingwerf et al. 1986
Brazil Mss' 80 m | Baltaxe 1980
Vegetation change L A
GColumbia MSS 80 m ‘Stellingwerf et al. 1986
various MSS 80 m Baltaxe 1987
Brazil MSS 80 m Baltaxe 1980
Thailand MSS 80 m Baitaxe 1980
Brazil AVHRR 1 km Matingreau &and. Tucker 1987
Brazil AVHRR 1 km Nelson and Holben 1986
Land use change .
Indohesia Pan 50 000 Stellingwerf et al, 1986
Columbia MS8 20 m stellingwerf et al. 1286
various MBS 80 m Baltaxe 19887
Brazil Mss 80 m Novaes 19789
Road detection/mapping
' Mexico ‘Fan 30 000 Stellingwerf et al. 1986
Indonesia MSS 80 m Stellingwerf et al. 1988
Fire deatection " Brazil AVHRR 1 km Matson and Holben 1987
: Brazil AVHRR 1 km Malingreau and Tucker 1987

1 For aerial photography (“pan?), the contact scale is used instead of resolution.
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Table 2. Summary of SAR Applications Results in Tropical Forests

Applications Area Country Band Res'n Reference
Road detection Sarawalk % 6 m Thompson and Dams 1990
RPaninsular X € m Ahmad et al. 1988
Malaysia .
(Camaroon L 40 m Werle 19689a)
Clearcut: detection Camerogh L 40 m  Werle 1986
Venezula L 40 m Werle 1986
Indongsia L 40 m Werle 1906
Bragil{?) i 40 m Stone & woodwall 1887
Columbia Ko Xk 10-22.16,40 m de Molina & Molina 1946
Costa Higa X% Gm Dams et _al. 189867
Tlearcut roevagetat an Camarnarn L 400 m Werle 19483
Vaperusta L 400 m Warle tatda
Indosssia () 44 m Werle 19295
Costa Rica X am  Dams st al. 1987
Sattlements Nigerta ¥ 30 m Hunting, 1984
Paraguay b 40 m werie 19894
Indonesia L 40 m Werle 1989a
Garawals X & m Thompson and Dams 14990
Lolombia % fm,12m e Molina and Molina 1968%
Agrisdl tural Paraguay L 40 m  Weris 19286
convarsion Sarawak X & m [hompson and Dams 1890
Peninsular X & m Thompson and Dams 1820
Malaysia : ' .
Colombia x ém,12m de Molina and Molina 19893
Tree plantations Guatemala K, 10 - 22 m Delliwig et al. 1878
Indohesia L 48 m Werle 1989a )
Australia ¥ 12 m Lowry et _al, 1986
Congo % £ m Thompson and Dams, 1320
Penihsular X 6 m Ahmad et al. 1388
Malaysia
Mangrove forests Indorestia X, L 40 m King 1985
: Panama Ky Lewis & MacDonald 1873
Barawak % € m Thompson and Dams 1980
Australia X 12 m Lowry et al. 1988
{Bangladesh L 216 - 33 m Imhoff gt _al. 1986 )
(Floridal L 25 m MacDonald et _al. 1981
Flaoding Bangladesh L 56 m Imhoff et_al. 1986
Australia L 40 m  Werle 1989a
Indongsia L 28 m Ford & Sabins, 1985
Guatemala L 26 m  Pope 1987
Colombia 2 6m, t2m de Molina and Molina 1988
Indonesia, L % 20 -~ 3C m Ford & Casey 1988
Borneo: '
Brainage. i Nigeria X > 30 m Sicoco Smit 1980
Columbia KaaAsL 10-22,16,40 m de Molina & Malina 1986
Brazil XL 16, 40 m Ford & da Cunbha 1985 .
Cameraon. L 40 m  Werle 1989a
Sarawak * 6 m Thompson and Dams 1940
Broad vegetation Brazil ot 16 m  Furley, 198§
classes Nicaragua Ky 10-20 m Trevett 1986
Togoe K, >20 m Geinett et al. 1978
Nigetia X 30 m  Hunting 1984 _
Calombia X %10-22 m de Molina €t al. 1973
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Applications Area

Forest inventory
infoermation

Studies

SPOT/HRY
SPOT/HRY
AYHRR

RS-SARY
RS-5AR
RS~SAR

R5-SAR

Country

Colombia
Colombia
Colombia

‘Australia
Indonesia,

Borneo
{Brazil

Peninsular
Malaysia

(Nigeria

(Calumbia

Table 2. Summary of SAR Applications Results in Tropical Forests Cont’d

Band Res’n ‘Reférerice P C e
. Trevett 1986 ' '
Koo X,L 10-22,16,40 m de Molina & Mo11na 19886
X Gm.IZm de Molina and Molina 1889
X & m Lowry et al. 1988 :
L = 20 - 30 m Ford & Casey 1988 '
X %16 m Disperati and Keech 1978)
X B m Ahmed et gl. 1988
X > 30m 51ccd Smit 1978)
Keo%,L 10-22,16,40 m de Molina and Molina 1986)

in parentheses () report negative findings for that application

Table 3. Basic Characteristics of Optical and Microwave Sensors

Mode
Standard.
Standard
Multispectral
-PénChrOMatic
Standard

Standard

High Resolution

Extanded

‘ScanSAR

RS = RADARSAT

Swath(km) Resolution Incidence

185
185
60

60
%2000

100

55

100

500

= 80 m
s m
20 m
10 m

=1100 m

28 X 30 m
{4 looks)

8 x 8m
(1 Jook)

28 x 30 m
(4 Yooks)

100 x 100

{8 looks)
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-1%Y - 33"

-11° = 14"

=31" - 37"
-317 - 31"
~45° - 48"
20° ~ 49"
20" - 49°
49° - 80"

m  20° - 48°



Table 4. Summary of Information Requirements and Appropriate Sensors'

Broad Scale: Global, continental, national

Typical mapping scales: 1:10% to 1:107
Spatial resclution: 0.1 to 10 km

information requirement

Broad vegetation classes

Vegetation cever/vigour
Lenath of growing season

Large area vegetation change

Agencies concerned:
International organizations

Intenational development agencies
Global environmental research groups

Appropriate sensor(s)

NOAA /AVHRR
RADARSAT ScanSAR

NOAA/AVHRR
NOAA/AVHRR

RADARSAT ScanSaR
NOAA/AVHRR

Medium Bcale: National, regional

Typical mapping scales: 1:10% to 1:10%

gpatial resolution: 10 to {000 m

Informakion requirement.
Topography

Vegetation inventories

Mangrove forests
Drainage-netwdrks.'standing water
Standing water under canopy

Rpads and settlements

Change détection

Forest damage

Revegetation assessment

Plantatwon mapping
™

Agricultural conversion
(vegetation change)

Fire detection

Agencies concernsd:
National, state, and provincial

Natural resource, environmant, and
parks: Departments. '

Appropriate sensor(s)

A3r phoete, SPOT/HRV

Air photo, Landsat/TM, RADARSAT/Standard
Landsat/TM, SPOT/HRV, RADARSAT/Standard
Landsat/TM, SPOT/HRV,RADARSAT Standard

RADARSAT Standard

‘SPET/HRY, RADARSAT High Resolution

SPOT/HRY, Landsat TM, RADARSAT Standard

Alr photo, Landsat/TM (based on temperats

latitude studies)

Landsat TM, SPOT/HRY

RADARSAT High Resolution, SPOT/HRY, iaust

RADARSAT Standard, RADARSAT High
Resclutien, SPOT/HRV, Landsat TM

NOAA/AVHRR

1In this table we have indicated Landsat/TH and SPOT/HRV where studies have shown that
Landsat/MSS is effective, because our gxperience with forestry app11cat1ons at temperate
latitudes has indicated that customers are usually willing to pay the extra cost for the

additicnal infermation content of these sensors.

We have not indicated aerial phetography

("Air photo”) for applications which cah be doéhe with satellite data because customers
generally prefer the much lower cost per unit area of satellite data.



Small Scale: Local

Spatial resolution 1 te 10 m
Typical mapping scales: 1:10 to 1:10*

Information requirement,
Vegetation species mixes

Wildlife habitat

Tree diameters and heights

Roads, trafficability

Plantation mapping and assessment
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Agencies concernad:

Resource companies, Municipalities,
National and local parks administrations,
enginearing companies, non-governmental
organizations

Appropriate sensar(s)
Air photos, airborne SAR

Air photos, Landsat ™, SPOT/HRV, airborne
SAR

Air photos

Air photos, SPOT/HRV, airborne SAR, RADARSAT
High Resolution

Air photos, airborne SAR, SPOT/HRV, Landsat
TM, RADARSAT High Resolution
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ABSTRACT

The EverGreen Plan is long range,
management (using especially spacecraft radar data) before the end of the decade.

It has both technical and institutional themes.

aimed at effective tropical forestry

It builds on basic science and

institutional foundations, and is intended to culminate in an effective network
of resident technical capability and effective institutional linkages rooted in
tropical regions, joined toutilize the information from guantitative observations
of tha key environmental parameters far appreprlate resource management responses.

Provision of economic, polltlcal

and institutional incentives are incorporated

in the Plan, and are intended to overcome those impediments freguently encountered

in remote sensing technology transfer programs.

This paper elaborates en the

rationale for the systems approach and includes a brief description of the ten-
year plan for implementation of EverGreen.

JINTRODUCTION

The Amazonian region contains a
significant. proportion of the world's
tropical forests, one third of which is
found in Brazil. Brazll has taken a
leadership role in naticnal and
international activitieés aimed.at a better
understanding of deforestation processes
through improved monitoring. In 1988 the
Brazilian government initiated a program
called "Our Nature " o establish
conservation poligies for the country's

natural resecurces (INPE 1990). As part
aof this program, the Instituto de
Pesquisas Espaciais (INPE) conducted a

survey of the extent of deforestation in
the Brazilian Legal Amazon in 1989, INPE
is leading the International Space Year
(18Y} Deforestatien Project and has
proposed a gecond ISY project, the

Synthetic Aperture Radar Deforestation

Education Workshops. In order tc inform
the public about these efforts, INPE has
recently initiated a guarterly
newlsletter.

These significant activities

private and public responses to tropical
deforestation, but there is still no
systen for monitoring tropical
defdrestation on a global scale.
contributing factor is +the lack
appropriate tectinélogy. DBuring the 1980s,
the only satellite =&systems available

carried optical sensing systems which have:

not been able to provide complete and
timely coverage due to cloud cover over

are
representative of an increasing number of

of
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tropical regions. ‘Beginning in 19591, a
series of radar remote.sensing satellites
will begin operation. These mnicrowave
Viéwih@.sYstEms can penetrate cloud, fog;
and mist. It is timely to prepare for the.
best use of data from these systems in a
global tropical forest monitioring program.

Establishment of an effective
1ndigenous monitoring program willrequire
more-than just the provision of radar data
and supporting technology. If radar
sensing is to be applied successfully to
this issue, it must be accompanied by an
effective technology "transfer program.
Such a program will be successful only to
the extent that it recognizes and responds
the motivating forces found in
developlng countries, particularly
economic concerns. The gystems approach
to technoloqy transfer in such
circumstances is most apt; but it must go
beyond the conventional bounds of remote.
sensing practlce. Within the frame of
reference of a given developing country,
the systems approach will help to directly
relate the information content of data
products to 1local issues of immediate
importance. Use of remotely sensed data,
miach less demand for it, will occur only
if it 1is =een to be essential for
effective actiocn.

TECHNOLOGY TRANSFER: A SYSTEMS APPROACH

There are three major schools of

science and technology policy which have

contributed both to the theoretical



literature and to the development of
scientific and technological capacities
in the developing countries (Weiss and
Ramesh 1983). One school emphasizes the
building of national =scientific enclaves
to serve as centers of excellence fronm
which secience and technological advances
will "trickle down" through the rest of
the economy. Another school is based on
the fundamental principle that
technological resources should be
committed based on the most pressing
social issues as identified by societal
members, a "bottom up" approach.

The third school takes a systems
approach to developing technolegical
capacity. This approach begins with an
understanding of system objectives, i.e.,
getting the technology into the hands of
the users. Attention is focused on the
relevant institutions and the technology
transfer networks which connect them.
The intended strategy is to improve the
flow of technology from developed country
donors (getting the technology more
cheaply and under 1less restricted
conditions), to and through local
institutions (diffusing the technology
through the system, developing local
expertise), and adapting the technology
to local needs. Writers in this school
have extended their field of study to
include economic and political forces in
the environment surrounding the technology
transfer process, as these are viewed as
having significant impacts on the success
of the system and can be influenced by
system managers.

Numerous authors have taken this
perspective in analyzing technology
transfer and diffusion processes (Frame
1983, Rogers 1983, Rogers and Eveland
1975, Robinson 1989, Roman  1980).
Likewise, a number of professionals in the
field of remote sensing have urged that
knowledge gained from remote sensing
technoleogy transfer (RSTT) be used to
build a conceptual model of the transfer

system (Eankins 1977, Levin 1978, Pala
1980, Voute 1982).
In response, a study of remote

sensing technology transfer to developing
countries was completed recently, based
on the systems perspective. The study
began with the development of a systems
model of the technology transfer process
through case studies of the transfer
process in Thailand and Zaire. Further
research, based on the nodel and a fifteen
year literature review, led to a global
survey of experts in the field (Specter
1986) . Results of the survey revealed
critical factors related to system inputs
{the lack of appropriate computer
equipment, inadequate data distribution
patterns and costs, and the lack of
experienced personnel); the transformation
process (lack of cooperation and
coordination among relevant organizations

in developing countries) and
environmental considerations (economic and
political constraints, and the uncertain
future of Earth-observing satellite
systems). lLater studies have supported
the systems perspective as a tool for
better understanding of the technology
transfer process (Specter and Gayle 1989,
Specter 1990).

Employing a systems paradigm to the
study of the transfer process has proven
successful to the extent that it has led
to the identification of system elements
and their interrelationships. A more
practical result of this approach has been
to provide managers in the field with
additional knowledge about the system that
could assist them in controlling and/or
influencing critical elements in order to
improve the flow of technology to end
users. However, this does not necessarily
mean that the information that the
technology can provide would be integrated
in national decision making processes
regarding economic development or improved
environmental management. If that is our
fundamental goal, we must look beyond the
technological system to the role of
technology in society, taklng a mission-
driven, context-oriented approach to
ocbjective setting. '

ENVIRCNMENTAL ISSUES AND SYSTEMS

The human race is facing
environmental degradation of global
proportiens. Many developing countries

have experienced massive losses of their
major source of economic capital: natuaral
regources. Some hover on the brink of
"environmental  bankruptcy™® (MacNeill
1989). The Club of Rome warned us of
these environmental perils through a
process of "world modeling", using a
systems perspective. These experts began
by outlining five major parts of the
global predicament: pcpulation pollution,
industrial capital, agriculture, and
resource depletion. They believed that
mankind could no longer deal with such
problems individually, but had to ‘attack
them in a unified fashion. However, the
Club of Rome approach has been criticized
for attempting to throw all major problems
into one "problematigue", making the
system far too large and too complicated
to encourage action and response
(Churchman 1879).

More recently, the World Commission
on Environment and Development (WCED)
released a report stating that future
survivability on this planet rests with
our ability to integrate economic and
environmental planning in order to achieve
sustainable development (WCED 1987).
Traditionally these activities have been
handled as separate programs by separate

‘groups (MacNeill 1989).
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significant area of global change, we nmust
address three issues in an integrated
manner: 1) available data regarding the
status and rates of depletion of these
resources are often inadequate,
insufficient, and unfocused as to economic
and political decision making processes
at the national and international levels:;
2) programs of technology transfer,
institution building, and those designed
to encourage indigenous capabilities to
use the data for environmental analyses
within the tropical nations need to be
effectively expanded; and 3) econonic,
pelitical and institutional incentives to
encourage use of the data in the service
of environmental policies, management, and
regulation are lacking. Each of these
issues is discussed briefly below.

The Data Base

It is widely believed that changes
in policies will not occur without
increased understanding of the local
conseguences of deforestation and
degradation. Therefore, improved global
monitoring of tropical forests is
essential (International Task Force on
Forestry Research 1988). Satellite
technology is the key to carrying out such
a monitoring process, (World Commission
on Environment and Development 1987), and
it is recognized as such in the science
for global change initiatives ({Edelson
1988) . Ecologists and remote sensing
experts have joined together in calling
for the. establishment of a global
monitoring program  for tropical
deforestation using existing and planned
satellite systems (Booth 1989, WRI and the
International Institute for Environment
and Development 1988).

In such research efforts aimed at
redressing the information needs over
tropical forests, remote sensing systems
such as Landsat and SPOT are being used.
However, conventional remote sensing
satellites employ optical viewing systens,
and thus are limited by optical
visibility. As has been proven
repeatedly, tropical forests are
frequently cloud covered, so that optical
remote sensing methods cannot provide the
accurate, complete, nor timely coverage
required, Radar satellite data can play
an important role in providing data that
can augment surveys currently underway.

Te 5 S

Capabilities

The effort to provide remocte sensing
data as input for policy making in the
tropical nations would be set most
constructively within a broader program
of technology transfer and education in
order to build indigenous capability to
utilize it. Without local motivation,
attempts to transfer remote sensing
technology to developing countries would

e encus
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encounter numerous chstacles which would
have to be overcome if the process is to
succeed (Specter 1988B).

Econoric constraints are a
fundamental concern in such a process.
The size of capital investment regquired,
coupled with foreign exchange
considerations regarding imported
information and hardware, are major
obstacles to the establishment and
operation of monitoring programs in
tropical nations. Paolicy makers need
information about the potential role that
remote sensing technology can play in
addressing their own national tropical
forestry issues. Without theixr support,
the success of any tropical forest
management effort is questionable. The
lack of experienced personnel who have
training or educaticn related to the use
of remotely sensed data in the developing
countries is a serious hurdle to bhe
overcome. Often there is inadequate
phy51ca1 infrastructure to support data
procesalng, analysis, and interpretation.
Finally, increased networking and
cooperation among the various ministries,
agencies, and user groups 1s a necessary
ingredient for success.

Politigal stit a
Hgt_i‘m;;_an_s,
Within the economic framework,

evidence is building that the yields of
alternative land uses have been greatly
overestimated, while the revenues that
could be obtained from standing tracts of
forests ‘have bheen ignored or
underestimated (Peters, Alwyn, and
Mendelsohn 1989). Also, the negative
consequences of large scale development
projects have not been quantified (Repetto

1988) . In general, given the lack of
cost/benefit analyses of current
practices, long-term économic

considerations are losing out to short-
term, special interests, and often
illusory gains.

Within the political decision-making
framework, efforts to deal with major
issues, such as the size of foreign debt
owed by tropical nations to private and
international banks, often lead to plans
and policies which, in effect, further
degrade and dastroy tropical forests
(smith, Bluestone, and Yanchinski 1988).
The situatlan is complicated by very
understandable sovereignty sensitivities
concerning the right of each country to
control and exploit domestic mnatural
resources. Furthermore, internal
peolitical pressures may tempt those in
power to consume national forest resources
in attempts to solve social and political
conflicts, related to poverty,
overcrowding, unemployment, and growing
dissatisfaction with land tenure polices
(Repetto 1988). Govermment ownership and
control of forest resources may lead









is growing  interest EverGreen

in
throughout Latin America.
This paper is offered as a véhicle
for discussion and to encourage comments
and participation from those attending the
ISPRS Commission I International Symposium
on Primary Data Acquisition. The authors
hope to use this opportunity to increase
awareneéss and support for the Plan among
Latim American remote sensing experts and
others who are toncerned with the delicate
balance between the mahagement of tropical
forest rescurces and economic development.,
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THE WORLD OZONE DILEHMA“
RESEARCH AND RESULTS WITH REMOTE SENMSING

Dr. J.J. Hurtak, Ph.D
Technolegy Marketing Analysis Corporation
PvO. Box FE

Los Gatos, California

95031 USF
ABSTRACT

In order to study the chemically perturbed region of the Antarctic
-and the Arctic, NASA initiated airborne and satellite imaging of the ozone
depletion through the specialized ER-2 plane (at ~ 18 km) and the modified
DC-B~72 aircraft (at -~ 12.5 km) with rxemote sensing systems onboard,
Instruments onboard the ER-2 and DC-B NASA research aircraft surveyed the
atmosphere from various altitudes .and dinstruments on +the WNimbus-7
satellite analyzed reflected sunlight. Measurements were designed tc gauge
‘not only the extent of ozone depletion over the Antarctic/Arctic, but
other chemical changes in the stratosphere. Activities carried cut within
programs of remote sensing and in situ measurements by aircraft are
compared with are compared to TOMS onboard the Nimbus—7, as well as Deobson
network ‘ground stations.' Through these mathods, scisntists have been
extremely succesaful in mapping the huge hole in the ozone layer that
appeared -over Antarctica, which 1s particularly extensive for about two

months of €ach year and to confirm ozone loss in the Arctic area.

1. THE MECHANISMS FOR QZONE DESTRUZTION

Sclentists .at NASA, the MNational
Science Foundatien, the National Oceanic
and Atmospheric Administration (NDAA) and
other institutions after careful study now
believe that the primary triggers of ozone
depletion take place when a single atom of

chlorine {Cl) combines with 0, to form
molecules of CIO and 0,. In some instances
sunllght accelerates the change, focusing

on ice crystals in the stratosphere with
attachied chlorine molecules reacting with
ozone yielding 0. Scientists believe that
many of the same conditions of wind, light
and temperature that cause the ozone
depletion over the Antarctic -- the "ozone
hole"-~ may also be occurring around the
Arctic. In addition, the continual
poliution of CFCs and halons appear to ddd
to this phenomena.?

Although the key reaction for
destruction of ozone takes place when Cl +
0; reagt, it is believed that this might
begin with the €10 dimer mechanism, where
the reaction of Cl0O + ClO yields C1,0, which
photolyses to atomic chlorine and ClOO and
ends with a catalytic destruction of ozéne,
where atomic chlorine (Cl) reacts with @
to form ClO + 0,. Several processes may
‘actually be taking place. For example, the
chlorine monoxide dimer could breakdown

inte €1, + 0,, eventuvally yielding two
atomic. chlorine, necessary for the key
reaction.

_ Thé theory that chlorofluorocarbéns
(CFCs) could be destroying the ozone layer
in the earth’s stratosphere was originally
presented in 1974 by Dr. F. Sherwoeod
Rowland of the University of California
{Irvine) and Mario Moélino fiow at Jet
Propulsion Laboratory, California.’ Their
concern was that CFC compounds are chemi-
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with wavelengths

£ull
cover.

but is able to
process, And each chlorine atom could

chemical <reaction

cally inert and could remain in the
atmosphere for 40-150 years eventually
phistolyzing to reactant Cl. _

Chemicals are removed from the
epvironments via "sinks, " namely photodis-
sociation,  rainout, and oxidation.
However, the iny important sink for
CFc~il and CFC-12 is photodissociation in
the mid-stratcsphere by sclar UV radiation
shorter than 230 nm'
which never reach the lower atmospheres.
The CFCs only diffuse when they reach
altitudes of 25 'to 40 km {(with the
greatest ozone region lying béetween 15-35
km) : C©nce they are broken down in the
stratosphere, they yield atemic chlerine,
which then makés it way back into the
lower stratosphere through the ozone layer
and finally into the tropdésphere depesited
as hydrochloriec acid (HCL). _

One must look at the rate of the
reactions in the upper atmosphere under
sunlight, as well as with cloud-

Quantitatively there is a correla-
tion between the abundance of ClO and the
amount of ozone Jlost. The important
factor in the €10, chain is that after the

chlorine reactant initiates the process of

ozone destruction (or the destruction of
any odd oxygen, i.e. Oy or O;), the Cl is
not removed (in a denitrified environment)
once again repeat the

destr0¥ approximately 100,000 molecules of
ozone.”

A complete understanding of key
rates and photodis-
association products within the catalytic
process is still incomplete. If the pho-
tolysis products of the ClC dimer are
Cl-C100, then ozone destruction oceurs,

but if the products are Cl + O + €10, then

this would not be the mechanism that would
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Figure 1. ER-2 with Iastrumentation used at AAOE

be destroying the sxtensive amcunt of ozone
loss observed.

The HCl and ClONO, that are usnally
present 2s nonreactive reserveir species
are transformed on aerosols and cloud
particles to a form of active chleorine
{(C1C). The effect of sunlight appears to
accelerate the reaction;, focusing on ice
crystals in the stratosphere with attached
heterogenecus (surface) chlorine molecules,
creating different amounts of ozone loss at
various times of the year.® The long polar
winter night  produces strxatospheric
temperatures as low as -30°C at 15-20 km
which preduces Polar Stratospheric Clouds
(P5Cs}. Chemical reactions on their
surface are thought te convert hydrochloric
acid and chlorine nitrate into molecular
chlorine and hypochlorous 'acid {(HOCl) and
alsc separate nitrogen oxides as nitric
acid. Then when spring arrives the atomic
chlorine is released by the sun, triggering
€10, chain reactiona.

If nitrogen radicals were in abun-
dance; chlorine monoxide would rapidly
react to form chlcrine nitrate, CIONO;,
which like HCl is nonreactive to ozone:
Since little NO, exists to react with Cl0,
there is no"stopping the reaction for 5-6
weeks,
‘the stratosphere and 60% in all latitudes
surrounding the PSCs. The chlorine oxide
dimer reaction is thought to account for

75-85% of the ozone depletion in the
Antarctic.”
.3 STRATEGY FOR THEE AAORE

The NASA resedrch planes (the DC-8

and modified U-2) utilized between 10 and
13 ipstruments easch in surveying the
atmosphere from various altitudes. The
flights were based in Punta Arenas, Chile
(53°s, 71°W} and flew southward towards the

causing ozone depletion of 95% in

by flying lower,

‘inte
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Palmer Peninsula of Antarctica. The ARACE
(Airborne Antarctic Ozone Experiment)
August and September 1987 was designed to
investigate the BAntarctic polar vortex.
The vortex, a. pattern of stable but
8swirling winds, isclates a laxge portion
of - the polar stratosphere. Inside the
vortex, air temperatures decrease enough
for the formation of type II PSCs (Polar
Stratospheric Clcuds). Locations of
chemically perturbed regions (CPR) within
the vortex were made known by the TOMS
(Total Ozone Mapping Spectrometer) almost-
-real- tlme maps and SAM IT measurements of
the PSCs.*

The DC-8 flew 13 flights in all
including extended night <flights using
lidar measurements with a 308 nm wave-
length XeCl-Raman laser having a repetl—
tion rate of up to 50 Hz which had 1ta
best signal-to-noise ratio in darkness.®

The instruments varied according to
flight times. The FTIR (Fourier transform
IR} required low sun angles, but the NOAA
UV/VIS spectrocmeter used a wide range of
angles (including f£lights 870908-870909)
which took place at night during a full
moon to measure 0Cl0.'°

The benefit of the DC-8 was its
long-range of 11+ hours flying time te
achieve direct penetration of the hale,
During the AAOE flights it encountered
Lenperatures colder than,K its certified
limit of -76°C. This problem was overcome
or by pumping fuel
between the various tanks.'* Cirrus clouds
were found to prevent accurate readings by
the FTIR and lidar measuring devices. Cn
one flight (870905) the DC-8 encountered
a mini-hole on the outer reaches. of the
vortex and next to massive PSCs. Some
theories indicate that this is not due teo
large-scale transport of ozone-poor air
the vortex, but relates to

CLOUD PARTICLE SPECTROMETERS



anticyclonic flow around the vortex itsslf
creating a low-ozone column.l?

The 12 ER~2 flights were limited to
approximately € hours of flying time or
200 nautical miles, reaching 'their
turnaround point by mid-day. The aireraft
flew only in sunlight and 72°8 (B0-90°W) was
considered the southernmost part of the
flight. (According to TOMS’ data, the ozone
depletion covers an area from the. south
pdle to approxlmately 70°8.) 13

The ER-2 plane has a length of 19
meters and carries ‘extensive payload
leaving room for only a s;ngle*seat. The
pilot must operate all of the instruments
that are loaded inte the aircraft’s wing
pods,
(See Figure 1),

The plane carried instruments for in
situ measurements of 0,, chlorine monoxide
(Cl0), Bro, and ‘NOQ, (sum of all odd
nitrogen species} . In the spear-pod under
the wipg was a MPS (multifilter sampler)
- using a cellulose~type filter paper and a
Teflon cleth filter which is exposed to the
alrstream at warying times frem 7-55
:minptes., The MFE carries up to 22 filters
with an 1l.4 cm. exposure diameter. The
filters are held inm a Llinear =stcrage
magazine, and are activated by the
pilet. The samples which measured:sulfate,
nitrate, ‘chloride, and flouride abundances
were analyzed on base at Punta .Arenas
immediately after the flight."

The plane alse ecarried z scanning
microwave radiometer to measure
temperatures above and below the aircraft.

The average potential temperature
surface of the flights were of 425 +/- 25K
at approx. 18 km. Return flights were some-
times lower in altitude, but followed a
similar flight path.® Bedause of weather
corditions and movéement ©f the Antarctic
vortex in 1987, only three flights were
launched while the <voirtex was c¢lése:
B70902, B70%04, 870806 Other fllghts

during the AAQE had to go off flight track

to reach the Yortex measuring areas. During
the BAACE, there were 6 days when both
aircraft flew. These were 870828, B1083(,
870902, 870909, 870916, B70921 .1

The ER~2 also made ferry flights
between Moffett Field, California and Punta

Arenas, before (870812-15) and after
(870929-871803) the scheduled flights over
the Antarctic.. These flights  were
extremely important. in comparing ozone

depletion at mid-latitudes. The eéquipment
onboard <the aircraft was. calibrated to

measure the stratospherié ozone (0,) which

is normally found at a- concantration of 10
parts per million, chlorine normally found
as a few parts per billion (ppb} with
reactive chlorine measured in parts per
trillion.

hs NASA's Entarctic data was
analyzed, large amounts «o©f chlorine
menoxide were found at 18 km in. altitude.
Concent¥ations of ¢hlorine monoxide (CLO)
reached 1 ppb,? about twe drders of
magnitude larger than is found over the

nose compartment and aft fuselage
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temperate zones at the same altitude.
2. ATRBORNE ARCTIC STRATOSPHERIC
EXPEDITION

Compared 'with the Antarctic, PSCs
are not as abundant and have a. shorter
existence due to warmer temperatures in
the Arctic. The warmer temperatures {-80°C
as opposed to -90°C in the Antarctic) are
in part caused by the greater mass of land
in ‘the Northern Hemisphere. Only in
approximately five of the last 30 winters
have January temperatures in the Northern
polar region been cold enough for ice
clouds to form. The polar vortex is not as
constricted and there is little sunlight
due to the polar night. However, more
than 100 scientists from the U.K., West
Germany, Worway, Denmark, and the United
States took part 'in the $10 million dollar
six-week ozZone study (January-February
1983) in the north pelar. rfegion sponsored
by NASA and NOBA .

Before the flights, scientists knew
that the ozene depletion was not as
advanced as the hole over the Antarctic

and expected a loss in the: range of about

2-8% in stratospheric ozone to have
occurred over .the past twe  decades.?
The depletion was anticipated to be

greater at- higher latitudes and greatest
in winter.
The ER-2 and DC-8 planes recorded

the chlorine monoxide levelms Iin the
Northern stratosphere. The planes were
based at Stavarger, Norway {59°N.) and

each flew approximately 14 flights, The
BC~8 wsually targeting the North pole, as
their turn around peint. The Canadians
partiecipated by sending experimental

balloeons into the Arctic stratosphere from

and
TOMS

Canada.
with

Alert Bay,

findings
coordinated

on  board

werse
the

‘NIMBUS-7 satellite.

The major part of the expedition

was scheduled for the meonths of Janunary

and February, but findings ‘indicated that
the expedition should have been scheduled
to remain until March or April even though
the majority of the PSCs had broken up by
mid-February.

4.  SURVEY FINDINGS

Ozone  measurements have  bean
undarway since the 18208 using
ground-based ultraviolet spectrometers

kneown as Dobson instrumenta. An extensive
network his now been established with one
operating at Halley Bay (Antarctica 76°3)
by the British Antarctic Survey team which
noted ozene changes as early as the late
1970s .2

51gn1f1cant ozone loss in the
Antarctic lower stratoaphere during
September and Gctobex (springtime) were

Eirst reported in 1985 by J.C. Farman, at
al.? This was confirmed in 1986 during
the NQZE T expedition that noted evidence
of high <c¢hlorine chemistry and low



nitrogen compounds with ozoéne levels

depleted in the 12 - 20 km region.®
4.1 The Antarctic Findings

Within +the chemically perturbed
region (CPR) of the Antarctie, Cl0 levels
were found to be more than 100 times those
expected from mid-latitude measurements.
Concentrations where found to be as high as
1.3 ppbv, as opposed to the teotal 0.7 ppbv
chlorine available in the atmosphere in
1965.% The CPR areas of the vortex weére
defined at the abrupt rise in concentratien

of Clo. The high levela of: chlorine
monoxide (Cl0), however, were  not
consistent throughout the year. The levels

were very low in late winter when there was
little sun which has led to the theory that

there is a correspondence between the
increase in sunlight, the growth of
chlorine monoxide, and the decrease in
czone.

Bromide (Br) may alsc play the sama
role as reactive chlorine when exposed to
ozone, but 1t does not appear to be the
deminant factor. Although, it is now
believed that the existeénce of 0C1O could
be the result of a reaction that started
with Cl0 + Bro. Significantly larger
amounts of Br were measured in 1987-88 than
previously observed, lending to the belief
that some reactions may be taking place.®

Recently methane has also been taken
as a serious target in both the north and
south hemisphere. Findings have shcwn the
increase yearly of about 0,016 ppmv.? The
incremental greeanhouse effect of methane is
about 20 times that feor CO,.

When the expedition first arrived in
August = 1987, a consistent positive
correlation or ratio between ClO and O, was
cbserved. By the middle of September, the
same concentration began dropping at ER-2
altitudes at 70-200 mbar. Instead, a
strong anti-correlation developed between

Clo and O, on both large and small scales

within the: chemically perturbed region
(CPR) of the vortex.?

MFS found that sulfate aerssol
levels within the CPR are lower than the
levels outside the CPR. This would suggest
that the air mass inside originated from a
different region of the atmosphere and does
not indicate any enhancement of sulfate due
to periodic volcanic activity.?

NASA also found in their ER=2
aifborne obsérvations that the atmosphere
was net only dehydrated, but alsc
denitrified containing wunusually small
concentrations of onitrogen radicals.®®
Nitrogen.  compounds convert * reactive
chlorine back inte its nonreactive form
{chlorine nitrate), so the pressnce of
nitrie acid clouds are clearly of
importance. What was recorded were

extremely low values of nitrogen within the

chemically perturbed region of the vortex.
The MFS was used to analyze the

amount of stratospheric nitrate.

Laboratory tests have demonstrated that the
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found in the ice particles,

filters collect accurate data cn nitric
acid and ClONQ, as nitrate. These filters
also have the ability to analyze the
amount ‘of chlorine by cellecting C1 from
HCl and ClONO, in the vapor phase and Cl1
in the particulate phase. Their findings
showed that in all cases the amount of
total nitrate inside the CPR was less than
the amount outside the CPR. Cbservations
made over a 35-day period showed a loss of
.06 ppbv total nitrate.?”

It is clear from the ER-2 flights
in the CPR that the region of dehydrified
and denitrified air maintained a sharply
defined latitude gradient throughout most
of the expedition. On a purely meteoro-
logical definition, the vortes edge would
be well outside the dehydrified, denitri-
fied region.

Specifically, NASA received
chemical data on npitrogen in 1986 Ifrom
both ground-based and airbérne experi-
ments. Abundance of NO, of 8-12 ppbv was
observed cutside the chemically perturbed
region while 1 to 3 ppbv was. observed

inside ‘the wvortex.™ °'NO, observations
suggest that NO, component speciés are
incorporated into polar stratospheric

cloud PSC particles. It appears that the
nitrous compounds have been taken up by
ice crystals, then precipitated out cf the

atmesphere.
Observations support the picture
that WO, is Jlow ‘because it has been

removed from the atmosphere by being taken
up in ice crystals which gravitationally
gettle to much lower altitudes. This
picture is supported by observation of low
eolumn abundances of HCl and by occasional
observaticns of high levels of nitrate
and by the
visual and lidar wobservations of high
cirrus and PS5Cs.

The lack of nitrogen compounds also
disproves various theories that have been
used to explain the ozone hole, such as
the solar theory or the cosmic ray theory,
etc., that would regquire high levels of
nitregen cxide.

4.2 The. Arctic Results

The recent findings in 1989, during
the airborne stratospheric expedition to
analyze theé chemical compesition of the
Arctic polar stratosphere found it to be
also highly disturbed with the observed

abundance of ozone depleting chlorine
menoxide radieal (ClO) elevated tc a
factor of 50 in the Arctic strato-

sphere. The cobservation added up to a
congistent Tpicture with that of the
Antarctic data in 1987, beliéved to be the
result of chemical reactions occurring on
PS5Cs that form in the extreme cold regions
of the Antarctic region.?

Toeon also reported that levels of
Cl0 in the Arctic region were as high as
8 ppt which is capable of destroying about
1/2 ~ 1% of stratospheric czone per day.¥
It was also discovered that the air in the



Arctic wvortex contained PSCs and held
extremely low levels of hydrochloric acid
and chlorine nitrate which are reservoir
species in the stratosphere and would not
be involved in ozone destruction. These
low levels would indicate -that there is a
reaction taking place in the Arctic vortex
that converts inactive chlorine compounds
into active ones. The important facter -in
the annual amount of ozone depletion in the
northern hemisphere could be directly based
on the temperature and stability of the
vortex.

Unlike the Antarctic, the Arctic
showed higher: levels of nitric acid which
could be converted by sunlight into
nitrogen oxides which would reconvert the
ClO inteo-an inactive form.

The key factor might be that there
are two types of PSC formations. Type I,
mest common over the Arctic, is conmposed
mostly of HNG,; 3H,0 {nitric acid trihydrate)
and forms at abeut -77°C. Type II contain
mostly water ice and do not form until the
temperatures are closer to -85°C. Type II
PSC. provide the most active surfaces on
which inactive forms of <chlorine are
converted tg reactant forms® and they
seldom are formed over the Arctic region,
However, doring the 1989 expedition some
Type IT PSCs were observed. Scientists now
believe that Type I PSC might also
contribute, although to a slower pace of
ozone destruction or that the chlorine rich
air with reactant chlorine might drift into
sunlight at lower latitudes to account for
the wintertime decrease in ozone.*®

In the Arctic area, the ClO levels
were so high that scientists believe that
even after the vortex breaks .down, the
molecules could be sent oot to lower
latitudes where there will still be limited
ozone destruction depending upon how fast
molecular diffusion can bring in NO, to
react with the Cl.

In February, 1989 Canadian balloéon
experiments over the Arctic measured a fall
in ozone of about 25% over Scandinavia
which is dttributed o an "ozone cratexr™
net an overall net loss. Sclentists are
not willing to. say if this is part of an
overall chemical or only metecrolegical
effect because the loss coincided with a
cyclone from intermediate latitudes.”™

5. CHEMICAL VS METEOROLOGICAL THEORIES
Several theories have been put
forth, and various causes for the czone

hole have been proposed. There is some
direct effect of loss of ozone due to
meteorclogical influences where sunlight,
wind and temperatutre appear to be the
controlling factor. Ong event occurred over
the Palmer Peninsula on September 5, 198%
where over a perioed of 24 hours total ozens
decreased by about 10% over an area of
approximately 3 million square miles. Such
a rapid decrease is difficult to explain
chemically.

Lidar measurements from the DC-B
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‘An

showed low ‘ozone values and extensive
aercoscl layers between 14 and 15 km in the
region of the TOMS minimum of ozone.?®
Such events were spatially correlated with
deepening surface pressure lows and marked
meridonal flows from middle to high
latitudes at lower stratospheric levels.

However, it is also clear that the
hole is not purely caused by metecro-
logical factoxs. Nor 1a, it formed
exclusively by an upwelling of low
atmospheric materials (in a sustained
large scale} from the.troposphere to the
stratosphere--giving a purely dynamic
uplift mechanism te the loss of ozone.

The conclusion is that chemical and
meteorological data cannot be separated.
illustration of this difficulty to
elearly establish chemical or dynamical
mechanisms 1is the decreasing trends in
czone in regions of Cl0 outside of the
vortex whose magnitudes are comparable to
those within the ozene hele vorte=z.
Moreover, downward trends of ozone were
chserved ‘at. the lower altitude regions
where ClC concentrations’ were  sub=
stantially lower than at 18 km and are not
adeguate to explain the destructioen of
gzorne in the 14-15 km region.

Low wvalues of CFC-11 (i.e., an
aerpsol propellant), CFC-113, CFC-12
(i.e., a refrigerant, CF2Cl2), CH,CCl, and
N,0 were observed at the upper levels of
the BR-2Z flight tracks within the
chemically perturbed regicon. The MFS noted
that there were consistently higher levels
of acidic fluoride concentrations inside
of the CPR wersus outside of the CPR,
showing that *the air arrived from a
descent from a higher altitude. The ratio
of HC1/HF imside the GPR was a consistent
ratio of near 1 (0.9 +/- 0.3), indicating
a loss of acidie chloride either by the
remcval of chloride from the airmass or
the partitioning of <chloride into an
unmeasured species.” Whexe the CL/F
ratios outside the CPR are.cénsistantly in
the 0.5 - 3.0 rdnge of ‘a2 volume/volume
ratio.

A key question is how these values
are maintained in the chemically perturbed
region? Since 1986, all data appears to.
correlate with the appearance and
formation of PS5Cs between 16 and 24 km
with present caleculations taken from 1 pm
S3M II showing the formation of type T
partlclas with an aercsol extinction ratio
ranging in values from 2 to 50 and type II
being those greater than 50.% Modeling
the proposed -availability ef free chlorine
reactants depends critically on the extent
and character of these surfaces 'which
provide active sites for heteregenous

reactions liberating. reactive halogens
whereby effectively immobilizing and
depleting the NG, reserveir.’®  The
existence of the PSCs was found to

decrease with time after early winter
which was attributed to the loss of HNO,
and H,0 by sedimentation, and directly
correlates to the major sequences of ozone



depletion at the polar areas.
6. CHANGING THE CHLORINE MOLECULE

Even if we immediately watop the
production of all CFCs, we will still be
asuffering at .least for the next 50 years
from the chemical effects in our
atmosphere. According to Prof. A.Y. Wong
et al., from the University of California,
Los Angeles, there may be a way of reducing
the destruction rate and removing these Cl
atoms: from the atmospheric ozone region
through ion kinetics. Given Gibbs thecry
on free energy on Cl,~ and NO,- reactidns
with ozone which shows that reaction rates
of negative ions are slower by several
orders of magnitude, where the reaction
rate with atomic €1. and 0, is AG =
-168kd/mol the reaction. anolv1ng cl” would
be AG « 0 and the reaction is less than
10—!2 Cmsfﬁl!c.'n

By using radio frequencias, creating
an increase in the electron temperature and
density din the atmcsphere, an electron
could-be added to the initial breakdown of
halocarbons so the Cl released will not be
atomic chlorine but C1°. The principle
reaction given the conditions and elements
in the peclar region would then be: C1™ + H
— HCl + e. Depending upon the ambient
temperatures the rate from atomic Cl with
His 6.5 x 10, the rate would be Cl° is 9.3
x 10%  TFor every 6% decrease in con-
centration of the most active Cl there is
a 1% increase in ozone which is a 3-10%
increase in the optical opacity of the
layer.!

If this proves to be effective and
safe for the environment, existing
facilities could be used that have high
powered ground-based HF transmitters to aid
the formation of Cl°. Ground-based -and
gpaceborne radar have already given us an
understanding as to the physical behavior
of the ionosphere. At present there are
three high powered ionospheric heating
facilities in the Western world that could
be considered: 1) Tromsoc, Norway; 2} HIPAS
at Fairbanks, Alaska; 3} Arecibo, Puerto
Rico. HIPAS (High Power Auroral Stimu-
lation) heater can deliver a peak power of
2MW in 1 ms at a repetition rate of 1 Hz.
The purpose of the program at HIPAS has
been te understand radio frequency
interaction with the icnosphere at both
high and low frequencies.

Already in the polar reg:on, there
is & large sourcé of free energy
(approx. 10" watts) existing in the form of
electric fields and currents driven by
magnetospheric sources. Using RF fronm
ground-based facilities, the -energy of
electrons could increase by heating the
electrons by the oscillating E-field which
could in turn underge collisions with
neutrals. Accerding te Wong, increasing
electron temperatures leads to an increase
in the vertical downward-pointing electric
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field which enhances the upward transport
of negative ions along the magnetic field
amplifying the original power scurce.®
The next question then is at what altitude
should the heating take place. Since early
research has also shown that radic fre-
guencies can reduce ozone production, but
mainly in the upper part of the ozone
dayexr (> 70km). It has been shown,
however, that a decrease in ozone at the
upper atmospheric regions leads to an
increase of ozone throughout the ozone
regions at mid- and low altitudes."

A FUTURE SURVEYS

The new aystematic look at the
ozore~depleting mechanisms and our ability
to alleviate them depends on actual exper-
iments, analyses and measurements which
have spin-offs for envircnmental science.
A network of ground-based spectrometers in
Canada, U.K., .Scandinavia (Norway and
Greenland) and the Soviet Unien will
centinue to analyze the chemical
components of the atmosphere above them by
measuring the modifications these
chemicals cause in the natural spectrum of
sunlight.*® The monitoring and predicting
o6f changes in the earth’s polar environ-
mént prompts follow-on studies of world
environmental science and increases our
sensitivity to the fragile biospheric
balance. '

Even after the January-February
198% expedition of the Arctic strato-
sphere, regearchers in Norway and
Greenland have continued teo¢ zrelease
balloons to compile vertical data on the
ozone depletion of the stratosphere. In
the U0.S., TOMS satellite data have
continued to be collected over these
specific areas. More sophisticated and
diverse sensors are also being designed to
better understand earth’'s ozone
concentrations.

NASA has proposed a systemn called
Wetwork for The Detection of Stratospheric
Change which would span top U.S.
facilities from Goddard Space Flight
Center to JPL using remote sensors aboard
NOAR and Nimbus satellites. NASA has
already developed some  preliminary
equipment. which includes using - mmobile
ground laser systems {Table Mountain,
California) with orbiting satellites,
sounding rockets and balleoon sondes. This
network will permit earth-based and
satellite measurements of mid-latitude
ozone trends to be correlated.

The new JPL eguipment will make use
of excimer lasers to generate ultraviclet
light at two wavelengths which are
absorbed differently by ozZone. Some of
this light will be reflected back towards
the ground by gases in the atmosphere. A
large telescope with +wvery sensitive
wvltraviolet detectors will collect and
measure part of the backscattered light,
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and the anocunt of szong will be ecaloulated
by comparing the twe return signals.

.Eurcpe is alsd  preparing for
sophisticated ozone studies through the
ERS~1 (Barth Remote Sepnsing-l) system
sponsored by the Eurapean Space Agency
(ESA) . It 4is scheduled for launch in 1800
in a near pelar orbit at an altitude of 780
km. The ERS-1 is to be an end~to-end system
with a space and ground segment to provide
global oceanic and reglonal ice/land
coverage. Every 3 hours it will deliver
standard products that will be used for
supporting scilentific objectives related to
open ocean and -coastal =zone -processes,
polar ice regions, global ¢limate, and
satellite dats processing techniques. It is
antieipated that after 2 years of orbit all
of the glcbal .and regicnal mission
objectives of ERS~1 will have been met.

Another unigue system—-a European
Polar Platform--will be launched with the
help «of the British Aerospace, Space. and
Communications Division in Filton Bristel,
U.K.'" This will be a free-flying polar
platform that is also a pressurmzed module
which will be attached permanently to a
space~station and .a man-tended free-flyer.
The platform éxploits the unigue advantages
of a nen-synchronous polar orbit to give =
daily wiew wof the entire globe. These
faciliti®es will be operated as COMPle—
mentary parts to -address the temporal,
spatial; and spectral coversge of the ozane
phenomena.
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8. GLOBAL CONSEQUENCES

The "greenhouse effect™ refers to
an ineremental increase in infrared
absorption within the atmdsphere because
of the increase of wvarious trace gages.
Carbon dioxide has largely been targeted
as our greatest problem. Atmospherical
concentrations ‘have increased from 315
ppiv in 1957 to 350 ppmv in 1988, which is
approximately 1,500 ppbv yearly. This
increase does account ftor half or more of
the greenhouse effect. Howéver, increases
have also been noted due to CFCs with
CFC-11 ingreasing yearly by 0.011 ppbv and
CFC-12 dincreasing 0.018 ppbv. The,
important. factor is that each molecule of
CFC i§ 10,000 times more efficient in
absarblng infrarad radiation than that of
o

" It has been calculated that our
yvearly emission of CFCs is on the order of
one million tons pear year; which
tranglates into an ozone loss 10° times
larger. Sayeh El-Sayed from Texas A&M
University recorded: co¢bservations at
Artarcticd’s Palmer Station and measured
the photosynthatic rate of merine
phyteplankten at  four different UV
conditions. Hia study showed that when
compared te. phytoplankton raised undex
ambient light, thode exposed to the,
eénhanced UV reduced their photosynthetic
rate 35 to 75 percent depending on the
source of the plants. This shows %that
whare the UV.levels are high {(upper one.or
two meters in thé opcean} the plants are
substantially reducing their
productivity.®

The current NASA investigations are

beginnihg to reveal the inadequacy of the
Montreal Protocel {UNEP—Sapt 1887) stra-
tegy which called for only a 50% reduction
id CFC production (20% reduction by 1994;
and 30% by .1999) .'" New NASA reports on
ozone have now shown the oZone depletion
occurring at a. faster rate than.previcusly

recognized in ‘scientific models. EPA
estimates that even with the Montreal
Protocol, .chlorine levels in the

atmosphere could rise to'a high of 8 ppb
from the present +/~ 2.7 ppb..

. After additicnal expeditiocns wera
sent to the Worth Pole in 1989, 81 nations
met at Helsinki in May of 1989 and adopted
a declaration calling for a ‘complete

‘phase-out of CFC’s by the year 2000, and

a ban on the use of Lthe destructive
conpounds. haloiis. This actlv;ty watrit
beyond the Montreal FPrototol which was
-adopted pringipally by the United States,
Mexico and 37 other natioms 1in 1587,
calling for countries to cut in half thELr

production and use of CFCs by 19%9.

Many less developed nations such as

‘China and India haye yet to make either

commitment because of their own concerns
about the cost of discasding equipment
which uses CFCs. T¢ overcome this dilemma,



the Helsinki declaration «calls for
provisions to assist developing countries
through funding and transfer of
technology.™®

In this recent strategy, countries
have also shown support for setting limits
on other harmful chlorine containing
chemicals such as methyl chlercform and
carbon tetrachloride. Until the new
declarations of Helsinki are
perhaps as early as April 1990, the
Montreal Protocol sets the only standards
being enforced in countries that signed the
agreement. Although it is far from
sufficient, many countries hidve alsc made
cuts well ahlead of time due to public

concerns, mainly in the area of aerosol
cans and foam packaging. Three of the
largest producers of CFCs, U.K., Mest

Germany and the U.S. have agreed to press

for anm 85% reducticn in CFC produc-
‘tion. However, less developed natiens
{approx. 16% of world production) have

fewer restricticns and are not currently
making steps to step production.

Even if we stopped all production of
CFCs, the problem could be with us for -the
next century. Chief research scientist for
both expeditions, Robert Watson is now
convinced that the current terms of the
‘Montreal Protocol are insufficient. Under
the Montreal Protocol; chlorine: will
increase from 3 ppb in the atmosphere today
tc 6 ppb by the end of the century. Each
year chlorine is added takes 10 additional
years to remove it.

CFC-12 is the most widely used
chloroflucrocarbon. This year chemistas at
Du Pont, thHe inventors of CFCs, have
developed two new alternative compounds to
replace C€FC-113 which is the common
¢leaning agent in electronics and other
industries. One of the pew compounds is
called HCFC-124, but will still take a
minimum of four years before it could be
vsed widely in commercial applications. *

The 'initial findings set forth by
the EPA suggests that each 1% depletion of
ozoné leads to - -a 2-3% increase .in skin
cancer among fair-skinned people.’? There
is already a large data base indicating
that OV-B (280-320nm) is stressful to
biclogical life even  at current
levels. Suppression of the immune aystem
due te UV-B may alsoc be a factor in the
development of skin cancers.®

What is known is that ‘the continued
destruction. of ozene could have global
ramifications which would start with the
disruption of the food chain of marine
bacteria. However, as we continue to
analyze the data that we have acquired and
explain the picture that we have developed,
we will be in a better position to address

the important questions of long-term
effecta on the human race. On the other
hand tropospheric .ozone abundance has

accounted for about ,30% of U.S crop losses
from air pollution. as well as playing a
significant role in forest decline.

ratified, -
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‘methanes:

3, CONCLUSIONS

Concentrations of CFCs and
halocarbons are rising faster than most
greenhouse gases and such products
manufactured as Halon 1201 and 1211 (fire
retardants) both contribute to greenhouse
warming, as well as stratospheric ozone
destruction.

According to findings, 1987 was the
worst year to date with 50% of the ozone
over the Southern <continent destroyed
during the early spring. The conclusion of

scientists who worked on the Arctic
expedition 'is that the northern ozone
layer 1is "primed for destruction

although there is little evidence that it
would accelerate at the rate found in the
Antarctic. The prime culprit is chlorine
monoxide and recent findings have also
shown that PSC can help them aecelerate
the ozone déstruction. Reduced ozone in
the stratosphere can also result in less
heating of the environment and further
reductions in temperatures, which may
allow for more extensive formations of PSC
over longer pericds of time.

Reducing the emissions of CFC will
reduce the greenhouse effect, because
there is indication that they could be
accounting for as much as 15-20% of the
global warming. The woxrld oZone dilemma
requires <a unified approach between
environmental scientists, energy axperts,
and futurists using multi-disciplines of
science which concern the résoarces of the
planet for the next generation of mankind.
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ECO-CLIMATE MAP FOR GLOBAL MONITORING

Shunji Murai and Yoshiaki Honda
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7-22 Roppongi, Minato-ku, Tokyo 106
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ABSTRACT

Though Képpen's climatclogmal map is widely known all over the world, a
new climatological and ecological zoning system should be developed ‘in
-ot‘-de_r to. monitor the global change of wvegetation. The new zone is named
"Bco-Glimate map”. Generation of a  vegetation map hased on Global
Vegetation Index and weather data is presented in this paper. The 7 typical
patterns of monthly vegetation actlvity are analyzed frum Global Vegetatwn
Index. Climatological ‘and ecological characteristics are classified from
these patterns. This vegetation map is a base of Eco-Climate map.

KEY WORDS : Eco-Climate map, Global vegetation index, weather data

1 INTRODUCTTON study consist of :

Nowadays, the global change of the a) Monthly maximm wvalue of GVI from
olimate. is one of thé nést important  Jaauary 1983 to December 1987.
problems for the human society, and this The original GVT data which indicates the
change can be detected from the condition weekly density and -vigor of the green
of the Barth's vegetation, Global  vegetation is. the resampling data of the
Vegetation Index (GVI) indicates the Normalized Vegetation Index (NVI) for the
woekly  condition of the Farth's whole FEarth (&xcept parts above. 75
vegetation. GVI, which is produced from  degrees latitude north and below 55
NOAA's (United States National Oceanic degrees latitude south). The WVI s
and Atmospheric = Administration) AVHRR  determined by the following equation :
sensor (Advanced Very High Resolution . _
Radiometer), is used as a tool to study NVI=(Ch2-Ch1}/(Ch2+Chl)
the continental and global-scale paiterns
of the- Earth's vegetation, The monthly where Chl and Ch2 are the data from
change characteristic of the wvégetation  chamel 1 (visible red band) and 2 (near
can be classified by dlvxdmg OVI inte 7 infrared band) of the AVHRR. The spectral
typical vegetation patterns. A onew  responser of the five AVHRR channels is
vegetation map based on these vegetation shown in table 1.
patterns has been made.
Kl b) Monthly average values of temperature,.
% DATA -and METHIODOLOGY. rainfall and moisture frem January 1983
to December 1987, provided by the
21 DATA Japanese Metedrological Agency, detected
at 2344 cbservation §tations all over the
The data which have been used in this  world,
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Table 1 The spectral channels of the AVHRR

Channel | wavelength (micrometer)
1 0.58 ~_ 0.68
A 0.725~ 1.10
. 3 3.5 ~ 8.93
4 10.30 ~ 11.30
5 1150 ~ 12.50
22 METHODOLOGY

In climatology, the eclassification
methods of the climate. are as follows:
1) The method based on the climate

factor ;

2) The method based on the characteris-

tic of the climatological ‘index

3) The method based on the vegetation

4) The method based on natural phenome-

na . (except for the vegetation)

In this paper, the method based on the
vegetation is used. Aforemetioned Képpen
also used this method when he made his
famous climatological map. In general,
this method is seéparated into :

(1) A method based on the elements of

the vegetation
(2) A method based on the life forms of
the main vegetation

In case of the study of global-scale
patterns of the vegetation, the second
one is widely useéd and 'so_also in this
paper.

The outline of the method which used
in this study is (Fig.1) :

1st Step:
120 stable stations were selected from
2344 observation stations., The stability

was computed in this study to avoid
upstable .stations. The stability was
computed as Follows;
A7 12
SMVC=53 (£ (W1, —NVI)*)
y=80m=1
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SMVC :The stability of the monthly vegeta

... ~-tion change "

NVI :Average NVI for 5 years
(1983~1987}

NVI,.:Maximum NVI (vear:y,Month:m)

2nd Step:

7 typical monthly change patterns were
selected from the patterns of the monthly
GVI data of those stable stations. They
are tropical forest, evergreen forest,
deciduous forest, tundra, grassland,
semi~desert and desert,

3rd Step:

Minimum distance classification methed
was applied for all pixels.In this
classification, the monthly  change
pattern was normalized by using thé peak
month of vegetation index.

4th Step:

This ‘step was to avoid data under
abnormal climate conditions. fWhen we
observe ‘the climate value that has never
been observed in this 30 years, the
climate can be called abnormal climate.
The data around the observation station
(where abnormal climate was observed) was
avoided. Then the vegetation map was made
using the normalized average data for 5

“years.

Choose stable points of
monthly vegetation change

Select 7 typical patterns
~of monthly vegetation change.

Classification of
vegetation forms

Generating of vegetation map

Figiire 1 Flow chart



3 RESULTS

¥ 7 _ typical _ patterns of monthly
vegetation chg_ng,_

T typical patterns ‘of ‘monthly
vegetat ion change are shown in Figure 2.
The vertical and horizontal &xes in

Figure 2 indicate the NVI and the months.

respectively,

The NVI curve of tmplca.l forest, in
Figure 2 shows the characteristics of
tropical forest, The ourve is ‘almost
constant ‘at about NVI 0.3, so it is easy
to ‘classify them tb be Af (tropical rain
forest) in Koppen's climatological map:
The NVI curve of ‘evergreen in Figure 2
shows: the characteristics of evergreen
leaved forest. Thig NVI curve has & small
differante in NVI between summer and
winter and only has one peak -of NVI per
year,
shows the characterlstlcs of .dense forest
in Figure 2. This, NVI curvé has a big
difference in NVI betweern

shows the charactemstlcs of tundra, The
WVI curves of grassland in Figure 2 show
various patterns. These observation points
are grassland in Koppen's climatological
map. The WVI curve of desert in Figure 2

shows: that there is almost no vegetation

and the curves shqw almost constant Low
WWI. They are BW (desert)
-clmatclcgmal map., The. last- cne is thie
NVI curve of semi-desert. It bhas a small
peak of NVI, A '

32 A NEW VEGETATION MAP

Figures 3 are generated based on the 7
change.

typical
patterns.

monthly :  vegetation
Zone No.1 is tropical forest,

zone No.2 is evergreen forest, zone No.3

is deciduous forest, zone No:4 is tundra,
zone No.5 i8 grassland, =zone No.B is
nearly desert and zone No.7 is desert.
The border between grassland apd desert
runs parallel with the latitude, Because
of the abnormal climate, there _
difference in Africa and South America
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The NVI curye of deciduous forest

supiier and
‘winter and only has one peak of NVI per
year. The NVI curve of tundra in Figure 2

in Kﬁppen 8.

is big

between 1084 and 1985. The areas of
vegetation form are shown in Table 2 year
by year. The area of forest is about 80%
{including tropical forest), and the area
of desert and semi~desert about 30%.

4 CONCLUSTONS

The results of this study lead to the
conclusions;

il Tt is easy to di_stinguifsh desert, from
other kinds of vegetation.

fi It is .easy to distinguish tropical
forest from other kinds of vegetatiorn,

[ It is difficult to classify grassland
inta steppe, savanna, praicie éte.

# Under abnormal climate, ihe patterns of

the monthly vegetation: change also
becomes. abnormal,

Further ‘research should be paid
attention -to ‘the classification of
grassland into wmore categories. Then
Eco—Cl‘Ima."ﬁ;e map ‘will be generated based
on ‘this  vegetation map, ‘climate

mfcrmatmn, 5011 map, geologlcal fiap.
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Vepetation in 1983

Table 2 Classification of Vegetation

Vogetatiop i l‘!ﬂi"f
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Regien | Trop, Evers |Forest |Tindra ]ﬁl‘ﬂ,ﬁ" Seat~ |Pegert [Total Region | Trop, Ever- |Forest |Tundra |Grass- |Semi- |Dosert |Total
Forest | preen 1 ldesort Forest | green land  |desert
Asia 650 | o040 | BR33 f 2203 | 34212 | 8418 | 9885 | BR4Zg || Asis 1495 | gask | Limen § a7a7 | 1osaa | tEng | eero | se2ze
Eurgpe | LER | 473 | 183 | 405 [ dR8e | 1006 {1748 Burgpe | .69 | 428 | 21.320 4.94 | 35,88 | 1,06 | 17,04
Boeanin 155 | @37 | 882 0 z27 | a854 | 7w | 507 || Oceamia]l 348 | 836 | 42 0 f 1635 | 4383 | 69 | 8507
L3 | 1ol | 74d | 090 | 0TaT |4nme | 2% 4.05 | 9.83 | 513 0.00 | 19,22 | §L52 | 10,21
Horth sar | 181 ] 4813 | 336 | 10858 | 6123 | mds | 2453 || Nersh 54 | 1499 | €035 | 557 | 0876 [ 4044 | 1783 | 24253
mecical £.48 | 3020 | &Rt | LT {d4¢7 | &0 380 Americn] 2,00 | £.14 | 24,88 | Z.21 | 40,72 |16.67 | 7.2
Seath g0z | &1zs | s o) ao3| 1953 1 160 | 192 || Seuwk 5962 | 193 | 1agd o 2818 | s036 | tosr | 17274
Avorical 1448 3804 § 1848 | o0 ) 05 R0 584 Azecical 3468 | 2990 | 506 | 090 | 15.13 ) 602 | 6.28
Afriea 155 | 2580 | 2 np ogMe ] 3312 §1one | 26204 || Africa v [ 5579 | 4287 0| 7268 | 3033 | 10344 | 29204
BT | 8.87 | 1835 0.00 [ 28,53 | 1L3Y | 35.80 230 F1%.25 | (71 | 000 | 24.95 | 10.38 | 35,28
Tital g | 18953 | 8151 § 2849 | 49082 | 23343 | 22147 [133454 || Tesal $915. | 13241 { 24005 | 3%84 | 41223 | 19712 | 22953 |134464
289§ 10,38 | 13.62 ] 1.97 | 86.50 | 17.52 | M. B.66 | B:86 | 17.99 | 2:45 | 30.66 | 14.66 | 17.81
Upprr: 1080 k3 lnder:¥ Upoer: 1000k Under:d
Vesstation in 1584 Vegetation in 1987
Region | Trop. Bver- |Sorest (Tundra |Gedss Semi-  [Desprt |Total Hozion | Teop, Bver- |Forest |Tundea {Grass- Seai-  [Desert Total
Forigt | grosn land  fdesert Forese | green fand  tdusert
Asia 199 1 1945 | sows | Zedr | 23085 | 7938 | J03sp s5228 || Aaie 1273 | 2623 | 1aag | 2438 | 20956 | 6758 | 9042 | 53228
Eurape L35 | 382 [ 1647 ) 478 | 4176 ) 1438 | 1874 forope | 231 | A47h | 20.17 | B.23 { 37.94 | 12.23 | 16.37
Ureania 17| sss | s D] au4 | 4052 | 484 | 8507 || Oceania]l 328 | 42| 294 0| 20087 | atpd | 58| 8807
0,20 | 652 | 8351 0.00 | 3860 | 4788 | 563 3.83 1 0.92| 345 | 0,00 | 2461 | 5283 | 5.35
TWneth 1t osme | osmr ! osao | toves | aaer | 1983 | 24283 || werw 62 1 tses | oniy | ssa ] oear | 4199 | 1i14 ] 24253
Amepical 0,45} %42 ( 23,83 | L1911 4022 [ 17.93 | B8 Amarical 1,80 | 5.47 | 26.20 | 55 141,22 | 17.06 | 4.59
Seuth 688 | 92 | 178 0] -39 | 6258 | 1333 | 17274 {| South 4177 | 6185 | 1828 ¢! 2ssn | 1203 | ses| 172
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Total 1001 | 12019 | 19499 | 3171 | s2ro7 | anss | 25413 130464 || totat g65: | 14463 | 28997 | 4300 | 43184 | 20243 | 21624 133484
0.74 | 6,00 | 14.50 | 2,38 | 38.75 | 15.73 | (& @ 4.96 | 10.76 | 17.85 | 8.20 | 32,32 | 15.05 | 16,08
Upper; 10001kd Under:% Upper: 10008k Under:%
Vegetation in 18485 Vpzetation
Region | Trop. Bver~ |Forest Tundra |Grass- Somi-  [Desert |Tota! Region | Trop. | Ever— {Forest |Tundra |Grass- {Scel- |Desert {Total
Forest | graen land:  |desert Foresy | green land  {desért
Asia 1098 | 1885 | 12008 | 3300 | 18684 | 7478 | 9701 | 55226 || ssia 1823 | zas5 | 13882 | 3322 | 18566 | 6568 | 8330 | 55226
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ovindia| A | . em | a2 o 1824 | 30m | 10 8507 || oceanial 426 o | ase 0| tfe72 | 4913 ] 287 | B507
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MONITORING DEFORESTATION IN THE TROPICS
WITH NOAA AVHRR AND LANDSAT DATA
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ABSTRACT:

Numerous authors have suggested the use of combined AVHRR and LANDSAT data for monitoring tropical
forest area and rates of change. Each sensor has its own advantages; the AVHRR dula has very high temporal
resalution with a daily revisit cycle and Landsat TM data has high spatial and spectral resolution. To monitor
forest changes over areas the size of continents we must either sample with LANDSAT or sample with
LANDSAT and then use the AVHRR data to scale-up our estimates. Using both satellite systems combines
high temporal resolution and high spatial resolution.

We: havie examined the use of combined LANDSAT and AVHRR data to define areas and rates of
deforestation in both West Africa and in Brazilian Amazonia. In Amazonia. we have examined the region of
Maraba in Para, the state of Mato Grossc and the staie of Rondonia and have found significant correlations
between the percentage of forest and non-forest determined from the LANDSAT data and the AVHRR data.

KEY WORDS: Tropical Forests, Deforestation, NOAA AVHRR, LANDSAT T™M

1. INTRODUCTION

Tropical forests are being cleared now at rates that
are about double the estimated 1980 rate of
113,000 km?yr!(Houghton 1990, Blasco and
Achard 1990). Forests are being cleared for
agriculture, timber products, pasture. and for land
speculation, Detrimental impacts include the Joss of
soils and uncounted numbers:of plant and animal
species, disruption of local and, potentially,
regional (Lean and Warrilow 1989) and global
cliimate patterns (Shukla et al. 1990). The current
rates of change may mean near complete and
perhaps irreversible loss (Shukla et al. 1990) of the
tropical forests for many regions of the world over
the next few decades. Already, some countries
which were formerly rich in forests now have no
primary forest left. Given such rapid change over
large areas it seems clear that both extensive and
detailed investigations of tropical forests of the
globe must occur before they are lost.

Because the changes that are occurring are rapid
and cover large areas the only way to quantify the
process may be through the use of satellite data.
The areas are too large to rely only on high
resolution data such as that from the French
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Satellite Probatoire pour PObservation de la Terre
(SPOT) or the LANDSAT Thematic Mapper
(TM). Several authors (Woodwell et al. 1987,
Iverson et al. 1989, Tucker et al, 1984) have
advocated taking advantage of the high temporal
frequency of the U. S. National Oceanic and
Atmospheric-Administration’s Advanced Very High
Resolution Radiometer (NOAA AVHRR) data
ard the high spatial resolution of TM ‘and or
SPOT data. We explore here one method of
combinhing these two types of data.

We have in the past used AVHRR classifications
and a simple scale-up procedure in Rondonia to
convert the area cleared as defined by TM or MSS
data to cover an entire state {Woodwell et al.
1987). For this we defined the area cleared as
determined from the LANDSAT data and then
classifitd AVHRR data for a comparable area.
Assuming the forest/non-forest classification from
the LANDSAT data was correct, we scaled the
AVHRR data accordingly. In this first instance, the
scaling factor was very close to unity.

In a second effort. with the NASA Goddard Space
Flight Center we vsed UNESCO vegetation maps
and the AVHRR data to stratify the state of Matc



Grosso and to serve as a basis for sampling with
LLANDSAT data. (Nelson et al. 1987, Stone et al.
in prep.) The number of fires in pixels determined
from the AVHRR Channel Three (3.5 microns)
were assumed 1o be correlated to deforestation.
We found, however, a weak correlation between
the AVHRR fire "counts” and the area deforested
and hence view the results from the Mato Grosso
work as unsatisfactory in determining the total area
deforested and the rate of deforestation.

A third effort in the state of Rondonia used a
supervised maximum likelihood classification of
AVYHRR data to estimate the area deforested
{Stone et al. submitted). This estimate was very
close to the estimates of others (Tucker pers.
comm.) but later examination of a detail of the
AVHRR data and a co-registered TM image
showed a discrepancy of a least 15%, This led to
the conclusion that the use of AVHRR data alone
overestimated the total area cleared. That our
estimates for the entire state were similar to those
of othér authors could have been either a
coincidence or due to offserting over- and under-
‘classification of defgrestation over the much larger
area of the entire state (243,000 km?).

We feport here a new etfort to understand the
rélationships between AVHRR and LANDSAT
data classifications tor the area of forest and
cledrings in a portion of West Africa, where only
‘patches of tropical moist forest remain and in

Brazilian Amazonia, where an estimated 90% of

the forest remains uncut {Tucker et al. 1990).
2. WEST AFRICA
2.1 Data and Methods

The data for this portion of the work were
supplied by UNEP/GRID/GEMS as part of a
project to develop cominon techniques for the
understanding of forested regions in the tropics.
This dataset, consisted of one AVHRR Local Area
Coverage (LAC) imape of West Africa and a
LANDSAT TM image of a portion of Ghana in
which there were forest reserves, The LAC data
was from 13 January 1987 and the LANDSAT TM
data was from 20 December 1986 (scene no.
Y510240946, Path Row 195/055 Quadrant-4).

The first step was to register the LAC data to a
map., We choose as our base map a 1:3,000,000
scale map of West Africa with a Lambert
Conformal Conic projection (Defense Mapping
Agency 1983). After determining more than 50
common ground control points in the map and
LAC data and creating a transformation matrix the
LAC data were co-registered with the map using
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and ERDAS-PC image processing system. After
this step each 1.1 by 1.1 km pixel in the LAC data
had a unique geographic coordinate.

The second step was to register the TM data fo
the same map base as the AVHRR data using
more than 50 control points. This resulted in each
TM pixel (30 by 30 m) also having a unique
geographic coordinate. Unfortunately, the TM data
had some relatively severe striping and a narrow
range of DN values for the forested region,

We then sampled as many as possible. cloud-free
blocks of AVHRR and TM data. We chose LAC
blocks of 20 by 20 pixels (approx. 480 km?),
classified those blocks, and then compared those
classifications with classifications of cloud-free TM
data of the same area (740 by 740 TM pixels).

Initiatly, 9 blocks of 480 km? each were classified
using a supervised maximum likelihood
classification algorithm. The total area sampled was
then 4,320 km* or 25% of the total common area
of LAC and TM data of 17,500 kn’.

2.2 Results West Aflrica

When we performed a linear regression between
the percent of forest determined from TM and the
percent of torested determined from the AVHRR
data, the correlation or R? was 0.68 (Figure 1).
The supervised maximom likelihood classification
of LAC data generally underestimated the amount
of forest and consequently overéstimated the
amount defcrested (Figure 1). Also, as the
percentage of forest declined (as defined from the
T™M data) the apparent error in the LAC data
classification increased and underpredicted the
amount of forest and therefore overpredicted the
amount of deforestation. The difference between
the mean TM maximum likelihood classification
and the mean LAC maximum likelihood
classification of the percentage of forest (TM
percent forest less LAC % forest) was 24%.

3. AMAZONIA, BRAZIL
3.1 Maraba Region, Para, Data and Methods

The state of Para is the secend largest Brazilian
state in Amazonia, covering about 1,248,000 km?.
Originally, 88% of Para was covered by upland or
terra firme tropical moist forest. By 1975, some
8,650 kin? of the forest had been cleared; by 1978
the area cleared had increased by 160% to 22,445
kn? (Tardin et al. 1980), By 1980 the area cleared
had increased another 50% to 33,900 km? (fide
Fearnside 1984) or about 3% of the total area, and



of the area of forests of Para. Tardin and
DaCunha (1990) estimated that by 1988 about
88,700 kin? of Para had been récently deforested.

For this portion of the work we focussed on the
Maraba region of Para. This region has been
undergoing colonization and industrial development
for the. last two decades. In addition to a rapid
influx of colonists;, the world’s fourth largest
hydme]ectnc reservoir, Tucurw, which covers abeut
2,200 km? and the world's largest high grade iron
ore deposit, Carajas, have bath been opened in the
region within the last deoade

We acquired NOAA9 AVHRR LAC data (5
bands) from July 30, 1988 and INPE LANDSAT
TM data (hands 3, 4,5) from July 6, 1988 (Scene ID
5:23123C005 Path-Row 223/63). To co-register the
data sets we used a 1:2,500,000 scale map from the
Grandas Projetos Carajay (CIMI et al. 1986).
Sevénty-five tontrot points were. selected and a
transformation matrix was created to Tectify the
AVHRR data ‘to the map. Many commion points
(60-75) were found between the map-rectified
AVHRR and file coordinates -of the LANDSAT
T™ to co-register the LANDSAT TM and
AVHRR imagery to the same coordinate system.
A window of -analogous map coordinates and
dimensions was ereated. The TM window (16,235
km?) chosen was 3151 X 5727 pixels (94.5 km X
171.8 km) and the LAC window (15,942 km?) was
(93.5 km X 170.5 km). The two windows differ in
area by about 2% ‘due, partially, to different pixel
sizes and co-registration error.

As described earlier for West Africa, we sampled

all avajlable cloud-free blmks of AVHRR data and

TM data. We again chose LAC blocks of 20 by 20
pixels {approx. 480} km?), classified those blocks,
and then compared those classifications with
classification of cloud-free TM data of the same
area (740 by 740 pixels). Ten blocks of 480 km?
were classified vsing a supervised classification
algorithm. The total area sampled was then 4800
km? or about 30% of the total common area ‘of

LAC and TM data of 16,000 km?,
-3.2 Results, Maraba Region, Brazil

When we perforined a linear regression between

the percent of forest determined from TM and the.

percent of forested determined from the AVHRR
data the correlation was quite strong (R- = 0.93).
It is -apparent from Figure 2 that the supervised
maximum likelihood classification of LAC data that
we used always underestimated the percent forest
and overestimated the percent of deforestation.
Tlusﬂnd:mg was in agreement with our previous
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‘arror was  about  13%.

examined were greater

S50%
classification. These results should be considered

work in Rondonia (Stone et al. jn prep.) and in

‘West Africa where it appeared thit & supervised
classification of LAC data’ underestimated the

percent forested and overestimated the percent
deforested. It is also apparent in this region that as
the percent of forest declined (as defined from the
TM data) the error in the LAC data increased and
underpredicted the  amount of forest and
overpredicted the amount of deforestation.

4. DISCUSSION AND SUMMARY

With both of these data sets, West Africa and
Amazonia, a supervised maximum likelihood,
classification of the AVHRR .data. consistently
resulted in underestimating the percent forést and
therefore  overestimating the amount  of
deforestation. For West Africa the average error
was about 24% while for Amazonia the average
The linear regression
between the West African TM and LAC block
forest classificatioins had an R? of about 0.68 while

‘the linear regression hetween the Amazunlan ™

and LAC classification bad an R? of about 0.93.
The two regressions differ because of the

weakening of the relationship between the LAC

and TM estimates of the percent of forest as the
amount -of forest declines below about 50%.
Another way of saying this is that the less forest

there is, the lower would be one's, confidence in

the use-of AVHRR data to define the amount of

torest.

We also combined the results of the block
classifications of the West African and Amazonia
research to look for a geperalized relatinnship.
between AVHRR and TM classifications.
Combining the West African and Amazonian data
sets has the advantage of allowing-us to examine a

fuller range .of types and amounts of ‘forest

clearing. In the Maraba region of Brazil, all blocks
than 50% forested
according to the TM data classification. In the
West African data sets abaut half the blocks were
more than 50% forested and half were less than
forested according to the TM data

preliminary, however, because of the vast
differénces in the. land use between the two
regions.

The method described above is appropriate for
large regions and for the purposes of monitoring.

the area and rate of forest clearing. It s not a

substitute for the detailed investigations required
for national or local planning or for understanding
forest composition and land use styles. Also, from
the results shown here, the method becomes



‘weaker as the amount of forest declines.

The majority of the sources of error in this method
are due to the large pixel size and the amount of
geometric distortion inherem .in AVHRR LAC
data. The large pixel size of the AVHRR makes it
difficult to register and immediately introduces «

minimum error of at least-half a pixel or about 500

m. The large pixel Size also makes the choice of
training sites difficult and makes the acquisition of
ground reference data more important than it
might if one were using only. high vesolution data.
The geometric distortion in raw AVHRR data is
difficult to. correct. The 95% confidence interval
for the combined data sets indicates that use of
the regression should be accurate within a range of
4/ 11% 10 +/- 5%. Despite these problems,
however, it is Jmpurtant to remember that for 17

tropical countries the estimates from different

sources of the amount of detorestation that had.
oceurred by 1980 differed by 25 to  100%
{Mololsky et al. 1946).

5. CONCLUSIONS

Combining the: data sets (Figure 3) leads us to
several prelimindry conclusions. As mentiored
before it appedrs ‘that the quality of the LAC
maximum fikelihood classitications for forest areas
declipes as the percent of forest declines. Also,
that in areas of less than about 50% forest cover
that LAC estimates of forest are expected to he
even less reliable. Finally, it appears that when
there is less than about 35% forest that wsing the
LAC data alone may not’ classlty any forest at all.
In. these. regions, the use of high resclution data
and ground reference data is even more important,

One essenlinl route to lmprovmg our
understanding of the size and change or loss uf
eritical ecosystems such as tropical-moist forests is.
through the use of remotely sensed data. We could
have had the infoermation-we now require aviilable
to us on & yearly basis for the last decade. A
global forest inventory that pays particular
artention to tropicdl forests: could. be. completed
within two to thrée years. using current datd and
technology. The expected error for such an
inventory would be about of 20% to about 5% but
would be a subistantial improvement to our current
understanding of the area and rates of loss of
tropical moist forests globally.
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TM percent forest

Figure 1. Ghana, West Africa. Relationship between the percent forest determined from maximum likelihaod
classifications of 20 by 20 LAC pixels areas (480 km?) and maximum likelihood classification of the same region
with coincident and co-registered TM data. Each of the 9 points equals 480 km? classified with both LAC and
TM data. The linear regression line and 95% confidence interval are plotted. R? = (.68. It appears that areas

with less than 50% forest are poorly classified when using AVHRR data and areas with less than 25% forest
may appear from AVHRR data to have no forest all within them. _

201



100

80 T
w
5 e |
g 40 —
Q
3

20 |-

o}

a 20 40 €0 80 100

T percent forest

Figure 2. Maraba Region, Para; Brazil, Amazon Basin. Each of the 10 points equals 480 km? classified with hoth
LAC and TM data. R? = (.93, The linear regression line and 95% confidence interval are plotted.
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Figure 3, Combined West African and Amazon Basin Data. Each of the 19 points equals 480 km? classified with
both LAC and TM data. R? = 0.87. The linear regression line and 95% confidence interval are plotted. In
almost all cases using a supervised maximum likelihood classification of the first three AVHRR channels results
in an overestimation of deforestation when compared to the LANDSAT TM data.
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UTILIZATION OF THE SHUTTLE IMAGING RADAR (8TR-C) FOR MONITORING
CHANGE IN THE AMAZON '

John C. Curlander, JPL, USA
ABSTRACT:

This paper describes the upcoming Spaceborne Radar Laboratory
(SRL-1) experiment to be flown aboard the NASA Space Shuttle in
1992. This experiment features a multi-freguency, multi-
polarization synthetic aperture radar, SIR-C, that is capable of
performing a variety of geophysical measurements over a large
region of the Amazon independent of cloud cover and time of day.

The SIR-C instrument, the first fully polarimetric radar to be
flown in space, will measure target characteristics over radar
frequency, polarization, incident wave geometry and season (3
missions). This extended target signature can be used to derive
quantitative characteristics about the forest canopy (relative
biomass) and the underlying soill (water content).

This paper will review the characteristics of the SIR-C
instrument, describe the planned data products (with examples from
SIR-A, SIR-B and NASA DC-8 aircraft) and present an overview of
the types of geophysical analysis algorithms that can be applied
to the polarimetric SAR data.

(originel not received ‘in time for publication)
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MOM8~02:

POTENTIAL OF A NEW BENSOR FOR

PHOTOGRAMMETRY AND REMOTE SENSING

Hans-Peter Bidhr and Hermann Kaufmann

University of Karlsruhe, Institut of Photogrammetry and
Remote Sensing

7500 Karlsruhe, Englerstr. 7, FRG

Abstraoct:

The German MOMS-02 sensor to be flown on NASA's space shuttle

Mission D2 in

1992 presents a challenge

phctaqrammatry and remote sensing

and geometric resclution,

for applications in
The flexibility of radiometric

combined with a sophisticated stereo

system offers new methodolcgies for data processing.

Starting sut from this

point,

the paper discusses basic

90351h111t1es and. limitations of advanced aiutowation for dJdigital

image processing.

KEY WORDS: MOMS-02,

1. DEFINITION OF THE PROBLEX

When LANDSAT was launched in 1272, the
Multispectral Scanner (M8S) was the
only operative satellite-borne earth

ocbservation system - apart from some
very low resolution weather satellite
systems, The four MSS channels were
highly correlated, and therefore data
selection did not preSént a mayor prob-
lem to the user. This bhas changed very
much during the past 10 years, since
LANDSAT-TM .and SPOT-HRV are available
on.a global scope, providing extended
multlspactral and stereoscopic data at

a higher' resolution +than MSS and in

multitemporal mode.

Since various remote sensing systems
beirng motre arnd more avallable, there is
still a growing trend in putting natio-
nal systems into orbit,
MOMS-02 sensor. Though MOMS-02 is an
experimental system operating in shut-
tle orbit, the general question is rai-~
sed, .how the user may determine the ap-
'propriate data mode for his specific
application. This guestion gosg far

beyond MOMS, bacauge choice of the sen—

gor and selection of spectral bands,
geometric resolution, definition o&f the

like the German
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Acquisition-modes, Knowledge-based Systems.

appropriate season and possible repeti-
tion cycles are basic matters for most
applications. The more variable the
possible data modes are, the more ‘com-
plicated their correct selection turns
out te be.

The thesis treated in this paper is:
The correct data mode selection has to
be done computer-assisted by & know-
ledge-based system.

Anhalyzing this problem, the complexity
is evident. Therefore, we will restrict
to MOMS-02 and not include different
sensors into the discussion. Even re-
garding only MOMS-02, the task seems to
be very demanding, as five Dbands
(including a panchromatic channel) and
three simultaneous strips are produced.
The different wviewing geometry of the
three strips allows stereoprocessing,

but beyond that offers additional ra-

diometric information of +the observed
terrestrial surfaces.

At the long run, knowledge-based sys-
tems for data selection are a contribu-
tion to automatlzatlon. Automatlzation
covers the antire area of computer-
contreclled processing. In remote sen=-



sing it is not restricted to image pro-
cessing as such the user in future
has to be assisted by intelligent sys-
tems offering alternatives during the
whole procedure. The questicn of well-
directed data selection is only the
first step, representing the link bet-
ween data acquisition and data proces-—
sing. '

2. MOMB-02Z BYSTEM~ AND FLIGHTPARAMETERS
MOMS, acronym for Modular Optoelectro-
nic Multispectral/sterec Scanner, is an
Earth sending CCD-instrument using the
"pushbroom” sgan principle (Meifner,
1988) . it is a second generation system
being developed by Messerschmitt-Bol-
kow~Blohm GmbH (MBB) under contract to
the German Aerospace and Research Esta-
blishment (DLR), funded by the German
Ministry o©of Research and Technology
(BMET). MOMS-02 will be flown in the
framework of D2 mission scheduled for
1992 aboard NASA's space shuttle in an
28,5° inclination orhit. The instrument
is designed with an along-track, simul-
taneously acquired forward, nadir and
backward leooking sterea capability and
four spectral bands in the visible and
near infrared range (Ackermann et. al.,
1989) .

The sterea capability is provided by
one nadir and two tilted modules 21,95°
fore and aft of nadir. The ground in-
stantaneous field of view (GIFOV) at a
nominal shuttle erbit at 160 nautical
miles will be 4.49m by 4.49m for the
nadir mnodule (band 5) and. 13.47m by
13.47m for both forward (band 6) and
aft (band 7) of nadir looking modules.
All three stereo devices have an egui-
valent panchreomatic bandpass from 520nm
to 760nm (Fig. 1) that is optimized for
reflectance properties of vegetation,
rocks and seoils, and allows recording
of a certain penetration depth in water
bodies (Xaufmann et. al., 1989).

The GIFOV of the four spectral bands,
placed in the visible and near infrared
will be 13.47m by 13.47m. Optimization
of all four bands (Fig. 1) is well ba-
lanced on the basis of reflectance cha-
racteristics of vegetational and Fe-
bearing targets (Kaufmann et. al.,
1989).

Band 1 (530mm-575nm) is placed within
the blue absorption of vegetation that
is mainly caused by chlorophyll and ca-
rotenoid concentration. It is most va-
luable for hydrologic applications, the
detection of changes in pigment raties,
to distinguish paved surfaces from
their surroundings and to differentiate
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‘Band 3

centent of a vegetation canopy.

among Fe-bearing minerals, rocks and
soils. Band 2 (530nm~-575nn) is centered
at the reduced level of wvegetational
pigment absorption, the "green peak".

It can be used to detect pregressive

states of senescence or stress and to
differentiate among rocks and soils
containing ferric and ferxous iron.
(650nm-685nm) is located at the
principal absorption peak for chloro-
phyll-a molecules associated with the
photosynthetic light trap. In combina-
tion with band 4 it is meost useful for
biomass estimations. Band 4 (770nm-
Bionm) is placed into the high reflec-
tance plateau of vegetation, and data
derived from it can be related to bio-
mass, state and type of cellular arran-
gement, density, geometry and water
Addi-
tionally it should provide samewhat
more detailed information about iron-
beared rocks and soils that can be de-
rived from existing operational sensors
in these wavelength range (Fig. 2).

The possibility of combined mul~
tispectral and stereoscopic data acqui-~
sition provides new ways for data eva-
luation. This is true especially for
those scopes, where the spatial infor-
mation renders major contributions to
the solution of a problen.

NADIR MODULE | TILIED MODULES | SPECTRAL BANDS
er 5A 6B 6.7 & 1234
¥ SWATH (ern) + SWATH (k) + SWATH (km)
MODE
1 5A+58 AT ——
ne b
n —— ———— o
Tl
" ! azr a4
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sl 18l
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Table 1:

Operating bands and associated swaths
of seven selectable modes for MOMS~02
‘on D2-mission. The channel marked as
outlined in each actual meode will be
transmitted as video-signal during ope-—
ration.
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rig. 1:

Nominal bandpasses of spectral and panchromatic bands of MOMS-02.
(a) meanradiance spectra of vegetational targets, (b) meanradiance
spectra of Fe-bearing targets after the spectral properties of a
mid-latitude, mid-summer atmosphere (LOWIRAN-6) hds been applied.
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Fig. 2

Comparative illustratjon of nominal bandpasses of MOMS-02, SPOT -
High Resolution Visible Instrument (HRV), LANDSAT - Thematic Map-
per (TM) first four bands, MOS - Multispectral Electronic Self-
scanning Radiometer (MESSR) first three bands. Bandpasses are
overlain by spectra of Figure 1.
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Data will be stored on HDDI tape during
the mission. Due to limitations in dQata
transfer, MOMS-02 cannot operate all
channels simultaneously, but will be
recording in one of seven different ac-
quisition modes (Tab. 1).

The swath-width of the system will be
up to 37.6 km for the. panchromatic na-
dir medule and up to 78.1 km for all
remaining channels (Tab. 1).

3. DESIGN OF A KNOWLEDGE-BASED SYSTEM
FOR MOMS~02 DATA BELECTION

Kriowledge consists of facts, rules and
heuristics: A human. operator in general
does not exactly separate the different
levels of knowledge but integrates all
when generating a  decision. For
computer-assisted decisions However,
all components have tc be thouroghly
placed within an expert system.

Such a system was designed at the In-
stitute of Photogrammetry and Remote
Sensing (IPF) for the purpose of archi-
tectural photogrammetry in order to de-
termine cameras and geometrical confi-
gurations (BEHR, et al., 1988). This
task is very similar to MOMS data se-
lection: Both applications deal with
data acquisition, and the geometric
configuration of the imagery 1is very
important for the next steps. Moreover,

the specific application may vary,
standardized procedures do not seem ap-
propriate, and for subseguent data pro-
cessing wany alternatives ware avai-
lable. On the other hand, for both sa-
tellite-born MOMS-02 and for terre-
strial photogrammetry 'many restrictions
exist a priori:

- imagery simply not being existent
(MOMS) or ,

- required configurations not being
possible (photogrammetry).

The components of an expert system are
shown in Fig, 3.

Regarding Fig. 3, we will explain the
most important components:

The core of an expert system consists
of an inference computer, which draws
conclusions from knowledge of different
structure. The most flexible procedure
for data processing is the "blackboard
principle™, a non-hierarcial, parallel
working program system. although basi-
cally any programming language may be
used for taking the decisions, rule-ba-
sed languages like PROLOG (CLOCKSIN .and
MELLISH, 1981) offer many advantages.
Instead of defining procedures by con-
ventinal algorithmic languages - which
work sequentially -, rule-based langua-
ges take facts and rules for drawing
logical conclusicns,

Knowledge Knowledge
{processed ) == i (external)
| Knowledge | Inference Knowledge Base
{ interrogative ) Computer | | ( facts and rites)
. Knowledge
Dialog Explanation urquisition

User

Fig. 3 Components of a general expert

system (after SESTER, 1987)
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We will take an example for PROLOG -
like programming of the inference com-

puter regarding the MOMS mode struc-
ture.

/*Facts*/
F (cs6,

F (c6,
F (c6,

mi).
m3).
mé) .

(€7,
(c7,
{e7,

ml) .
m3).
m5}) .

{el/2/3/4, m2).
{c3/4, m3).
{cl/3/4, m4).
(c1l/3/4, m5).
(c2/3/4, m6).
(el/3/4, m7).

ZmzZEY PP

/*Rules*/

Stereo 1(X,¥):- /* X and Y allow
first order stereoplotting#*/

F(X,J), /* if X is forward
view of J%/
A(Y,K). /* and Y is aft

view of K%/

Stereo 2(X,¥):~ /* ¥ and Y allow
2nd order sterecplotting*/

F(X,J), /* if X is forward
view of JI*/
N(Y,K). /* and ¥ is nadir

view of K*/

Stereo 2(X,¥):~ /* X and Y allow
2nd order stereocplotting*/

_ - A(X,T3), /* if X is aft
view of T/
N(Y,K). /* and Y is nadir

view of K#/

(including J = K)
First, *facts#* have to be defined. The
list shows 3 different types:

F ("forward mode")
A (" aft mode")
N ("nadir mode").

‘The parameter list: includes the avai-
lable channels {(c 1/2/3/4, c5; c?) as
well as the modes ml ... m7.

The #*rules* show 2 options for stereo

viewing: "Stereo 1" means a cembination
of F and A ("1st order'), and "Stereo
2" of P and-N or A and N, respectively

("2nd order™). The PROLOG formulation
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terrogative knowledge",

of *rules* shows the advantage of a de~
clarative language for taking logical
decisions. Only 3 very short lines are
necessary to formulate the complex pro-
cedures. Taking a procedural language,
for instance FORTRAN, the program would
look very confusing.

For "Stereo 2" two Yor"
are valid simultaneonsly.
The example treats all stereo cases
which may occur for MOMS-02. If J K
we have the "trivial" case i. e. stereo
effect is possible within one mode at
one orbit.

alternatives

The given example presents an inference
procedure by a PROLOG program. The
knowledge, however, has to be defined
outside of the inference computer.

Fig. 3 shows the link between the infe-
rence computer and the other compo-
nents. There exist many alternatives
for introducing knowledge. For MOMS-02,
"external knowledge" seems to be mnost
important, as it consists of a list
from available data. This includes in-
formation about available data for dit-
ferent locations and different modes.

Besides this, "in=-
working on a
specific projekt. One may for instance
form "interrogative knowledge" for sur-
faces suffering from desertification:
By a dialog procedure the operatur will
transmit human Xnow how about appro-

the user introduces

priate channels and seasons into the
system.
4., CONCLUDING REMARKS

Since MOMS-02 is an experimental system
on a shuttle platform, users may expect
only relatively few data. Consegquently,
an expert system in order to assist
channel and mode selection, seens ra-
ther exaggerated, as not many altexr-
natives will exist in practice. But
even for MOMS~02 the determination of
appropriate image data for stereoview-
ing turns out to be rather complicated,
when several orbits and different modes
are feasible. The task of the inference
computer solved by a PROLOG program
showed clearly the complex conditions.

However, the complexity
considerably when varicus sensor sy-
stems are included, and this is more
and more the case in practice. Opera-
tional earth observation systems are
LANDSAT-TM, SPOT and the pheotographic
KFA-1000. In the years to come we will

still grows



certainly have an increasing number of
those observation systens.

In a first step a general catalegue of
all systems should be generated in or-

der to facilitate appropriate data se-

lection. In a second step data selec-
tion should be -done problem-oriented.

This means taking a knowledge based sy-

stem in order to assist human decisi-
ons. 'This may partly lead te a fully
autdmated process for data selection.

There are, however, many restrictiuns;
‘The most severe consists in not exi-
sting human knowledge about the poten=-
tial ‘of sensor-parameters, like geome=
tric resdlution, spectral bands and
configuration of imagery. “Image under-
standing" redquires knowledge about the
natural process to be observed. There
ig generally a big lack of detailed mo-
dels for describing natural processes
appropriately.
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CAPABILITIES OF A NEW RADAR BYSTEM BABED ON ADVANCED SENSOR
TECHNOLOGIES

J. P. Aguttes, CNES, France
ABSTRACT:

The wellknown all weather capabllity gives a decisive advantage to
‘RADAR for all the applications "having temporal reguirements
{surveillance, renewable resources...). The other ©points of
interest are in the specific RADAR radiometric sensitivity for the
morphology and the water content {geology, hydroloqy, vegetation)
and in the inherent high geometric performance in <terms of
resolution and positioning (cartography, surveillanca...). These
properties complement the ones of optical imagery rather than
compete with them. As one of the main actors of space remote
sensing, CNES considers. the RADAR as a way to consolidate
applications already served by optics as weéll as to develop
specific new applications,

There are alse imaging properties introduced by the emerging RADAR -
technelegies. Active antenna concepts allow high image product
versatility and high system efficiency, a same system can serve
most of-the RADAR applications.

gconomical value for the applications, advanced technology for the
sensor, efficiency for the whole system, these are the Xey points

of the CNES approach for the implementation of a new program in
the 2000's.

The paper exposes the different aspéects of the ongoing preliminary
phase: application thematic investigation, technology and concept
'validatipn, system and mission trade-offs.

{Orfginal not received in time for pubiication)
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AN X-SAR FXPERTMENT FROM THE SHUTTLE:
GROUND TECHNOLOGY AND APPLICATIONS (*)

G. Braconi, F. Lamberti,
Selenia Spazioc S.p.A.
Roma, Italia
F. Corsi,

Tesis, Ttaly,
12PRS Commission I

At the beginning of 1992, an experimental American/European mission for SAR dale acquisition will
take place, This. mission will be characterized by several new aspects, that is multifrequency and
multipolarization acquisition, together with the capability of multiparameters imaging radars
{i.e. wilh varying look angles, recelver: gaing, pulse repetition frequencies).

The mission will consist of two radars, tu be flown on a Bhuttle, operating the first in € and
L-band (8TR-C) and the second in X-band (X-SAR).

This paper presents the capabillities of the X-SAR Ground Station (G,S.) related to these rew
aspects for the radar setting and instrument contrelling during the missiocn.

The X-SAR G.8. Control Section will be able to dgtermine the most suitable radar commands aceord-
Ing to Lhe scientists' requirements. This will allow to obtain SAR images having the spatial and
radiometric properties as requested by the scientist. Further, on the basis of the incoming
telemetry data, it will be possible bto modify some radar parameters.

‘Another important aspect of the X-SAR G.S5. will concern the'Prccassinq.Saction'fa;ilities- These
will allow a real-time SAR processing and the storing of the resulting images.

The catalogue of SAR images will be distributed to the sciestists on VHS cassettes, in order lo
verify the capability or the multifredquency/miltipolarization system SIR-C/X-SAR and the possible
fielde of application.

EEY WORDS: %-8AR, Ground Station, Mission P]anpinq, Processing, Primary sites.

1. INTRODUCTION,
The second expariment, the SIR-8, in 1984, was
an improved version of SIR-A providing a multi-

The joint misstion SIR-G/X-SAR, foreseen for the look-angle raday system, This allowed daca
summey of 1993, will provide a powerful toel for acquisition at various angles from 13 wo 65
seientifie studies of the earth, and it will degrees on successive days. The images were used
represent a significant step In the evolution of for stereo mapping and Ffor the production of
advanced spaceborne Imaging radars, curves of backscstfer as a function of incidence

angle for different terraln types.
Te will provide:
After séveral years of delay, dite to the tragedy

the FEirst opportunity of .simultaneous of the Shuttle Challenger in 1986, the joint
multifrequency radar imagery from space; mission SIR-C/X-SAR now represents the mext step
towards the development of more sophisticated
the first spaceborne imaging radar with technologies to satisfy the increaging scienti-
simultaneous multipolarization capability; fie requirements. The twe payloads will be
commanded &nd monitored by Lwo sepavate  gronnd
the £irst mtiparameters acquisition, to teans . ' ¥
supply coverape Ln different times accord-
ing to seveval illuminatlon geometries. The aim of this paper is to describe the X-354R
. Ground Station with respeet to the <facilities
The first experiment of a Shuttle-based imaging provided to accurately plan and contrel thi

radar was held in 1981, with the SIR-A, an whele mission. So, after a short description of
L-band, HH 'polarized radar. This was a [ixed misgion characteristics, emphasis will he given

parameters radar. The collected images. showed to the Ground Station funetional description iand
the importance of developing systems allowing to all the: facilities to be used to inteprate
multiple acquisitions in order to classify and harmonize the scientific requirements in th
tervain features. mission operations.

(*)} The work described in this paper is part of a project developed under a contract from Ttalian
Space Agency (ASI) to Selenia Spazio, within an international cowoperatlon between AST and
the Deutsche Forschungsanstalt fur Luft und Raumfahrt (DLR), for the realization of the X-SAR
Space Segment and Ground Segment.
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2, MISSION CHARACTERISTICS.

As mentioned above, the SIR-C/X-SAR misslon will
allow  data  .acquisition with  multiple
frequencies, polarizations and paramerers. In
fact, the SIR-C will operatd both in L and
C-band with HH, WV, HV or VH polarizations,
while -the X-SAR will operate in X-band with VV
polarization.

In both cases it will be possible to vary the
ineidence angles by electronically steering of
the anctenna beam for the SIR-C and mechanical
tilting for the X-SAR. Thérefore {t will be
possible to image simultaneously selected sites
at 23-em, 6-om and 3-cm wavelengths.

The SIR-C/X-8AR payloads will be launched aboard
the Space Shurtle Inte a nominally ¢lreular
orbit with an inclination of 57 degrees at an
average altitude of 223 kim. This ofbit .confi-
guration will allow about l-day repea¥ oyole

with 8 small westward drifc. In this way a given.

site can be imaged during the mission with
several dLfférent paramsters. The
mission will alse  inelude two flights, plannead
at eighteen months interval, te rvecord the
effict of seasonal and climatic changes,

This will offer the scientists a wide rangeé of
experiments to he pexformed in the aress of
geolopy, hydrolegy, vegetation science  and
oceanography. A sevies of 45 sites has already
beéen selected by ‘the American and EBurcpéan
Science tesm, including the fields of applica-

by a series of

SIR-C/X~SAR.

tion and the experimeunts ctp be performed. Ground
Truth activities, as well as the use of corner
reflectors or active calibrators, will therefore
be scheduled in order to -achieve valuable
results in the interpretation of SAR images.

Owing to thé ‘orbit characteristics, it will |be
possible for each site to determine a list of
opportunities, that is all the allowed passes of
the Shuttle over the sites., This Information can
be uged to ‘determine the schedule for data
acquisition under varisble {illumination ‘condi-
tions.

The activity to be performed in the Ground
Station is therefota very important td select
the most appealing opportunities and the best
radar commands, with the final goal of producing
a big wvariety of lmages, having satisfactory
characteristies.

3. X-SAR GROUND STATEON DESCRTBTION,

The ¥-SAR Ground Statien will be characterizead
computars and software tools in
order to guatantee the successful monitoring and
conttol of the on-board antenna and the data
acquisition during the whole mission. Owing to
the short duration of the mission, 8 days., rthe
X-SAR Ground Station shall be able to react to
mission variations and X-$AR system anomalies {n
near real-time, so maximizing the solentilic
resitlts also in case of contingencies.

To fulfill
Station has

this requirement, the X-SAR Greound
been decomposed in two main gsce
and the Processing Sections

tione, the Gontrol
(Figure 1).

I SIR-C Mission S u'ppoff Equipmedf

S-Band

MCC

CMD's
ot

CAP's

CONTROL  SECTION

Pl_ﬁmn‘ing. and
Analysis System

wOoTE R

Ku-Band’

SAR Processing System

FIGURE 1 - X-SAR Ground Station Functional

Description



The Control Section performs the following

Functiona:
- misaion planning;
- instrument mpnitering and control.

Tt ineludes the Following systams;

- Plamuing and Analysis System (PAS), which
plans and updates all the mission events.
It also analyses incoming telemetry data to
derlyve vadar gorvections in real time.

- Telemetry System (TS), which receives and
displays  telemetry data to monitor the
X-8AR instrument stabus.

- Gommand System. (G5}, which sends -commands
Lo the Migslon Coutrol Center for upliok to
X-8AR and rveeeives Commabd  Aceeptance

Pattern (CAPE) ensuring the torrect sLorage.

af commands on board,

- Telemetry and Command Simulators, which
gifmlate tHe telemstry date and tlie intér-
face with the Mission Control Center, in
order to test the Telemetty and Command
System and to traiu vhe operation teams.

the followinp

The Fravessing Sectlon performs

functions:

= tvaw-data adcquisition;

- real time date processing and display.

It eucompasses tﬁe.fullowing systems:

- SAR Processing System, which processes ‘the
45 Mbps Ku-band SAR data to generate
real-time images af the illuminated sites.

- High Rate Data Simulater, which simulates
Ku-band data to' test the SAR Processing

System and ke train the operation teams.

The X-SAR Ground Statien will operate both prior
and during the missiont

- the pre-mission activity is mainly velated
to the creation of tha_mis@ion timéliﬁe,
that is the cawmplete lisc of all the

‘operations and events for every minute of
the niissien. The mission timeline will
ineluda the optimal radar settings for all
the sites to be imaged and the correspond-
ing command blocks. The creation of the
mission timeline will be coordinated by
both -X-8AR aund SIR-¢ teams.

the simulators will work
be test the critical parts of the Ground
Statlon, i.e. the Telemetry, Command and
SAR Frocessing Systems, They will also be
used to train the operation teams, In order
to make them familiar with the equipment
.and ‘the -Fareseen oparations

During this phase,
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During the mission, the' X-SAR  Ground
Station activities will be devoted to the
monitoring of the instrument and te data
acquisition.

The mission timeline will be updated each
time the Orbiter deviates from the prée-
planned position with the new sets of radar
commands .

Further, the Telemetry System will check
‘K-5AR parameters., lssuaing warnings. to the
operation team in case of anomalies. Also
the uplinked comnands will be continuously
menitored to verify that they Hhave beaén
correctly veceived by the on-board equip-
ment, The SAR Frocessing System will be
used during the Ku-band data Ctransmission
to produce redl-vime images of the selécted
siles. These images will be stored as a
Eilm ort VHS cassettes so gveating a phre-
J1iminaty catalogue of the mission.

4. X:SAR GROUND STATLON FACILITLES,

The aceivitiag paltormed in the Ground Sration
have beén ¢odceived in order té match, ds far as
possibile, all the scdientists’ requirvemeuncs and
to strictly coopéraste. with them during each
phiase of the wission.

To this aim, both the. Control.and the Processing
Sectiong will be characterized by tools which
allow to Lake Iinto account scientists' regquests,
trading-off the applleation wvelated problems
with the misslon constraints, and €o present the
results of acquisition to the usérs for Im-
mediate verification.

let now examing in detail for each section the
related functions.

4.1 Contrel Section Facilities.

In order to create a mission timeline fully
adhereut to the scientific aspects, the Control
Section will offer the following capabilities!

- selection of primary sites;
- salection of radar parametexrs;

5 real-time correction of tadar configura-

tion.

An imporrant néw aspect for the mission 1is
represented by the fact, that_all the abovemen-
tioned funé¢tions can be performed beth in a
fully autemated way and in a manual modality,
undar cperation team control, according to the
time .constraints for the planning.

The selection of primary sites
important step during the plsmming. In fack,

only for. the gelected sites the radar acquisi-
tion will be scheduled and thervefore am accurate
trade-off has to ‘be performed between site
characteristics and mission constraints:

represents an



To this aim the function will be based on the
following information:

list of test sites with the relatad da-
seription, such as site extent, best times
of day for imaging, leok directionm, inci-

derice’ angles, ground truth activities,
calibravion procedures. Further, each test
@#ite ls chardcrerized by a parameter, the
"gite priority', which  exptesses the
seientifie relevance for the wite ‘wider
Investigation.

List of all the data take opportunities,
that is .all the Jdmaging opportunitics
provided hy the selected orbit, together
with the velaced illuminarion  geomerry

(ineidence angle, Shuttle position, look
divection, ete.)
Details of mission tonstraints, such  as

Shutitle attitude, time required te perform
manoveuvres, time vequired to modify antenna
pointing, Lime
on-bpard instrument configuration.

The seleetion will: be porformed by using seversl
eriteria, whigh cau be choken by the epevationsl
teams. These eritpria csn be based on  the
scientific aspects of the mission and so they
will use &he mite priopity and the number of
opportunitlios Foregeen for the site, Fuxrther,
the criteria will also take into acestnt missinon
details snd in this case the seléction will be
performed to minimize maneeuvies or antenna
rotation, The operation team will be given full

£ b LAt

required to modify  the

g 3 s

DTO 'me;__[:| Site table: [ | Adtisde rable: [~ ] Stailstics table: [ ]

vigibility of .the available oppoxtunities and
qreitudes either to monitor selection results or
ta intervene in the selection phase-fFigpre 2.,
In both cases 1t will be possible for the users
to examine the tresults of each procedure by
means of ‘statistic tables’ teporting, for each
selected criterium, khe observable sites and the
discarded ones., Further, it will be passible to
suggest the Mission Control Center a complete
schedule for the Shuttle attitude in order ‘to
maximize the number of primevy sltes.

The selection of primary sites represents
together with the selection of the radar parame-
ters, thé "kernel" of the plamning phase. In
fact only for primary sites the related radar
commands will bhe determined and uplinked.

Ag stated hefare, this mission foresees multi-
parameter acyuisivion, so  allowing the optimi-
zation of radar pavameters. on the bagis of che
Shubttle geonetry and user's requests,

The selection of radar parameters is perfarmed
uging as input dara thé primary sites, the
related illumination geometry &nd the scienti-
st's requitements, topether -with the X.S8aAR
instrument ehavacteristics, The 4dim of this
phase s both to provide the most suitable rvadar
configuration for  each primary sire and to
calculate the corresponding image performances.
A radar wconfiguration will consist of  the
fellowing pavamators:

Pulse Repetition Frequency (1240-1860 Hz)

T EE ok iy

SITE | Oftnadic| e | 47
prerity nusober

MET

- name angle

SHUTTLE
ATTITUDE

Dver whole missgion: | Inside MET range: I PRIME

Ainditdror

“primes | DTO's | primes | DTO's

o

Site Eitert:. I:] Site - Local time:l:l s

band:

FIGURE 2 - Primary Sites Selection
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- Antenna Tilt (0-90 degrees in 1

degree step)

Angle

- Bits per. Sample (8/12)

- Chirp Bandwidth (9.5/19 MHz)

- Receiver Gain (0-40 dB in 2 dB n#ep)

= Data Window Position (depending on PRF BPS

and: chirp bandwidth and commandable in
steps of 9.95 microsec):

- wide swath (coarse rasolution, low PRF, 8

bits per sample);
- high spatial resalution {fine resolution,
low PRF, 12 bits per sample);

- high radiometric  performance (coarse
resolution, high PRF, 12 bits per sample).
Each user will specify in advance which package
is to be considered for the radar setting
determination procedure. At the end eof the
calculatfon, the list of the most suitable radar

The radar configuration will be  selectad ac- parameters will be presented to the user, ranked
cording to the selentist’s requirements which according to the selpcted package (Figure 3).
are provided by means of the following data Though the caleulation &5 fully automatic, the
package: final choice 1is -lefr ro the operation and

science teams.

Attinde tdle: [ ] Site name:
Radar Setting table:[ |
Tilt angle: XXXXX LR BPS: XXXXXX Resolution: F/C
Image perf. req: XXXXXXXXX AAR Limif: XXXXXX PRF Ranking: H/L
PRE DWP GAIN EINDEX DWD AAR SWATH
REJECTED PRF
XXXXX XXXKX AXKXK, =————
. 1 Save
PRF : I:
H Help I FRF Hopping A }Anaiysm | S g‘aﬂm
Next DTO Setting
[N ] o | ] w L1 i

FIGURE 3 - Radar Setting Selection
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A support to thé selection of the radar setcing
will be provided by the determination of the
performance curves for each radar confipuration.
In fact, the following image quality functions
will be caleulaced:

- ambiguley zatio;

- Qpatiﬂl.rbsnlutiﬁn;

- ‘radiometric resdlution;

dynamic range.

All these curves will be displayed to the. users

(Fipure 4), also allowing to compate perfor-
marices related to diffevent radar configu-
rations. Furcther, each selentist can provide

performance requirements

can be:checked 1f a selected radar configuration
provides the image performances as requested, In
suggest

case of poot results the scientist can

£

DTO aable: [ Site

N e .. —

in advance and so it

fable: [ | Avimde table: [ |

the operation team differént packapges so detex-

mining configurations and related performances,

until good compromises have been reached..

This interactive approach is the basis for the
hardware configuration of theé Contrel Section,
where a large use of workstations is foreseen,
The. workstations will be connected by a Local
Area Netwoerk to a Central Computer where a
relatlonal data base will be raesident, In chis
way, each congole will accass all the planning
information and the science team will have the
capability to follow each phase, alse supporting
the operacion cedm.

Anpther important new facility provided by the
X-SAR Contyol Sectlon 1s the capabllicy ‘we
modify the radar parameters in veal time. This
task will be performed by means of an intensive
monitoring of the telemetry data, in particular
of the echo profile, which expresses the
strength of the raturn signals.

Site  name:
Radar Setting table;

Image perf. g XXXXX

Tilt PRF. DWP BPS RES GAIN # of Poinis
RADIOMETRIC PERFORMANCE

Cilw ] [
Lo Jom

: Save
Rador

- : Selting:
| L fmr [ ® |peum

FIGURE 4 - Analysis of Image Quality Functions
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The operation team will be given the capability
to monitor the echo profile on a screen (Figure
5) superimposing on the curve. the site position,
the plarnued data window position and. vhe expect-
ed nadiv return. In this way it will be possible
to monltor whethey
gelected ar the data window has heen
posivioned with respect to the site.

cartuerly

This procedure is completely sutpmated and  so
the rasulting corrections for pain and daza
window are immediately presented to the opers
tor. In this way, a <¢ovrected radar setting can
be uplinked to the on-hoard' instrument. Though
‘only for thie vacélver gain and daca window
position it will be pogsible Lo caleulate
govreckbions, a1l the sther pavaneters will
modified iw real time iF regyuired By the seience
of operation g face partleular contin
geneies.

}Jﬂ

U,

4,2 - Processing Section Facilities.

Az mentioned zbove, the Proeessing Seetion will
produce. veal-time images of the zelected sites.
This will be achieved by meand of a Quick Luok
Processor{*) which will progess the deformatted

the gain has been propeciy:

raw radar.datd in real time and will digplay the

resulting images on a high resolutien monirox.

the
0aT1)

The X-SAR Processing Section will ofEer

capability to both store’ the raw radar data
CCT to be deliverable to the seientists and
record the prelimivary outpud from the QLP on
YHS cassettes by using a commercial videorecor-
det, Dué to the strict vime cbnstraints, the. QLF
will only produce very draft fmages, without
performing any preliminary eorrection. In. any
case by creating & catalogue on cassettes, the
scientists would be immediately aware whether
the acquisition has been successful. At the

ro’

moment the creation 6f a catalopue is foreseen
just at the end of the mission. Anyway, for the
second and third launches the preparatlion of a
cdtalogue will be performed In nedr-rsal time.
In thig gese, some input information for the the

replanniag cycle can be provided. The user will
tnfact require some modification' to the time-
line, 1if possible, in order te replan new

actuisitions for the mites under investigation.

The  Processivy  Section will alse offer the
capability te snalyse off-line processed rvadar
data  to cdetermine the dorresponding  powér

spectra and histograms, to assess the quality of
data aéquisition.,

5. GONCLUSTONS,

Though the X-8AR Ground Segment has been con-
cilved. ta operate din such a way to fulfil
scientific expoctations, our  effort s to
tmprove the prosent configuration in order to
overcome same | imitationd, especially for the
Processiog Section.

The Future Ttrend wiil be so devotad to the

realization of more sophisticated Quick Look
Processar, capahlae Lo provide eorrected images
for the sites ig near real-time. The use of more
complex algovithms will also.be evaluated in
order to determiua, on the basis of ‘processed

data, system faatures such as antenna pattern
that ecan be correlated to the radar configu-
rafigne, This will provide quick reactlons Lo
ary  contingency and & more  acourate ‘deter-
minazion of the resulring corrections.
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FIGURE 5 - Radar Parameters Correction

{*}_ The Quick Look Procéssor ds suRplied by Dornier G.m.b.H.
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references were not intended to be
a complete review of the literature
avallable on the subject, they
provide a general background for
the focus of this paper.

For decision making, forest
planners and managers need
current information which can be
manipulated in a flexible way (Hegyi
1985). The basic ingredients of
such a land information system are:
geo-referenced base, cadastraland
thematic maps within the context of
a geographic information system,
cost effective change detection
procedures,

of such systems are the forest

inventory data base of British

Calumbia (Hegyi and Quenet 1983,
Hegyi 1988) and New Zealand
(Kirkland 1985), the resource
information management project in
Thailand (Beaudoin 1988), GIS
strategic projects in the Norcic
countries (Tveitdal and Hesjedal
1989), remote sensing and GIS

applications in Asean countries

(Mok et al 1988), and the forest
change classification project in
northern Florida (Hoffer -and Lee
1989).

Forest inventory and monitoring
techniques have experienced some
dramatic changes during the past
30 years, driven by technology,

needs, local conditions and public.

pressure. for information on
resources other than forestry. The
long standing leadership of the
European practices have been
challenged by the rapidly evolving
technology. In particular, North
American foresters, faced with
extensive areas of unknown forests,
have turned to remote sensing
techniques, computers, and
geographic information systems to
aid in the design of forest inventory
and monitoring projects.

In recent years, considerable
attention. has been focused on
glabal monitoring, The need for

and flexible data
management algorithms. Exampies.
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menitoring renewable resources
on a global basis is well
documented by Hilderbrandt
(1983) and Singh and Laniy
(1983), and on a national basis
by Schmid-Haas (1983), Lund
(1983), Hagglund (1983) and
Hegyi (1983). Geographic
informatian systems have
perhaps made the greatest
impaci on forest inventory and
monitoring practices and thair
operational implementation has
received considerable attention
(Tomlinson 1989, Hegyl 1989).

FOREST INVENTORY AND
MONITORING TECHNIQUES iN
CANADA

A review of forest inventory and
rhonitoring technigues used in
Canada indicates that numerous
alternative methods are available,
depending on needs and Jocal
conditions. However, there are a
number of components that are
common to most inventories,
such as planimetric and
‘cadastral maps, administrative
boundaries, thematic forést
cover and environmental
sensitivity maps, road networks,
information on other resources
and land use options. In
addition, - cartographic maps
containing ‘digital elevation data
and changs monitoring
informatién are essential
requirements of modern forest
management.

Geographic information and
sateliite image analysis systems
are becoming an integral part of
forest inventory. The
requirement of stand cr area
specific  information further
confirms the strong role of GIS in
inventory practices, These new
tools have a major effect on the
statistical techniques that may be
used for the inventory, as well as
on daia management and
retrieval practices.



Given

the available modern

technology, forest inventory
projects in Canada include the
following components:

1

Essential components of
forest inventory projects are
the base maps. Starting
with planimetric maps,
ownership, cadastre and
administrative  boundaries
are entered to form the base
map. Automation of this
process with GIS is cost-
effective and provides the
opportunity of storing the
various sources of
information as levels,
facilitating further
manipulations with thematic
andtopographic information.
In cases where planimetric
base maps are not available,
geometrically corrected
satellite imagery provide a
practical alternative,

Most management unit
inventory projects use
vertical aerial photographs at
1:15,000 or 1:10,000 scales.
These photographs are
interpreted to. provide
descriptions of forest cover.
For example, in areas where
the number of species within
homogenecus strata areless
than five, individual species
composition may be
determined to the. nearest
10%. Otherwise species
groups ar other relevant
ecelogical units may have to
form the description of the
forest cover.. Date of stand
establishment or age, if
available, and total height
(e.g., average height of 100
largest stems per hectare) of
the. leading species is
estimated next. In order to
improve the estimation of
volumes of individuai stands,
some measure of stacking is
important, such as crown
closure to the nearest 10%
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or stems per hectare. In
addition, other relevant
information is.included.in
the attribute list, such as
site index or site type,
estimated volume, stand
history, etc.

Using ground control
information and field
samples, the
interpretation of zgerial
photographsis canfirmed.
Photo centres and the
boundarijes of
homogensous types are
transferred onto base
maps either
photogrametrically. or
directly into the GIS. High
quality forest cover maps
can then be prepared
with the aid of the
computer.

Sampling systems which
are considered most cost-
effective and efficient
involve both large-scale
photo and ground
samples. Experience
indicates that 70 mm
stereo photos at 1:500
scales are highly suitable
for the estimation of
photo volumes, Random
distribution of photo
samples is preferred, with
the aim of representing
adequately the major
population groups. A
sub-sample of the areas
selected for pheio
samples can then be
chosen randemly and
visited on the ground for
detailed msasurements.
Ground and photo
samples are analyzed
according to procedures
outlined under multi-
phase sampling (Loetsch
and Haller 1973).

In addition to the formal
statistical analysis, volume



equations are derivedfrom
the sample data base, using
independent variables which
are compatible with the
classification -system. This

approach allows volume:

estimation on an individual
stand basis, a capability that
is becoming increasingly
important in multiple. and
integrated resource
management.

B. The major advantages  of
using a GIS for processing
the. inventory data are that
the thematic forest .cover
and multiresource lavels
can be combined with
cadastre, administrative
boundaries, and other
relevant levels of information
that are available in digitaf or
geo-referenced forms.
Using either vector or raster
based overlay procedures,
areas of resultant polygens

can be determined and the

results displayed graphically,
including colour enhanced

thematic maps. As well, the’

statistical data may be

manipulated in a flexble
manner to provide a wide

range-of summaries:

. An integral part of any forest

inventery is growth

projections.  In Canada
several apprcaches, are
used including deterministic
volume equations with fime
as one of the independenit
variables, stochastic models,
and simulation models. The
use of expert sysiems in
growth projections will likely
pick up momentum and may.
replace conventional
approaches. to a large
degree.

The above described procedure is
enhanced by the use of satellite
image data. For example,
supervised classification of thematic
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mapper imagery can provide
useful informatiori for the
planning of forest inventory
projects, including both the
classification and sampling.
Furthermore, if funding.for aerial
photography is limited, or due to
weather conditions, parts of the
area may not be covered by
conventional photography,
satellite image analysis has the
potential of providing a lower
resclution alternative for
implementing projects,

For resource manitoring and
change detection, sateliite data
provide perhaps the most cost-
sffective ‘solution: Imagery
abtained at two different times
and subjected 1o multi-ternporal
analysis, provides opportunities
far beyond the capabilities of any
et the conventional technigues.
Changes ‘detected can be
transferred to existing forest
cover maps, or entered directly
into. the GIS. A more
sophisticated option is to use.an
integrated  satsllite image
analysjs: and geographic
information system to monitor
and manage change data.

TECHNOLOGICAL
CHALLENGES
FOR-RESOURCE
INVENTORIES

Traditiorially, large field parties
have been. used to survey the
land, Medium and small scale,
aerial photographs have
provided opportunities to
examine farge areas in terms-of
such interest parameters: -as
timber types, land- forms,
geological . formations. and
agricultural - uses.  Extensive
ground - surveys  have changed.
gradually to multiphase and
multistage sampling designs,
and for. quality cantrol; As the

-resolution of airborne remote



sensing products has improved,
even more field work has bgen
substituted with large scale aerial
photographs and photo sampling
has become a new challenge to
statisticians. Informationthat could
only be obtained in the past from
ground surveys, can now be
closely approximated with the
combination of extensive photo and
limited ground sampling, used
within the context of double
sampling, or even higher order
multiphase sampling designs. This
was possible by correcting or
"ground truthing' estimates from
photagraphs from the sample
measurements made on the
ground.

Satellite imagery, such as ths early
versions of Landsat multispectral
scanner data, has become fairly
popular in a relatively short period
of time, mainly because farge areas
can be covered frequently at lower
cost  than with conventional
photagraphs. However, its low
resclution has reduced its use
mainly to monitoring changes,
except n research and
development snvironments, where
claims have been made beyond its
aperational capabilifies. With the
advent of Thematic Mapper
products, both spatial 2nd spectral
resclution have improved
considerably; and the operational
useluiness of spaceborne scanner
products have increased, In
addition, the release of SPOT data
has shown resolution capabilities
that can match conventional aerial
photographs in many areas.

The major technological challenge:

of the 90's will be, however, the
replacement of -conventional aerial
photographs with high resolution
airborne ‘scanner data, such as
MEIS: When analyzed and colour
enhanced, MEIS products can
appear as if they were large scale
aerial photographs, but have the
main advantage of being in digital
form. Once a library of spectral
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signatures can be compiled for
such applications as forestry,
agriculture, geclogy, land use,
land production capability and
environmentat sensitivity, high
resolution airborne  scanner
imagery will challenge aerial
photo interpretation in a manner
similar to the replacement of
manual ¢rafting by GIS.

The development of remote
sensing technology has, in the
past, occurred as ‘a joint effort
between researchers and
resource managers. This
development hasnot progressed
as fast as it could have, mainly
because both the users and
those who have had major
control on funding the new
technology, have learned their
resource management skills in a
more conventional and manual
environment for data acquisition.

Hence, remote sensing
technigues, especially those.
invoiving satellites, have

undergone some scepticism and
aven resistance.

However, with the Increasing
concerns by the public aboutthe
environment and the changes
that are being inflicted upon the
land base, resource managers
will be subject to scrutiny at a
scale previously unimagined,
Rightly or wrongly, practices
previgusly considered
acceptable and even cost
effective, will be challenged.. And
the chances are that the
challengers will have up-to-date
information about the land base,

using remote sensing
technolegy, combined. with
powerful geographical

information systems. In addition,
in many cases the rescurce
managers’ own data will be used
as the base, over which space
and airborne scanner data will
be displayed, showing the
adverse effects on the
envircnment,



Entrepreneurs working with. land
information systems' are just a few
steps away from setting’ up data
marts, where, on floppy disks,
information may be purchased
about most parts of the world.
Contticts of land use and resource
management practices, whether.
invalving forestry, mining,
agriculture. or range, will be dealt
with In the 90's from a new power
base: current information, which
can be manipulated at ease to
highlight areas of concern.

Availability of information about the
natural- resources of a regicn,
province or- country has created
further problems or challengss.
Surveillance of natural resources by
compstitors could ‘become an
active industry, creating both
marketing and legal problems.

GIS AS THE INFORMATION
SERVER

Information that s
accumulated abotit our resources
and environment: is -constantly
increasing. A large poriion of the
data is already in digital form and is
gecreferenced. As new descriptive
statistics are becoming available at
frequent intervals with remote
sensing techniques, the size of the
data base wil -créate major
informatiom management problems.
Geographic information systems

have the functional capabilities of

acting: as jnformation: 'servers as
well as data managers.

For example, in British Columbia, a.

relatively large number of GIS
instattations have been. initiated,
many:of:.which are PC-based, using
386 machines with at least 80
megabytes .of storage. Most of
these systems have been acqguired
to carry out contract work for the
expanded forest inventory program.
However, some of the consultants

and -contractors involved in this-
program are seeking expansion to.

being
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Provided that the

other disciplines, such as. land
use allocation, environmental
monitoring and mining. As the
momentum of the digital
conversion of land information
increases, PC-based systems
could become limiting factors to
production and throughput.
healthy
economic climate of this high
tech industry continues in British
Columbia, expansion of GIS
installations from PCs ta
workstations and to more
powerful processors, such as
microVAX and VAX computers,
will occur.  Alternatively, the PC

industry will advance inresponse

to this demand, and
ricrocomputer systems will ba
avaiiable to address increasing
processing needs.

The projected expansion of the

GIS industry will result in further
decreases in cost for digital
conversion, -as well as for the
management and distribution of
land-related information. - In fact,
this expansion will likely mave to
a situation where a few
wholesale distributors of land
information feed the ‘data-to
retailers, who will turn it into
products that can be examined
in a useér friendly manner,

perhaps even ‘with home
cotnputers.. '
CONCLUSIONS

Public pressure on resource
managers,. to justify their
decisions with respect to land
use and envircnmental - issues,
will result in incréased
applications of remote - sensing-
and GIS technologies. Demands
for land-related information will
increase and the data
distribution’ industry will expand.
A more informed public, and, in
particular, special ‘interest
groups, will help toresoive some
of the existing land use conflicts:



At the same- time, readily available
data can become powerful
weapons against decisions which
are contrary tc public interest.

Conventional aerial photographic
products will be replaced by
airborne multispectral scanner data
in rescurce management, while the
use of satellite imagery will expand
'in global environmental monitoring.
‘Remote sensing technology will
became the principal tool for data
acquisition. GIS, on the other
hand, wil be wused for the
management and distribution. of
georeferenced land information.
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LASERS: A NEW TECHNOLOGY FOR AIRBORNE PROFILING
‘OVER FORESTED AREAS

J. Blair, B, Hlasny and J. Schleppe, MeElhanney Geosurveys Lid.,
Vancouver, B.C., Canada

ABSTRACT

Airborne Profile Recording systems for digital terrain acquisition have now been replaced
‘by laser technology combining integrated components whieh include §tandard cartogtaphic
cameras and small traeking cameras, preei'se gitimetry -and GPS. positioning. MeElhanney
has recently completed a contract covering the islands of Kalimantan and Sulawesi in
Indomesia providing vertical control and aerotriangulation for 1:50,000 map production.
This eontract required the installation of a high altitude laser syatmn mounted onboard a
fixed wmg aireraft, to provide photo identifiable vertical points which were transferred to
mapping photngraphy. The laser. system, designed by Holometrix of Cambridge,
Massachuseits is the first privately owned high altitude unii to be integrated and designed
specifieally for sudh mapping epplications: A total of 11,000 line kilometers were {lown
in four months over heavy forested terrain providing true ground data to inaceessible
areas. Project field operetions, prfofile résults: and vertical transfer methodology are
presented in this paper.

KEY WORDS: Ailrborne Laser Profiling, Hardware and Software Integratiohs

1. INTRODUCTION all of Kelimantan, Sulawesi and $omé-of
; the southern islands). Phase 2 provided
Alrborne profile recorvding (APR) for to- aerial photography ¢overage and Phase 3
pegraphic surveys were first undertaken has provided densification of vertical
in’ the late 1940's with particular appli- control using the leser APR, for gero-
cation to héavily forested and remote trigngulation and numerical ddjustment
aréas. The early systems were radar of the final map compilation,
units providing profile accuracies of
approximately 10 ietres. These sys- “The APR for use on Phase 1 was deve-
tems were used extensivety providing loped to provide high eltitude terrain
vertical control on projects throughout profile data al an ceonomieal cost using
the world for map productions at small fixed wing aireraft. The system was
seales such as natipnal 1:250,000 and developed for portability and to operate
1:50,000 series. in relatively small aireraft with standard.
-aerial ecamera ports. It is -designed to
Recently with the advent. of LASER acquire ground profiles for applications.
technology, more accurate systems have such as route profiling, eross-sectioning,
been developed, and APR is being used vertical eontrol for topographical map-
not only in mapping applications, but .ping.and the ereation of &8 DEM base.
also .in hydrographic surveys, route pro- _
filing, forest inventory, water quality 2. APR PROFILING AND SYSTEM
sensing, reservoir planning and volumé COMPONENTS

determination.
APR equipment, when mounted and

McElhanney's development of an inte- operated in an aireraft (airplane or heli-
g‘rated lnsei system ¢ame from the com- ‘copter), measures vertical profiles of
panys involvement in & large survey and terrain with respect to a reference. iso-
mappmg program in Indonesia. This pro- baric surface;

grain is being carried out as the }

Resource Bvaluation Aerial Photography The:aireraft {lies along a constant pres-
Projeet (_RFA_P) and was designed to set sure altitude anywhere from 1,000 teo
up a physical and institutionel capeability 30,000 feet above thé ground level
in Indonesia to handle the development Pulses of LASER energy {travelling at
of their natural resource, particularly the speed of light 186,230 mi/sec) are
forestry, mining ‘and oil and gas explora- trapsmitted in a narrow beam and the
tion. Canadian aid has sponsored the elapsed fime between transmission and
project over 3 phases commencing in return is & measire of the distance be-
1979. Phase 1 was the establishment of tween the aicersft &nd the ground
h_c_nt‘izontal and vertical control points ‘These measurements are reproduced as a
using Dopplér satellite observations to continuous line or profile 'of a narrow
form a base for 1:50,000 mapping. This strip of ground traversed by the aireraft.
was completed by McElhanney in 1981 (A A Barometric Reference Unit ( BRU)
tatal of 238 stations established covering senses deviations: of the aireraft either
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up or down from & constant pressure
level, ‘The flight path of the aireraft is
recorded by a tracking camera (70 mm
frame or continuous strip camera), or
‘other onbosrd navigation system.

After adjustments to remove piteh, roll,
BRU deviation and isobarie surface
slope, and to adjust the terrain profile to
ground datum, the profile is used to
provide vertieal control for mapping or
other DEM applications.

The McElhanney airborne laser system
eonsists of five separate sensors, lour of

which are interfaced to the central pro-

cessing unit and each drawing power
from the central power distribution
module. The systemm is essentially a
passive data collector with the only con-
trol heing over the traecking camera.
The central computer waits for informa~
tion from the altimeter, piteh/roll meter
and the laser. [t in turn triggers the
tracking camera shutter and advances it
based on operator inputs. It stemps all
information eoming In with a time tag,
allowing it to later reassemble and cor-
relate the data at the post processing
stage. A deseription of each component
is given below. Figure 1 illustrates the
interfacing of the components,

3. COMPUTER

The eentral processing unit for the laser
system is the McElhanney designed M
CAT.DC powered (18-30 volts) naviga-
tion computer. The M CA'T includes a 20
Mbyte hardeard, a 1.2 Mbyte, 5.25 inch
floppy drive and a 720 Mbyte, 3.5 inch
miero-floppy drive.- The system display
monitor is an ASK LCD f{lat sereen and
graphics adapter. The esmputer is shock
resistent and rack mountable.

4. LASER PROFILER

The laser used by lhe MeElhanney sys-
tem is the ACCI PRAM 1V Model LRY-
1000 pulsed laser, which was designed
specifically for high altitude airborne
service, and for easy mounting in &n
aireraft.

The laser has a peak power rating of 114
mjoules and can operate at speeds of 5,
10 and 20 pulses per second at ranges up
to 6000 metres. Renge accuracy of the
laser is 0.1 metre. A 28V DC power is
provided for operation from the aireraft.

The PRAM TV profiler is interfaced lo
the M CAT eomputer via 8 RS-232 port,
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‘hard disk,

5. DIGITAL ELEVATION COMPUTER

The laser system utilizezs a Davidson
Elevation Computer Model D10L &5 a
barometric pressure altitude relerence,
The solid state unit incorporates pres-
sure and temperature sensors in a soft-
ware controlled unit. The pressure sen-
sor is connected to the aireraflts static
system. Vertical resolution is 0.1 metre.

8. TRACKING CAMERA

The system's traeking camera s a
Hasselblad 500 EL/M 70 mm [formal
eamera eomplete with an autowinder, a
50mm super wide angle lens and a deta-
chable 120 exposure [ilm magazine. The
[ilm magazine is equipped with a built in
DA-1 serial interface and a dotachable
DE-32 Datapac which allows the system
to. automatieally annotate the 70 mm
‘traeking film with date, time, roll num-
ber and frame nwnber. The frame inter-
val:is- controlled by the central computer
based on the operator selected ground
speed, flying height and forward overlap.

7. PITCH AND ROLL METER

The MDL TRIM Cube Model 408 provides
piteh and roll information for the laser
system. It is a two axis imclinomgeter
using électrolytic gravity sensors with a
single chip micro-computer used to de-
modulate the sensor information and
produce a Serial data stream. The unit
has a range of 402 and an aceuracy of
0.25 degrees.

8. DATA COLLECTION

Program MAPR V1.0 is used by lhe
McElhanoey system for the real-time
collec¢tion of APR data. As data is read
by the prograwm it is time tagged and
then stored in a unigue deviee file on the
There is a file ereuted lor
each of the deviees, whieh include the
laser; altimeter, camera and pitch/roll
meter. The time tags aliow the post
processing sectior of the program to
later reassemble the data and correlate
it for adjustinent and profile display.

9. POST PROCESSING AND
ADJUSTMENT

Tor post processing the APR data, the

M CAT computer is interfoced to @

‘Okidata Microline 320 high speed dot

matrix graphies printer and to a Houston
Instruments Hipad Plus Model 8012 digi-
tizing tablet and cursor..



At the end of eseh days flying all data
collected is inspected for completeness.
The data is processed through program
MAPR and the unadjusted profiles are
inspected for: annomalies; pooP laser
tracking of water surfaces (necessary for
profile adjustment); large. gaps in data;
proper exposure and firing of tracking’
.eamera.

A linear correction is determined for
each profile which corrects ‘the line's
initial. datum error and the elevation
diserepancy at the end of the line, The
operator would inspect the unadjusted
profile and input the time, raw elevation
and  the :controlling elevation for the
control points or sea level at the start of
the line and end of the line or APR
‘traverse. The program then automati-
cally’ computes a translation component
in metres which corrects for the line's
initial datum:error and a sealing compo-
‘nent in metres per second. In addition,
the operator can enter Intermediate
points into the adjustment &nd it will
give miselosures: for these pcnnts along
with intermediate. correction values.
The operator is then free to interpret
the results and enter the values most
suitable-as corrections for later profiling
of the APR data. A printout of gach
profile. adjustment is made. and logged
along with a graphical representation of
the APR lines or traverses.and the eor-
rections. Corrections. entered by the
operator for each line if satisfaetory,
were :then saved in an’ imtlallzatmn file
whieh is stoved for each line and can
later be recalled when the data is to be
inspected. This eliminates: the need ta
re-enter ‘the coriection ecomponents and
reduces ‘the possibility of operator error.

To facllltate ‘point_selection ‘along the
profile the program utilizes a digitizing
tablet and ¢ursér. The operdtor digitizes
a left -and right  photocentre on the
teacking film, after which he can digi-
tally display elevations, altitude, roll and
pitch :along the profile as the eursor is
moved within the trackmg fitm, This
eoupled with the stereo images on the
tracking film allow the operator to iden-
tify features and transfer them to the
mapping photography_ for mensuration,
Selected points -are also entered automa-
tically into a log file by pressing. one-of
the cursor keys.

Printouts of the profilés are available
using a high speed dot matrix printer.
The -operator has the option to print one
profile only or the entire line (at any
scale)..
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10. APR PROJECT APPLICATION

The Indonesian project provided a real
test for both hardware and system capa-
bility.  Terrain in Kalimantan. dnd
Sualwesi varied from low level swamp
and jungles to depsely forested moun-
tains, with temperatures consistently in
the low 30's and high humidity. Eleva-
tion vavied from sea level to more than
3000m.

Weather was the major contributing fac-
tor in profile production: Cengrall fligﬁt-
missions were achieved during the morn-
ing before any cloud build up developed.
Extreme heat haze and cloud affects
laser penetiation and restricts identifi-
cation on aerial photography.

Flight profile lines were chosen to meet
mapping specifications for vertical point
density and to also follow the. geography
of the land so that major features such
as mountsin ranges, rivers, lakes and
coastal arcas were ‘easily identifiable,
Daily. flight; planning .was eriticdl to en-
sure planned flight paths were covered
and profile gaps were fully ecompleted.

Profile lines commenced and terminated
on points of known elevation such as sea
level, lakes, rivers or large open areas.
Additional check and common points
were tied to along the flight path to
improve closure accuracy and detect any
blunders. After eadh days mission, all
profiles were verified and adjusted prior
to the next days mission planning.

Profile data and serial photography were.

forwarded to photogrammetrists. They
made the vertical point sélection, identi—
fication on the 70m film and transfer to
the mapping photo was completed. The
resilts were processed through the sero-

triangulation adjustment program PATM

which verified the elevation value with
the identified point seleeted.

11. CONCLUSIONS AND RESULTS

The laser system proved very effective
over heavily forested areas such as tro-
pical jungle. Approximately 20% of
laser penetration was achieved through
the heavy foliage providing an aceuracy,

after misclosure .adjustment, of 0.5 to

1.0- metre,
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SPOT, the pre-eminent sysiem for the angoing collection of geographical information, is unique inthe
world of space-based Earth observation. With ground reselutions of 10 and 20 m, SPOT offers
unrivaled geometric- accuracy, unparalleled acquisition flexibility, and the major innovation of
stereoscopic imagery. These and other features make SPOT remarkably suitable for a wide range of
applications inctuding mapping, inventorying of renewable and non-renewable natural resources,
planning of civil engineering works; urban planning and development, and, mere generally, ali fields
calling for accurate, up-to-dale geographical informalion.

SPOT Data have been selected by the Worid Barik and other international and national financing
agencies to be the primary source of geographical informatfion in'many development projects.

AT SPOT IMAGE WE:

@ study and manage customers’ programming requests for data acquisition. An average of 1000
requests are continuously managed into our mission centre.

® operate the world image library and information catalogue: By the end of 1988, 1.5 milllion SPOT
scenes have been acquired and archived, ready for your selection.

@ produce SPOT data indigitalor photographic form. More than 700 different products are proposed
1o you in different formats or presentation. in addition, you are offered a range of special products
adapted 1o specific needs or applications.

@ markel and distribute, worldwide, SPOT data either directly or through a distribution network
now established in 50 countries, including SPOT IMAGE’s subsidiaries in the USA and Australia,
and licencees, agents or representatives.

@ offer assistance and copsultancy. The Technical Marketing and Development Department is more
specifically dedicated to the analysis of your requirements, technical proposa's, new products
developmenti, customized image processing and preparation of application project management.

SPOT IMAGE headquarters are located in Touiouse, France.

The SPOT IMAGE subsidiary in the USA is: And in Australia:
SPOT Image Corporation SPOT IMAGING SERVICES
1897, Preston White Drive - Reston Po Box 197 - 156 Pacific Highway, St Leonards
VIRGINIA 22091 - USA NSW 2065 AUSTRALIA
Tel.: 703.620.22.00 - Fax: 703.648.18.43 Tel.: 2.806.17.338 - Fax: 2.906.51.09

In BRAZIL, SPOT data are received and distributed by INPE

SPOT IMAGE

16 bis, Avenue Edouard Belin - BP 4359 - 31030 TOULOUSE CEDEX - FRANCE
Tél.: (33) 6153 99 76 - Télex: 532079F - Fax: (33) 6127 46 05







