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Use of remote sensing and GIS for sustainable land
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ABSTRACT ways; in fact there are 67 different definitions listed in

the “natural resource management” subject taught at

Remote sensing provides the basic data to undertake inventory of IanhdI'C Int tinal ti GIS d i
as well as the temporal information required to monitor sustainable lang - Interestingly, none mention and remote sens-

management practices. In this paper, the current use of remote sensifiy as being necessary tools for sustainable develop-
for sustainable land management is reviewed, and the potential of futuraent. Sustainable development is a term which attempts

(new) satellite systems to contribute to sustainable development i palance the often conflicting ideals of economic
explored. Other elements for successful sustainable development (i f . - . o
good policy and participatory approaches) are then compared and coﬁrOWth and maintaining environmental qual'ty and via

trasted with information requirements. bility. As such, sustainability implies maintaining com-
ponents of the natural environment over time (such as

biologic diversity, water quality, preventing soil degra-
Sustainable land management refers to the activities aofation), while simultaneously maintaining (or improv-
humans and implies that activity will continue in perpe-ing) human welfaredg, provision of food, housing, san-
tuity. It is a term which attempts to balance the oftertation, etc).
conflicting ideals of economic growth and maintaining In any definition of sustainability, the key element is
environmental quality and viability. Economic activitieschange; for example, Fresco and Kroonenberg [16]
may range from intensive agriculture to the managememtefine sustainability as the ... dynamic equilibrium
of natural areas. between input and output. In other words, they empha-
It is argued that in order to effectively “manage” re-size that dynamic equilibrium implies change and that in
sources, three elements must be present. These are inforder for a land system to be sustainable, its potential
mation about natural resources, clear policies on how tHer production should not decrease (in other words the
resource may be managesh(Acts of Government, policy definition allows for reversible damage). This type of
papers, administrative procedures), and participation afefinition is most applicable when considering agricul-
everyone (including local people) with an interest ortural production systems, but may also be generalized to
“stake” in the land. In this paper, we concentrate omhe management of natural areas. A broader definition
methods to generate information about the resources, witf sustainability, such as that proposed by Brostnal
an emphasis on how recent innovations in remote sensif@], includes the persistence of all components of the
fit with sustainable land management methods. In particlsiosphere, even those with no apparent benefit to soci-
lar, we assess how resources may be inventoried by remety, and relates particularly towards maintaining natural
sensing, and techniques and data which may ascertacosystems. Other definitions emphasize increasing the
whether the activity is indeed sustainable. A concludingvelfare of people (specifically the poor at the “grass-
section discusses how the information (generated fromoots” level) while minimizing environmental damage
remote sensing) is linked to policy and local participation.[2], which has a socio-economic bias. The necessary
Thus, three specific questions are addressed. Firgtansition to renewable resources is emphasized by
what cover is present? This question requires thabtoodland and Ledec [17], who state that renewable
remote sensing provides information on land cover asesources should be used in a way that does not degrade
well as terrain attributes such as slope, aspect and terrahrem, and non-renewable resources used so that they
position. The second question addresses whether the wwlbw an orderly societal transition to renewable energy
(management) of the cover is sustainable. This queseurces.
tion requires temporal data collection to monitor whether That changes continually occur at many spated, (
the environment is degrading or otherwise changingglobal, regional, local) and tempora&g ice ages, defor-
The third question is: How can remote sensing and Gl8station, fire) scales is obvious to any observer. For
contribute to the policy tools of generating policy, pro-example, change may occur in the species occupying a
viding information and ensuring participation by all site, amount of nitrate in ground water or crop yield
stakeholders? from a field. Change may also occur in human welfare
indices such as health or education. To assess whether
such changes are sustainable is a non-trivial problem.
SUSTAINABLE DEVELOPMENT Possibly the greatest advantage of the debate about sus-
Sustainable development has been defined in martginable development is that the long-term capacity of

the Earth to sustain human life through a healthy and

1 Department of Land Resource and Urban Sciences, ITC properly functioning global ecosystem is becoming a
2 School of Geography, University of New South Wales, Sydney 2052normal political goal.
Australia
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REVIEW OF REMOTE SENSING FOR RESOURCE  and records two spectral bands in the visible and near-
INVENTORY AND MONITORING infrared. The data from the AVHRR have been used to
INTRODUCTION map global land cover (Figure 1) when degraded to a
Since the launch of ERTS-1 (Landsat 1) in 1972pixel size of 4 km. Land cover is an input layer to glob-
digital remote sensing has been used with some succedasclimate models, in addition to being important for
to monitor natural resources and provide input to bettezstimating the pattern of soil erosion over the Earth.
manage the Earth. Applications have included moniAVHRR imagery has been used to estimate global bio-
toring of deforestation, agroecologic zonation, ozonenass production (Figure 2), as well as regional estimates
layer depletion, food early warning systems, monitoringf biomass (Figure 3). Apart from use in global models,
of large atmospheric-oceanic anomalies such as Hhe imagery is also effective in awareness building of the
Nifio, climate and weather prediction, ocean mappingtate of the Earth’s environment, as well as policy devel-
and monitoring, wetland degradation, vegetation mapepment for government.
ping, soil mapping, natural disaster and hazard assess-When used in a time series, the seasonal increase and
ment and mapping, and land cover maps for input teenescence of vegetation may be related to agricultural
global climate models. These techniques have beend grassland production (see Figure 3 for Kenya). The
developed using rather rudimentary sensing systemiformation contained in Figure 3 forms the basis of
such as NOAA AVHRR, Landsat MSS and TM, andfood early warning systems in Africa; for example, in
Spot panchromatic. Although developments have beet®97 the Kenyan government imported extra grain to
broadly based across many divergent disciplines, them@void shortages caused by drought, with the decision
is still much work required to develop remotely sensedbased partly on information derived from the data in
images suited to natural resource management, refidrdgure 3 [33]. FAO produces a 10-day summary of
techniques, improve the accuracy of output, andiDVI (normalized difference vegetation index), an
demonstrate and implement work in operational sysindex indicating biomass.

tems. At a global scale, biomass production of oceans has
been estimated using the coastal zone colour scanner, a
GLOBAL MAPPING AND MONITORING NASA instrument with 825 m pixel and six channels

A number of satellite systems have been dedicated tptimized to map and monitor the oceans (Figure 4).
monitoring the global environment. Probably the mosNew systems are planned, such as the SeaWifs system
commonly used for natural resource management has the European Space Agencies ENVISAT (planned
been the NOAA AVHRR, which has a twice daily over-launch 1999).
pass and can be freely downloaded by low-cost ground Another famous satellite is the total ozone mapping
receiving stations. It has a nominal pixel size of 1.1 knsystem (TOMS). This satellite raised awareness of

O
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FIGURE 1 Land cover map derived from AVHRR data (source: NASA)
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FIGURE 2 Biomass map derived from AVHRR data (source: NASA) Dark blue and green areas represent dense vegetation,
pink and dark-red areas represent sparse vegetation

FIGURE 3B NDVI map for
Kenya; average NDVI for
all 10-day periods during
1990 (source: FAO). Red
colour is high biomass,
yellow is low biomass

FIGURE 3A NDVI map for
Kenya; average NDVI for
all 10-day periods during
1981 (source: FAO). Red
colour is high biomass,
yellow is low biomass

FIGURE 4 Coastal zone
colour scanner image of
ocean biomass (source:
NASA)
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ozone depletion, and assisted agreements limiting tHé&CAL MAPPING AND MONITORING

global use of ozone-depleting chemicals. Local mapping has traditionally been undertaken
Finally, the daily use of the global meteorologic satelusing aerial photographs in combination with topograph-

lite system (GMS) by weather forecasting agencies i& maps (if available). The use of aerial photographs in

familiar to most people (Figure 5). The GMS offersa wide variety of applications is detailed in Colwell [8].

hourly updates and has two visible channels with pixel

sizes of 1 km, as well as a thermal infrared channel of 5
km size. NEW ADVANCES IN REMOTE SENSING FOR

SUSTAINABLE DEVELOPMENT
INTRODUCTION

Three recent innovations in remote sensivig, fadar,
hyperspectral imaging and high spatial resolution) offer
promising techniques to assist sustainable development.
Radar is frequently cited as a solution for mapping the
structure of vegetation as well as the moisture of soils
and geomorphologic patterns. Hyperspectral remotely
sensed data provide information on vegetation floristics,
soil type and soil chemistry. High spatial resolution
images (formerly limited to “spy satellites”) will offer
extremely high spatial resolution images (comparable to
aerial photographs) within a few hours of acquisition.
These innovations are reviewed, and their potential for
monitoring and mapping sustainable land management is
assessed.

PART I: HYPERSPECTRAL REMOTE SENSING
Introduction
Hyperspectral imagery (also called high spectral reso-
lution imagery) uses scanners with very many narrow
bands that span a wider section of the electromagnetic
spectrum from the visible to the near-infrared, compared
with traditional multispectral scanners such as the
FIGURE 5 Weather patterns derived from GMS (source: ~ Landsat MSS or TM. When the reflectance curve is
NASA) plotted against the broad bands of Landsat MSS, it is
obvious that the broad band scanners tend to average out
important differences in reflectance over small spectral
resolution (Figure 7). It is also apparent that the spec-
REGIONAL MAPPING AND MONITORING tral ranges where the broad bands are placed may not
The Landsat multispectral scanner (MSS) data series
commenced acquisition in 1972, and has had an unbr
ken data record since then. For regional-scale mappir
and monitoring, the instrument has been widely useg. -
With a 60 x 80 m pixel and four bands in the visible ang
near-infrared, Landsat MSS introduced multispectra,
remote sensing to earth resource scientists. A later se
sor, called the Landsat Thematic Mapper (TM), offered =
higher spatial resolution (30 x 30 m) as well as mor¢
spectral bands (seven channels). Similar remote sensijg®o
sensors have been launched by other nations, such as
Indian Remote Sensing (IRS) satellite system and t
French Spot.
The Landsat MSS, TM, Spot and IRS have had wid "!‘-l
application in natural resource management, primarily i -"':'I.F,;g 1
the inventory and measurement of natural resources, L
well as monitoring change. An example of the utility of -
this type of data is shown in Figure 6, which is &
Landsat MSS image from 1991 showing two arms of
Macquarie Marsh in NSW, Australia. The western ar
supplies water to rice growers and has been drained.
map showing the change in wetland area can be gener
ed using imagery from 1972. Such information is esse
tial for developing policy on the change in land cover a ]
a result of human activity, and thereby indicating ok

whether the activity is sustainable, from a biophysicariGURE 6 Landsat MSS image of Macquarie Marsh, NSW.
perspective. Note the left-hand branch has been drained
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Applications
Researchers have found relationships between vegeta-
tion properties and remotely sensed variables (Table 1).
In order to summarize these diverse experiments in one
table, the “cover” variable includes leaf area index, basal
area and canopy cover, and the “volume and productivi-
ty” variable includes age, height, volume, diameter and
density. In the body of the table, the vegetation variable
is specified as well as the author of the study, date and
type of remotely sensed data. For example, in Table 1
at the intersection of the “cover” column, with the
“green” row, the key shows that Brockhaus and
Khorram, 1992 [5] found a significant relationship
between green TM band (2) with basal area of trees.
The “cover” variables of leaf area index, basal area
- and canopy cover have been correlated with the visible,
FIGURE 7 Spectral reflectance curve for mineral with near-infrared and middle-infrared. Red reflectance has a
Landsat MSS absorption bands superimposed in colour consistent negative correlation with leaf area index
(LAI), biomass and canopy cover (Badhwer d [1],
coincide with the areas of maximum difference in theFranklin et al [15], Tucker [48], Petersomt al [36],
spectral curves for vegetation. Spanne et al [45], Nemaniet al[35]), and green and red
Hyperspectral remote sensing was developed in theflectance with basal area (Brockhawt d [4],
1980s through airborne systems, and in the late 1990sBaockhaus and Khorram [5]). These authors also report
number of satellite systems are planned for launcha weak or slightly positive correlation between LAl and
There are at least 35 operational airborne systems.  near-infrared reflectance. For woodlands and savannah
The potential of hyperspectral remote sensing for suswith sparse tree cover, Franklet d [14] found blue,
tainable land management is large; it represents a leap gneen and red bands were strongly negatively correlated
the ability to distinguish between cover types, and henceith canopy cover. Hamet d [20], Brockhauset al
begin to accurately monitor land degradation throwegh, [4], Brockhaus and Khorram [5] and Danson and Curran
changes in vegetation composition and structure (cover)10] note inverse correlations for tree basal area with the
changes in soil chemistry and structure, evapotranspira&ear- and middle-infrared, and Frankkh d [14] report

tion and catchment hydrology, and forest depletion. negative correlations for canopy cover. A more compli-
_ o cated situation is described by Spanatal [45], where
Main Principles forests with canopy cover greater than 89 percent exhib-

Recent successes with hyperspectral imagery havepositive correlation with the leaf area index, but open
been achieved using aircraft scanners. Hyperspectridrests have a raised near-infrared response: between
scanners are passive; in other words they receive radithese two extremes the near-infrared response was flat.
tion reflected from the Earths surface. At an altitude ofhe middle-infrared wavelengths correlated with forest
500 km, a spaceborne sensor receives approximatetanopy closure [7] and leaf area index [45]. Peteeton
10,000 times less radiation than an aircraft at 5 kmal [36] reported a strong relationship between leaf area
Therefore, much less signal (information) is received byndex and a near-infrared/red ratio, but Spanaeral
the satellite compared with the aircraft, with a lower sig{45] found a confused relationship with this ratio. The
nal-to-noise ratio. The signal-to-noise ratio is of primenormalized difference vegetation index (NDVI) ratio
importance in hyperspectral remote sensing. With airwas weakly correlated with canopy cover [14].
craft sensors, it is possible to have small pixels (say 2 tdowever, Nemanket d [35] concluded that NDVI can-

5 m) as well as narrow wavelength bands (usuallyot be used to estimate LAI for open canopy conditions.
around 10 nm). With satellite systems, a choice must be With respect to the “volume and productivity” vari-
made between either narrow bands coupled with largable in Table 1, Turneet d [50] and De Wulfet al
pixels g ESA Envisat has larger pixels of 250 m and[12], showed that Spot bands in the visible were not sig-
band widths of about 1 to 25 nm) or wide band widthsiificantly correlated with any forest plantation parame-
and higher spatial resolutiored Spot XS has a pixel ters, but De Wulfet d [12] noted that the Spot panchro-
size of about 20 m but a few wide bands). The advammatic band, which spans the visible, correlated with
tage of aircraft scanners is that spatial and spectral resgtand density and average canopy height. In contrast,
lution is high, and these sensors are therefore idealanson and Curran [10] reported that the red radiance
suited for detailed local surveys. However, the cost oforrelated with age, density, DBH and height, and
the data is high, unless a consortium can be formed &iorella and Ripple [13] found a correlation between the
the user is a very large organisation, and there are probisible bands and mature and old-growth forests.
lems with geometric correction of the imagery due to th&kidmore and Turner [42] found that as age varied for
less stable (aircraft) platform. coniferous plantations, different Landsat MSS responses

In contrast, the cost of satellite data is substantiallywere recorded.
less, and will be better suited to environmental applica- When considering the “volume and productivity” vari-
tions requiring more repetitive coverage. The challengables at infrared wavelengths, Turredral [50], Leprieur
in the future will be to create spaceborne scanners witét al [28], Hameet d [20] and Danson and Curran [10]
higher spatial and spectral resolution, while maintainingeported that the near-infrared band had a significant
high signal-to-noise ratios. negative relationship with age; however, Haeteal [20]
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reported that the near-infrared band was correlated witthis effect. Another problem highlighted by Karaska
tree volume (which conflicts with the results of Turneral [26] was the percentage of tree and shrub cover,
et d [50] and Leprieuret al [28]) as well as mean tree which masked the effect of topographic variables on
diameter. Again in contrast with the above resultsspectral responses. There has been some debate whether
Danson and Curran [10] discovered the near-infraredambertian ig, light is scattered equally in all directions
correlated with density, DBH and height. The middlefrom a surface) or non-Lambertian models are more suit-
infrared wavelengths correlated with stem density [25]ed for modelling topographic shadowing [30, 25],
while Leprieuret d [28] concluded that middle-infrared although Smithet d [44] and Holben and Justice [22]
reflectance decreases with increasing stand agshowed that ponderosa pine and sand will exhibit both
Thermal infrared was correlated with forest structuraLambertian and non-Lambertian scattering at different
characteristics [23]. More recent work by Fiorella andsun incident angles. Thus, as Justated [25] stated
Ripple [13] found that ratios of near-infrared/red andback in 1981, reducing topographic effects in remotely
near-infrared/middle-infrared correlated with structuralsensed data by using digital terrain models is difficult;
forms. and even today this topic remains inconclusive.

Cook et d [9] discovered that vegetation productivity = Two recent experiments have been undertaken by the
is more strongly related to band ratios than individuahuthors in eucalypt forests of NSW, Australia, and the
bands. Ratios of middle-infrared to near-infrared, asangeland of the Masai Mara Nature Reserve, Kenya. In
well as ratios of middle-infrared and visible (blue), wereboth experiments, the principle aim was to evaluate
important. In mountainous sites, Coek d [9] found whether species may be distinguished based on the
that Landsat TM band 6 (thermal infrared), in varyingspectral response. In addition, work is underway to try
ratios with visible bands, correlated significantly withand scale up the spectral response of the individual
productivity. species to the response obtained for a pixel.

Horler and Ahern [24] found the red, near-infrared The grassland studies at Masai Mara Nature Reserve
and middle-infrared useful for discriminating Canadianshow that there are significant differences between eight
forests. Nelsoret d [34] analyzed (simulated) TM data, grass species. In these experiments, the spectral position
and concluded most information about vegetation waef maximum difference was at the visible-red (around
contained in the blue, near-infrared and middle-infrared600 to 700 nm) and the near-infrared—middle-infrared
Thermal infrared was used by Holbo and Luvall [23] to(approximately 1200 to 1600 nm) (Figure 8). The sta-
map broad forest type classes. tistical difference between the different grass species (as

Vegetation dieback and damage are best mapped Ibgsted using the student’s t-test) is indicated on Figure 9;
band ratios. Roclet d [39] and Vogelmann and Rock the vertical shading indicates the number of species
[52] correlated thermal/middle-infrared and thermal/nearwhich had a statistically different reflectance for the var-
infrared ratios with dieback in high altitude spruce-firious wavelengths. Note that with eight species, a total
forests, and Defeoet d [1] found the middle- of 28 possible combinations of species may be available.
infrared/near-infrared ratio significant. Vogelmann [51]Another interesting result is that the area of the spectrum
concluded that NDVI was more suitable for monitoringwhich best discriminates senescence of vegetation (based
broadleaf forest damage, while a ratio of middle-infraredbn a two-week period whemmhemida triandra was
to near-infrared was best for both coniferous andenescing or “haying off”) was also at the same wave-
broadleaf forests. Leckiet d [27] concluded that ratios lengths (Figure 9). Clearly this has implications for the
and normalized differences of the spectral bands beshoice of suitable wavelengths for discriminating vege-
discriminated spruce budworm damage. tation in scanners, and requires further study.

The impact of terrain on vegetation reflectance values The geologists have made advanced use of hyperspec-
has been widely reported, as forested areas often ocdwmal data. An example is shown in Figure 10, where the
over rugged areas. For example, Hoffer [21] improvedpectral response curve for kaolinite is measured at 2
the accuracy of remote sensing classifications by includnm by a spectrometer (PIMA-II) and at 22 km by the
ing elevation, while Strahlest d [46, 47] also improved
mapping by incorporating topographic date, (slope,
aspect, elevation). Richardst d [38] and Skidmore
[41] used topographic information with Landsat TM da
to improve forest type mapping.

Areas which are shadowed as a result of topograf
will have lower mean and variance brightness valu
compared with areas which are sunlit [22, 25 |
However, increasing the brightness of shadowed ar
(that have a low variance) will not increase the amot
of information contentper se Shadow in remotely
sensed images is in part determined by the steepnes !
the topography [19]. Lepriewt d [28] also investigat-
ed the relationship between slope gradient a
reflectance, but found the relationship was confused
variations in the vegetation cover. Aspect is an impc
tant terrain variable which influences remotely sens :
reflectance; for example, Prat d [37] found that well ¢ Gure s Reflectance curve for vegetation with grey shading
illuminated pixels are not influenced by scattered sk'representing the number of significant differences between
irradiance, but shadowed pixels require adjustment fcthe eight grass species in Masai Mara Nature Reserve
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AVIRIS scanner. The characteristic absorption pits, asompared with virtually total absorption of water (see
well as similarity between the two curves should bearrow on Figure 12).
noted. The popular “linear unmixing” method of classi- Finally, hyperspectral data may be used for natural
fying the percentage of cover components within a pixedlisaster monitoring, especially with aircraft-borne sys-
has been developed for hyperspectral data [3]. tems which permit rapid response. For major catastro-

Another interesting application is the use of the midphes, high spatial resolution panchromatic images (or
dle-infrared to measure atmospheric water vapouserial photographs) may suffice (see below for the
(Figure 11). Such studies may be extended to mappirdgscription of new high resolution satellite images). But
evapotranspiration. Evapotranspiration or water vapouf a detailed classification, such as the deposition of silt
maps may be used as input (independent) variables fand sand after a flood, or the pattern of burnt vegetation
crop growth models, drought prediction, land suitabilityafter a fire, must be mapped, then hyperspectral data
and capability assessment, as well as catchment asdould provide a higher classification accuracy.
water balance applications.

Hyperspectral data are frequently displayed as “imageART Il: RADAR REMOTE SENSING
cubes”, where an image (usually a colour compositeftroduction
represents the surface, and the bandg @24 for Since the 1970s, imaging radar has been used to map
AVIRIS) are detailed on the sides of the cube, goingatural resources, first from aircraft and since 1991 from
from short wavelengths at the top of the cube to longesatellite platforms. Few sensors in the microwave sec-
wavelengths at the bottom of the cube. As shown ition of the spectrum work with the reflected/emitted
Figure 12, the image cube may allow anomalies to beadiation of the Earth itself, like sensors in the optical
visualized; in this case, a saltwater pool with red shrimpand infrared section do. Most radar sensors used for
swarms has an obviously different spectral responsmapping and monitoring natural resources are active
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FIGURE 9 Time series for senescing of grass over three  FIGURE 10 Reflectance of kaolinite from 2 mm (PIMA-Il) and
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FIGURE 11 Water vapour map prepared using AVIRIS
(source: NASA)

FIGURE 12 Image cube prepared using AVIRIS (source:
NASA)
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sensors, receiving the reflection of the radiation theyhe glacier could not be monitored by conventional

emit themselves. This has the advantage that the sengemote sensing methods. Other application areas which
can be used any time during night or day. As the wavewnay benefit from these techniques include areas of mine
lengths used are in the order of a few millimeters tsubsidence, as well as mud slips.

nearly 70 centimeters, the radiation is not reflected or Finally, benefits of the satellite radar systems are sta-
absorbed by clouds or haze. This is especially importatie platforms offering well-calibrated data. There are no

in a large number of humid areas, where optical oproblems with haze, smoke or cloud, and consequently
infrared sensors are of limited use for mapping and moratmospheric corrections are not required.

itoring natural resources because of clouds and haze.
PART IIl: HIGH SPATIAL RESOLUTION IMAGERY

Main Principles Introduction

The microwave radiation emitted by the sensor reach- By 1998, high-resolution “spy” satellite images
es the surface and is scattered. Part of the scattered sspould be available at low cost, with delivery within a
nal is received by the sensor; this is called the backscadew hours. Two competing American companies, Space
ter. The intensity of the backscatter depends on charabmaging EOSAT and Earthwatch, plan to launch satel-
teristics of the sensor and of the scattering surface. Ties with pixel sizes of 1 m and 3 m, respectively. A
start with the latter, generally backscatter increases witbecond satellite will be launched by Earthwatch in 1999
the amount of moisture in the soil and the vegetation ananhd will have a resolution of 85 cm.
with the roughness of the surface (both canopy as well
as soil surface). The longer the wavelength used, théain Principles
deeper the waves will penetrate the vegetation or the soil These commercial systems are being built by the same
surface. The backscatter in X- and C-bands gives infocompanies which developed spy satellites for the
mation on the upper few centimeters of a bare soil, oAmerican military. The satellites have a telescope
the upper part of the canopy of a closed forest. The Lwhich can be rotated up to 30 degrees off nadir, to point
band will penetrate a few decimeters into a bare soiht targets nominated by customers. The sensors are
depending on the moisture content, and gives informa-
tion on the larger branches of the trees in a closed fo
est. The P-band penetrates deeper into the soil, a
gives information on the trunks in the forest, and on th
understorey. This illustrates that a combination of se
eral wavelengths will make it possible to make moisturg
profiles in soils as well as see differences in the distrib
ution of biomass in forests. In vegetation with less bio
mass and/or a more open canopy, backscatter will k
influenced by both soil as well as vegetation characterig
tics.

Polarimetry refers to the study of how the polarized
(horizontal or vertical) radar electromagnetic radiation is
scattered by the surface. Traditional radar sensors co
transmit microwaves in a vertical or horizontal mode
and then receive the reflected vertical or horizonta
mode. In other words, there were four possibilités
V-V (ie, receive vertical and transmit vertical), H-k& (
receive horizontal and transmit horizontal), H-Ve,(
receive horizontal and transmit vertical), and finally V-
H (ie, receive vertical and transmit horizontal). More
recently, multipolarized images may be generated (bast
on the Stokes matrix) which allow all combinations off
polarization between vertical and horizontal to be simu}
lated. The polarimetry images provide further insights
to the structure and floristics of vegetation, soil proper
ties and parent material.

By using a time delay (difference) in recording
radar image as a satellite or aircraft proceeds along
flight line, a digital elevation model may be generateq
by interferometry. An interesting application has bee
the monitoring of the recent Iceland volcanic eruptio
which occurred under a glacier (Figure 13). The chang
in elevation of the glacier (due to meltwater under thg
ice having a smaller volume than the ice) was monitore
by interferometry with high accuracy, and the volume o : g s i
_m_eltwater_ was  accurately pred'Ct.ed (see http:/‘=|GURE 13 Interferogram from ERS-1 and ERS-2 images
isis.dIr.de/info/news/volcano for the interferometry of axen two days apart (Vatnajokull volcano, Iceland). The

the volcano on Iceland erupting). In this case, the radipear-shaped depression in the middle of the image is the
was invaluable as the area is cloudy, and the change volcanically active area (source: DLR, Germany)

ERUPTION SITE
LOKI-RIDGE

GREIMSVOTN
'CALDERA
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arrays of charge coupled devices (similar to the Sp g
sensor system). The closest current competitors are
Spot panchromatic system, with a resolution of 10 m,
well as former Russian military photographs with a 3 |
resolution (Figure 14). The Russian photographs have
limited coverage, and delivery has been slow and diff !
cult, although a US distributor is now working effective
ly.
There is nothing particularly new about high spati
resolution technology; it has been known informally fo
many years that military satellites are able to resol
objects as small as 10 cm. The difference is that tt
high resolution imagery was only available through ae
ial photographs. Aerial photographs are expensive [
obtain (or buy), and natural resource managers oft
have restricted access in developing countries due g
“security concerns”. .
The new satellites will offer lower resolution than th
military systems, but will deliver imagery just as quick &
ly. It is the ability to rapidly acquire images whick
should be of most use for natural resource managem
and sustainable land use. -

FIGURE 15 Dallas (USA) with simulated 1 m resolution data
(source: Russian Space Photograph Archive)

FIGURE 14 High spatial resolution imagery (source: Russian
Space Photograph Archive)

Applications and Potential for Sustainable Land Use

The low cost of the imagery is an obvious advantag|
for natural resource managers, particularly in developinf
countries. Urban planners will also find the imagery of

A

W
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great interest (Figure 15). Another potentially usefu i -e;m ”'-__J.::-‘.__w.:'l..
application is the use of this imagery for map making— o Tl :'E_!'Jt
updating maps is slow and expensive, and a number == "?&WI-
agencies have been using satellite imagery or orthoph‘r'-'r ! ; ¥,

tographs as a base over which traditional cartographl*f o
line work (g, roads, rivers, cadastre, etc) are placetgd i
(Figure 16).

Perhaps the greatest advantage of rapid delivery g -
images is for checking and control of human activities
and impacts. This will allow users to monitor new
developments, as well as design methods to asse
whether environments are degrading as a result ¢
resource utilization.

Ironically, military applications may benefit; an appli-
sustainable land management. The images will allo\digital line work (source: Land Information Centre, Bathurst,
strategic targets to be identified and mapped, as well ‘Australia)
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priming missile guidance systems with the necessarinterests have sometimes had poor conservation success,
coordinate systems. On the other hand, the publiclwhile simultaneously failing to meet the needs of the
available data will make the build-up of arms (such asocal population. Survey and planning techniques with a
building missile bunkers) much more transparent to thiocal focus have been termed PRA (participatory rural
rest of the world. appraisal), while RRA (rapid rural appraisal) are applic-
able for larger areas at higher administrative levels and
map scales [31, 32]. But the inclusion of socio-eco-
PROMISING ALGORITHMS FOR SUSTAINABLE ¢ approaches and data must be consistent with con-
DEVELOPMENT ventional scientific methods in order to avoid bias,
Visualization is an important tool for assessing thamaintain credibility, and check the veracity of the out-
impact of a development. Three examples are showput.
The first (Figure 17) details a land cover map classified Indeed, both socio-economic and biophysical
from remotely sensed data draped over an elevaticapproaches may be combined, in order to provide data
“grid”. Such applications are useful for land suitabilityand information for decision makers and the planning
studies, change detection and obtaining knowledge aboptocess. Successful examples of biophysical studies at
where in the landscape particular land cover, or lanthe local scale€g, [43]) and regional scale [49] have the
cover changes, are occurring. The second examppmtential to be used with socio-economic data collected
(Figure 18) was produced by draping an aerial photoat similar scaleseg, PRA for local €g,[40]) and RRA
graph of water and forest over a DEM wire frame. Aat a regional level). Integration is facilitated though
forester then prescribed the areas proposed to Isite-specific data collection, where biophysical and land
clearcut, and these areas are “visualized” by replacingse data are collected for the same plot and are directly
the forest aerial photograph, with a “cookie cut-out” of across-checked and integrated.
cleacut area. A third “visualization” example, designed For most natural resource applicatiorep, (forestry,
to reduce the production cost of topographic maps, is tagriculture, nature conservation), a people-centered
superimpose cartographic line workeg( transport, approach must be joined with a biophysically based
cadastre, hydrographic features) onto a orthophotogram@pproach, if the use and conservation of natural
or high resolution satellite image (Figure 16). resources are to be balanced. Both approaches may be
A second technique holding promise is the expert sysupported by remote sensing and GIS. Some attempts at
tem [43]. In this technique, knowledge about a resourcitegrating participatory methods with remote sensing
is formalized as a set of rules, which may be used tand GIS have been madeg( [40, 18]). Maps of bio-
classify digital spatial data. Operational accuracies havghysical resources for policy and district management
been achieved. These techniques may be particularptans are usually derived by aerial photographs (and
relevant when used in combination with informationmore recently by digital image processing and GIS).
obtained from participatory rural appraisal (PRA) andrurther research into the issue of a multi-scale interac-

rapid rural appraisal (RRA) methods (see below for
]
SIB £

details). L 2.5 km
I

ZI]B' 20 El 48
[ '

POLICY TOOLS AND INFORMATION NEEDS FOR
SUSTAINABLE DEVELOPMENT

In recent years, new approaches to natural resources
management have emerged, based on the participation of
local populations, such as joint forest management,
social forestry and eco-development projects.
Approaches ignoring local knowledge and stakeholder

FIGURE 17 Drape of classified image over a digital elevation model
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TABLE 1 Literature references of relationships between vegetation properties and remotely sensed variables

R.S. Forest variable
Band Cover Volume and productivity Type Damage
Blue e Franklinet d 1991, [14]—COVER—TM « Fiorella & Ripple, 1993 [13]—AGE—TM e Lillesard et al, 1985 [29]—TM e Leckieet al, 1992 [27]—TM

Green » Brockhaus & Khorram, 1992 [5]—BA—TM ¢ Fiorella & Ripple, 1993 [13| —AGE—TM

* Franklinet al, 1991 [14] —COVER—TM e Brockhaus & Khorram, 1992 [5]—AGE—TM
Red » Badhwaret al, 1984 [1]—LAI—TM e Skidmore & Turner, 1988 [42]—AGE—TM

e Franklinet al, 1986 [15]—LAI—TM * Brockhaus & Khorram, 1992 [5]—AGE—TM

e Franklinet al, 1991 [14]—COVER—TM e Danson & Curran, 1993 [10]—AGE

* Tucker, 1979 [48]—LAI—MSS e —AV HT

* Petersoret al, 1987 [36]—LAI—TM e —DBH

» Spanneet al, 1990 [45]—LAI—TM ¢ —VOL

» Brockhaus & Khorram, 1992 [5]—BA—TM
* Nemaniet al, 1993 [35]—LAI—TM

Pan e De Wulfet al, 1990 [12]—AV HT—S
visible * De Wulfet al, 1990 [12]—VOL—S
Near-IR » Hameet al, 1983 [20]—BA—S * Fiorella & Ripple, 1993 [13]—AGE—TM
» Brockhaus & Khorram, 1992 [5]—BA—TM ¢ Brockhaus & Khorram, 1992 [5]—AGE—TM
» Brockhauset al, 1983 [4]| —BA—TM e Turneret al, 1983 [50]—AGE—S
» Danson & Curran, 1993 [10]—BA—TM e —AV HT—S
» Badhwaret al, 1984 [1]—LAI—TM e Hameet al, 1983 [20|—AGE—S
* Franklinet al, 1986 [15]—LAI—TM e —VOL—S
e Franklinet al, 1991 [14]|—COVER—TM e« —DBH—S
* Tucker, 1979 [48]—LAI—MSS e Leprieuret al, 198 [28] —TM—AGE—TM
* Petersoret al, 1987 [36]—LAI—TM e Danson & Curran, 1993 [10]—AGE—TM
» Spanneet al, 1990 [45]—LAI—TM e —AV HT
« —DBH
« —VOL
Middle- * Brockhaus & Khorram, 1992 [5]—BA—TM ¢ Brockhaus & Khorram, 1992 [5]—AGE—TM
IR e Butera, 1986 [A-COVER—TM e Leprieuret al, 198 [28]—AGE—TM
e Franklin et al, 1991 [14]—COVER—TM e Horler & Ahern, 1986 [24]—VOL—TM
Ratio * Nemai et al, 1993 [35]—LAl—modified » Cooket al, 1989 [9]—PROD—TM—
NDVI—TM MIR/NIR

¢ —PROD—TM—MIR/blue

¢ —PROD—TM—TIR/Vis

* Fiorella & Ripple, 1993 [13]—AGE—TM
NIR/red

e —AGE—TM—MIR/NIR

* Nelsonet al, 1984 [34]—TM

e Lillesard et al, 198 [29]—TM

* Horler & Ahern, 1986 [24]—TM

» Horler & Ahern, 1986 [24]—TM
* Nelsonet al, 1984 [34]—TM

e Horler & Ahern, 1986 [24]—TM
¢ Nelsonet al, 1984 [34]—TM

e Horler & Ahern, 1986 [24]—TM
* Nelsonet al, 1984 [34]—TM
e Tucker, 1979 [48]—MSS

* Leckieet al, 1992 [27]—
NIR/red—TM

e —norm-diff—TM

» Defeoet al, 1987 [11]—
MIR/NIR—TM

* Rok et al, 1986 [39]—
TIRIMIR—TM

* Vogelmann & Rock, 1986
[52]—TIR/MIR—TM

* Vogelmann & Rock, 1986
[52]—TIR/NIR—TM

* Vogelmann, 1990 [51]—
NDVI, MIR/NIR—TM

NS 10} S|9 pue Buisuss ajoway

v/€-L66T leudnor D1l
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Terrain  Hall-Kényves, 1987 [19]—

gradient—TM

» Karaskaet al, 1986 [26]—
gradient—TM

« Strahleret al, 1980 [46]—
gradient—TM

 Hoffer, 1975 [21]—
elevation—Skylab

« Strahleret al, 1980 [46]—
elevation—TM

* —aspect

« —gradient

« Skidmore, 1989 [41]—TM—
aspect—TM

* Richardset al, 1982 [38]—
aspect—TM

NS 10J S|9 pue Buisuas sjoway

- Forest variables: BA = basal area; LAl = leaf area index; COVER = crown cover; AV HT = average stand height; VOL = stand volume; DBH = diameter at breast height; PROD =
forest productivity

- Terrain variables: gradient = slope gradient; elevation = altitude or elevation
- Remote sensing bands: blue = visible blue; green = visible green; red = visible red; NIR = near-infrared; MIR = middle-infrared

- Remote sensing ratios: NIR/red = near-infrared to red ratio; MIR/NIR = middle-infrared to near-infrared ratio; TIR/MIR = thermal-infrared to middle-infrared ratio; TIR/NIR = ther-
mal-infrared to near-infrared ratio; norm-diff = normalized difference

- Remotely sensed data source: TM = Landsat Thematic Mapper; S = Spot; MSS = Landsat MSS; Skylab = NASA Skylab data
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FIGURE 18 Visualization of proposed forest operations.
Aerial photographs draped on a DEM “wire frame”

tion and communication between different planning lev-
els represents a major challenge.

However, it should be emphasized that there are three
essential components for any sustainable development.
These are:

(1) Information Information on which to base plan-
ning and decision making, and to monitor whether the
activity is indeed sustainable, through change detection.
In recent times, less emphasis has been placed on good
data and information supply by donor organizations,
government and industry. Exceptions are the wildlife
and livestock records, as well as agricultural production
figures, which have been collected for 20 years by the
Department of Remote Sensing and Resource
Assessment, Nairobi. From this time series data, con-
clusions may be drawn about the decline of wildlife,
famine early warning systems and increasing livestock
populations.
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(2) Policy: Clear and unambiguous policy is required
at global, national, regional and local levels, to guide the
planning and utilization of resources.

(3) Participation. Unless stakeholders (at all levels) 12
are involved in considering the consequences of their
actions, then a development will not be sustainable. 13

Equally important is to have a well educated society
which can consider and debate the consequences of the
development. 14

CONCLUSIONS 15

In this paper, a small selection of successful remote
sensing applications in the area of sustainable develop-
ment have been reviewed. Three recent types of remote-
ly sensed imagery (high spatial resolution, hyperspectral;
and radar) are discussed, and the potential outlined.
Finally some methods for using and integrating these
data with appropriate algorithms and planning environi8
ments are discussed. Any sustainable development
should balance information supply, good policy and par;,
ticipation.
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