Biologist’s'l oolbox

Imaging radar for ccosystem studies

atellites vastly extend the sur

veillance of Parth’s surface.

Often, however, the view {from
space 1s obscured by clouds, which
prevent remote seusing, with optical
or thermal sensors. Because of cloud
cover and other inherent limitations
of optical and thermal sensors, many
IMportant ccosystem properties re-
lated 1o structural features of the
vegetation and surface moisture con-
ditions cannot be adequately as-
sessed. As analternative, microwave
sensors (imaging radar) have longer
wavelengths (from | em to 150 ¢m)
that penetrate the densest cloud
cover and are partcularly sensitive
to the presence of water,

To date the principal applications
of imaging radar have been the
mapping ol geolopic features and
the following of scasonal changes in
sea-ice. Recenty a number of satel-
lites have been launched with rada
sensors, thus expanding opportunt-
ties for global assessments (Way and
Smith 1991): two Furopean Earth
Remote Sensing Satellites, ERS-1
and RS 2 (Attema 1991); a Japa:
nese Farth Resources Satellite,
JERS 1 (Nemoto et al, 1991); and,
planned o late 1995 a Canadian
satellite, RADARSAT (Parashar et al.
1993).

In this article we focus on the
applications of imaging radar, which
is a type of sensor that actively gen-
crates pulses of microwaves and, in
the interval between sending pulses,
records the returning signals re-
flected back to an antenna. The ge-
ometry of an object and its compo-
sttion strongly influence the strength
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Table 1. Band designations and corre
sponding wavelength MU ervals and ire
quency T ey forrad Ly segorn,

Band Wavcelength range 1+ requency range

{cm) (GH7)
K 2.75-0.83 10.9-36.0
X 5.201-2.75% 5.75 109
C 7.19-5.21 4.2-5.75
1 76.9- 194 (.39 1.55
P 133.3-70.9 0.225-0.39

of the reflected nicrowave pulses.
An important assct of radar is its
ability to sense the amount of water
present inoor on various surfaces
and whether the water is ina frozen
or liquid state.

The resolutionatwhich objects may
be discerned with radar 15 propor-
tional to the ratio between wavelength
and antenna lengdh, The image spanal
resolution for a real aperture radar s
the angular resolution multuphed by
the antenna’s distance from the s
face. This relationship creates a prob
lem because an instrament such as the
SeaSat radar at 800-kilometers alu:
tude and 24-centimeters wavelength
would provide a resolution of 20 ki
with its T0-meter antenna (Curlander
and McDonough 1991), To improve
resolution, a synthetic aperture radar
(SAR) technique is used in which the
phase and magnitude of the returned
ccho is recorded for the entire time a
feature on the carth’s surface is in
view of the radar. A high-resolution
image is then produced in the image
processing by synthesizing an ex-
tremely lTong antenna,

The spatial resolution of images
produced by airborne SAR systems
is typically in the 1- 13-meter range,
comparced with 10- 30 m for satelhite
SARs. The imagery as acquired at
various angles and ficlds of view,
offering a trade-off between spatial
resolution and area coverage (Fig
ure 1) The smaller the SAR viewing
angle, the stronger the influence of

topography (Bayeretal. 1991, Hinse
ct al. 1988, van Zyl 1993). Because
SAR satellites repeat coverage as of-
ten as every three days, a consider-
able amount of fine temporal reso-
lution data may be acquired to
monitor ccosystem conditions,
which vary on daily to weekly time
scales.

Synthetic aperture
radar imagery

Most imaginyg, radar sensors operate
in a specific band within the micro-
wave wavelength range between
approximatcly 1 em and 150 ¢m
{Table 1), A digital SAR image con-
sists of a two-dimensional array of
picture clements (pixels) with the
intensity (called the brightness) of
cach pixel proportional to the power
of the microwave pulse reflected
back from the corresponding ground
Ihe reflected radar signal s
proportional to the backscattering,
coclficient (0") of a given ground
cellowhich is related to many system
properties as well as the distance

cell.

SAR on-line

Satellite SAR images may be
viewed on the following Inter-
net home pages:

NASA/JPL. imaging Radar at
hitp://southport.jpl.nasa.gov/

Alaska SAR Facility at http:
llcosims.asf.alaska.edu:1 23s5/

National Space Development
Agency Earth Observing Center
a htp://hdsn.eoc.nasda.go.jp/
~tliclc/gl]iclc/s atellite/sclldata/
sar_e¢.html

R AD ARSAT at http: //adro.
radarl-8SPp-agency..,y
adrohomepage.html

FRS-2 at http: //services.
esrin,csa.it/s pecers2.hom

~J
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Figure 1. Canadian

RADARSAT with synthetic aperture radar acquires backscatter data at various swath widths and
incidence angles, which determine the spatial resolution of derived images. After Parashar et al. {(1993).

between the radar antenna and the
ground ccll. Following calibration,
the pattern displayed by differences
in the brightness among pixels pro-
vides a backscatter image. 6" i

OPTICAL MICROWAVE

is a
dimensionless quantity characteris
tic of the scattering behavior of all
the clements contained in a given
ground cell, Because o' can vary
over several orders of magnitude, it

is expressed as a logarithm with
units of decibels (dB).
Backscatter cocefficients differ
depending on the wavelength or fre
quency, viewing angle, polarization,
and characieristics of the surface
features and surface topography
(Cimino ct al. 1986, van 7.yl 1993).
The atmosphere is essentially trans-
parent to microwaves, cven under
maost cloudy and rainy conditions,
but the choice of wavelength is im-
portant for asscssing structural fea-
tures of vegetation. Shorter wave-
lengths (c.g., X- and C-band) carry
information related to foliage and
small branches, Intermediate L-band
wavelengths are sensitive 1o stems
and large branches, whercas the
longest wavelengths (P-band) afford
the greatest penetration through
vegetation and mainly reflect off
large stems and the soil surface.
The most advanced radar systems
transmit and receive pulses as dif-

la

1

igure 2. Primaryinteractons of X+, «

TRUNK-
GROUND
INTERACTION

1 o> and P-band microwave with torest

canopies. Optic alrefl ectance from the top of the canopyis also shown, Atter Jot

Propulsion Laboratory (1986).

ferent polarizations, which increases
the information content in back-
scatter images. Polarization results
because there s an electric field as-
sociated with a microwave signal
that s perpendicular to the direc
tion of its propagation. If the clee
tric ficld is transmitted or received
parallel 1o the ground surface, the
signal is referred to as horizontally

polarized. When the polarized sig

nalis transmitted or received so that

the electric licld s ata vight angle 1o

the sorface, the clectrical field s

vertically polarized. A signal that
reflects off atree trunk o the ground
surface before returning to the ra
dar antenna is likely to show dis-
tunctive polarization shifts from sig-
nals that return directly off the soil.
Surface objects that scatter micro
waves, H vertically oriented (e,
wheat stalks), show high backscar
ter in vertically polarized imagery
and lTow backscateer i horizontally
polarized 1magery.

Microwave signals are influenced
not only by the shape, density, and

BioScience Vol {05 No. 1)
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Figure 3. Three rad arbands C, 1 and P
that were generated and received in elee
trical polarized ficlds oriented at {a) hon
zontal (FN1), (b) cross (11V), and (¢) ver-
tical (VV) dircctions to the ground indicate
that biomass in contferous forests of the
Pacific Northwest could not be assessed
accurately above values of 150 Mg/ha.
After Moghaddam et al. (1994).

orientation of objects 1 the scene
but also by the diclectrie character-
1stics of surface features. Diclectric
properuces are a measure of the rota
tion of polar molecules such as wa-
ter. Thus, the more liquid water
contained in a surface material, the
greater the microwave reflection. I
the surface substance is frozen, it no
longer scatters microwaves because
the water molecules no longer ro
tate and the diclectric constant s
reduced accordingly,

Noventher 1995
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Figure 4. Avrcratt borne vadarwid v O 0 and 0 bandsand HIE T polarization
showed shifts (Ao") 1 the frequency distribution of hac ke atter coctficients from
wet (s July 1990y [ () dry conditions (1o July 1990} for threo distinet types of

vege ta tion, Shifts i backscatter cocfficients were larg rest for ( hand and least for

P band. Afte 1+ Ulaby and Dobson (1993).

Structural features
of vegetation

Ecologists are mterested in recog-
mzing structural properties that
characterize different vegetation
types, in mapping the presence of
gaps i canopies, and in assessing
the arca coverage of leaves or total
aboveground biomass. SAR contril-
ntes extensively 1o these objectives,

Fstimatimg standing biomass. Opti-
cal sensors are unable to distinguish
differences in standing biomass
where vegetation is dense (Chrsten-
sen and Goudriann 1993, Cohen
and Spies 19920 Wu and Strahla
1994). Because longer microwave
wavelenpths penetrate through the

1, radar holds
maore promise for assessing standing
woody bromass than do optical sen-
sors, Studies using single wavelength
data show that present detection
limits are between 100 to 150 Mg/
ha (Figure 3; Beaudoin et al. 1993,
Dobson ¢t al. 1992h, Moghaddam
et al. 1994, Sader 1987). By using a
combination of radar bands and po-
larizations, detection limits may be
increased to 250 Mg/ha as demon-
strated for a mixture of northern
hardwoods and conifers (Ranson
and Sun 1994a) and perhaps even
higher when tees are frozen or leaf-
less (Ahern et al, 1991), Muluband
radars are not yvet available on any
satellite. Additonal knowledge con-
cerning the type and structure of the

lealy canopy (Figure 2
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Figure 5. Satelbite-borne radar (ERS-1) with C-band and VV polarization distin-
puished major cover types in Michigan on a single day when leaf surfaces were dry

y -

based on backseatter distributions collected from nine scene clements, cach 37

After Dobson ¢t al.
Ilectronies Eagineers,

37 m.

local vegetation is required to make
predictions of bromass above 150
Mg/ha with the most sophisticated
modets, which separately accoum
for crown and stem biomass (Dob-
son et al i press).

The appheation of SAR for esti-
mating standing biomass varics by
region. In the boreal forests where
growth is slow and the vegetation is
often sparse, single 1- or P-band
radar can distinguish a nearly full
range of biomass represented in dif-
ferent successional stages of vegeta-
tion (Kasischke et al. 1994). On the
other hand, in wet tropical forests
where regrowth after ten years may
reach 400 Mg/ha, biomass detee-
tion fimits are quickly exceeded as
forests reclaim abandoned land
(Nepstad et al. 1991). In the giant
contferous forests of the Pacific
Northwest, where old-growth for
ests average 800- 1000 Mg/ha and
redwoods can reach 2500 Mgp/ha
(Waring and Franklin 1979), most of
the heavily forested areas exceed de-
tection limits, as indicated in Figare 3.

Leaf arcaindex. beaf arcandex and
foliar biomass are redated variables

(1992a). © 1992 The lnstitute of Eleetrical and

important in estimating, solar en
crgy nterception, photosynthesis,
cvapotranspiration, and mimnceral
cychng in ccosvstems (Preree eeal,
1994). Optical sensors on present
satellites can follow changes in leaf
arca dex scasonally under cloud
free conditions but are sensiuve to
atmospheric variations and fow sun
angles. In regions where the donn
nant vegetation is coniferaus forest,
optical sensors canestimate leaf area
indices {one-sided or projected) up
to values of 6 (Spanner et al. 19943,
Where mixed vegetation s present,
neither leaf area index nor foliage
biomass is casily assessed because of
variation in leal oricntation and
canopy architecture. However, the
fraction of photosynthetically ac-
tive radiation intercepted by cano
pics, which is an exponential fune
tion of leat area index, 1s a hmear
function of the most commaon opu
cal reflectance index ot ereen veg,
ctation {(Asrar ¢t al. 1992, Goward
and Hucemmrich 1992, Goward ¢t
al. 1994, Taw and Waring, 19947,
SAR sensors have obvious advan
tages in being able to distinguish
scasonal changes incanopy feaf area,

even when persistent cload cover
preciudes observations with optical
sensors. Variations caused by con-
densation of fog or dew on leaf
surfaces, however, may imit aceu-
racy of feaf arca index and foliage
hiomass estimates with radar (Sader
19871, Differences in leaf display
alsoaffect radar signals. Recentstud-
ics show that C-band radar from the
ERS-1 satellite was unable to quan-
tify feaf arca coverage of deciduous
species, because the horizontal ori-
entation of leaves severely Timits C-
band penetration. On the other
hand, the more dispersed foliage of
needle-leaf coniferous allowed as-
sessment of leaf area index up to
values of 4 (Yranklin ct al. 1994,
Ulaby and Dobson 1993).

Distinguishing vegetation types.
Broadly differing ife-forms, suchas
grass meadows, deciduous forests,
and coniferous forests, exhibit dis-
tinct backscattering properties for
sclected radar bands. By comparing,
differences in backscatiering coctfi-
cients (86”) when folhage is wet 10
when it is dry, the resulting fre-
quencey distribution of the various
radar bands can separate major types
of vegetation (Figure 41 The shorter
Coband wavelength is particularly
sensitive to wet canopies, whereas
the Tonger wavelengths (1= and P
bands) are not. Under dry condi
tions, C-band radar can distinguish
major land-cover categories when
the frequency distribution of a 3 x 3
pixel array representing a given type
are compared (Figure §). The smooth
surface of Takes produced the Towest
backscatter {approximately -26 dB),
with concrete surfaces slightly higher
(-23 dB). Prairic and hayficlds aver-
aged approximately - 16 dB, whercas
forests separated into two broad
eroups: upland conifers (between
11 dB and - 13 dB) and others (more
than -10 dB). Coverage with mulu-
band radar and combinations of po-
larization offer the greatest poten-
tial for nmppillg{ forests types that
include deciduous hardwoods and
various coniferous species {Rignot
ctoal, 1994b).

A classification accuracy of up to
669 was reported by Ranson and
Sun (1994h) 1 o mapping scheme
that included classes of forests of
pure hardwoods and conifers, for

Bio Science Vol. 45 No. 10
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Figure 6. By com
bining C-band ra-
dar with optical
data obtained from
a LANDSAT 1mage
of the western
Amazon Basin in
Brazil, topographic
features provided
from radar are
complemented by
vepetation changes
assessed optically.
Along the flood-
plain of the targe
river where aban-
doncd meanders
are visible, a young
closed canopy of
rain - forest s
present. An older,
closed raim forest
occupies the upper
nght corner of the
image, whereas a
more open {orest

with a bamboo understory dominates the upper left portion. Human disturbance
associated with farming and pasturing is indicated in the Tower left corner of the

scene, After Ahern et al, (1993D).

ests of mixed composition, young,
regenerating, forests, bogs, and open
water observed ina single summer
scene, Drieman (1994) demonstrated
that C-band  SAR provided reason-
able accuracy in discriminating ma-
jor forest tvpes and recently cleared
forests 1 castern Canada and sug-
eosted that forest type inventories in
that region may be completed with
maging radar data alone. Additional
IMprovements in accuracy can be
obtained using multitemporal and
seasonal SAR imagery (Ahern et al.
1993a, Ranson and Sun 1994).
Where topography is highly vari-
able, radar imagery can still be valu-
able for classification ff combined
with digital clevation data (Peddle
and Franklin 1991) or with infor-
mation derived with optical remote
sensing (Figure 65 Evans and Milton
1991, Paris and Kwong 1988).

Distinguishing canopy gaps. Re-
cently developed spatially explicit
successional models (Urban et al.
1991, Weishampel ¢t all 1992) re-
quire mformation concerning, the
sizeand shape of canopy gaps, as
welbas the frequency ac which they
are formed. Arvcas devoid of tree
cover characteristically exhibit Tow
radar backscatter associated with

November 1995

refatively smoath sarfaces, or in the
case of optical sensors, fower values
of canopy greenness, Sometimes,
however, backseattering may be en-
hanced if tree cover iy sparse but
uniformly
dar <

istributed, because ra-
bheams bounce back and forth
between the groond and isolated tree
trunks (Ranson and Sun 1993,
Richards ¢t al. 19874y,

As pap size deereases, the ability
of radar 1o discern differences be-
comes more problematic, depend-
g a great deal on the untformity of
the ground untformity
m spacing of tees (Westman and
Paris T987). In some cases, the pres-
ence of paps smaller than the pixel
resolution can be mapped; the limits
on this procedure are stll under
study with detailed backscatter mod-
cls (Sun and Ranson 1993). In cascs
where radar analyses can he coupled
with well-designed ground survevs,
classifications of various features
can bemmproved widh texture anals
ses of radar images (Sheen and John-
ston 19920 Ustin ot al. 1991, Weis:
hampel 19941
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Figure 7. Ground-measured meth-
anc exchange rates (mean values and
standard deviations shown above veg-
ctation in mg CH < m™ x hr'!) correlate
with backscatter cocflicients obtained
with airborne C- and 1.-band
waves sent and received, respectively,
i vertically (VV; @) and horizontally
(FH; O) palarized clectrical fields across
a range of taiga vegetation. The data
indicate that the major source of meth-
ane emissions is fen vegetation which s
dominated by sedpe plants. Afer |
Morrissey, unpublished daua.
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Figure 8. C-band radar backscatter mea-
sured from the Furopean Farth Remote
Sensing, Satellite (FRS-T) correlate well
with position of the water table above
the surface of sedge-dominated fen vep-
ctation and methane exchange rates in
th tundra. Mcan values with standard
crror are shown. After Morrissey et .
(1994).

dating ccosystem and succession
models. Estimating the rates at which
mincrals, water, and cnergy are
cycled through ccosystems and for
est communities require some addr
tional mformation about the envi:
ronment. Because water is essential
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Figure 9. Airborne L-band radar shows the effect of changes in the diclectric constant
of water in liquid and frozen states of images acquired five days apart {3 and 19 March
1988) over the Bonanza Creek Pxperimental orest, an established Tong Term
Feological Research sites near Farcbanks, Afackas AMfeer Wayv et all (1994).

for all of Tife’s processes, and be
cause radar 1s sensitive to changes
i the amount and state ol water
through the diclectic constant, it
is Jogical to imvestipate whether ra-
dar remote sensing can assess varia
tions 1 the state of water on sur-

720

faces and within plants, liteer, and
SO,

Assessing flooded conditions. In
manyv areas, flooding occurs pen
odicallyv, and at these times cloud
cover usually obscores all observa:

tions with optical or thermal sen
sors. The smooth surtace of stand-
ing water refleces all incident micro:
wave radiation awayv from the
sensor, resulting inoa much Tower
backscatter than a dry surface. Un-
der vegetation, a unigue Corner-re-
flection backscatter interaction be-
tween surface water and tree stems
resubts mnoan extremely high back-
scatter and allows mundation to be
clearty mapped (1ess et al. 1990,
Richards et al. 1987h).

The presence of shatlow water is
imdicative of anacrobic conditions,
which under certain conditions fa-
vor the production of methane and
other trace gases. The transport of
gases to the surface is greatly en-
hanced through hollow-stemmed
plants (c.g., reeds, sedges, and rice),
making wetlands a major source of
trace gases. Because of the verueal
oricntation of these kinds of plants
and the underlying surface water,
radar backscatter properties can
identify the most actve sites for
trace gas emission and predict sea-
sonal variaton in gas exchange as-
sociated with the position of the
water table and 8
NMorissey et al.

(Figures
1994,

Assessing trazen conditions, fee tor
matton i sotl and within the stems
ofvascular plan ts cleariy nre, most
hvdranticand physiologic processes.
I mans regrons, Ireez mg conditions
set limits on the erowimg scason of
Crops as well as other vegpet at 101,
DY ense canopres ot vegetation shield
agamstradh ation trost but may also
extendthe period that snow remains
present. Ditterences e the radiative
retlectve properties ol stems and
branches and I the osmoticproper-
ties of cells can alter the extent of
freezing as welll Consequently, it is
desirable to have anindependent mea
sure 0f freezang con ditions beyond
that provided trom w Cather records.
Radar, because of ats sensitivin
to changes mthe dictocivicconstant
ol waters has shown potential fon
mappime freesze thaw conditions ove
wide areas (Rignat and Way 1994,
Rignotetal 19940, Wavet »aa. 1991,
19900 W hen swater o frozen within
wood, 1he dicleciric constant
changes from appr oxima tehy 30 1
Jess than S iWay ¢ al, 199150 1The
result g change e back seat (e i
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significant (Figure 93, Data collected
over boreal forests in Alaska from an
aireraft with T-band radar showed a
significant drop in backscatter when
freczing occurred in boreal vegetation
(Way ¢t al. 1994). The ERS- | satellite
cquipped with a C-band radar also
has shown the ability to distinguish
frozen from thawed conditions on a
local and regional basis (Rignot and
Way 1994, Rignot ¢t al. 1994a).

Assessing moisture stress in vegeta-
tion. During daylight hours, tran-
spiration by woody plants may ex-
ceed water uptake by a third, even in
maritime climates {Waring ¢t al.
1980). The water deficit is met pri-
marily through temporary extrac-
tion from water-filled conducting,
clements in the sapwood of branches
and stems. The extraction of water
from the conducting clements -
creases the hydraulic resistance and
thereby causes reductions in photo-
synthesis and transpiration (Waring,
and Silvester 1994). In dense conif-
crous forests, the sapwood in stems
and branches holds up to a ten-day
reserve of water (Waring and Run-
mng, 1978}

In experiments where water has
been sprayed on conifer and hard-
wood trees »_:::,ﬁ the P ak of n_::%
transpiration, rapid changes inowa-
ter potental, diclectrie constants,
and water flux through the sapwood
have been measured (Figure 10).
Lags in the response of water poten-
tial to changes in water flux are
indicative of likely changes i water
storage in the sapwood (McDonald
et al. 19923, Diclectric changes of
more than 30 units have been mea-
surcd i the most actve outer sap-
wood near the base of the tree, sug-
gesting changes in the fraction of
free-water in conducting clements
(McDonald et al, 1990, Way ct al.
1991). When radar mceasurements
have been made in conjunction with
such studies, the backscattering co-
cfficients change 1- 3 dB (McDonald
et al. 1990, Ulaby and Dobson
1993}, Repeated measurements of
backscatter over a scason may be
required to provide evidence of per-
sistent drought associated with re-
ductions in stem water content.

Assessing soil moisture. The mors-

ture content of soils greatly affects

)
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Figure 10. Important changes o the
water relations of a Deaodara
tree occurred when the
sprayed with water for slightly morc
than four minutes, noted as the period
between two vertical parallel Tines. Al
most immediately, the flux ol water
through the stem dropped (a), followed
by an increase in the diclectric constant
{€) of wood (b, and a recovery m nwig
water potential (¢}, The Tuge vanaton
in diclecuric is ndicanve ot
changing water content. Afrer Mcbon
ald et al, (1992), © 1992 The Instute
of Tlectrical and Flectromes iy
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water uptake by plant roots and the
rates of microbial activities. Tt is
therefore an important variable m
all ccosystem models. Radar s him
ited in its ability 1o mcasure soil
water content to the upper soil fay-
ers. 1-band radar only pencorates
into bare, damp, smooth soil to a
maximal depth of 10 cm. Shorte
wavelengths penetrate to only 123
em. In agricultaral ficlds that have
smooth soil surfaces and biomass of
fess than 1 Mg/ha, moisture content
of surface layers can be fairly acen
rately determined (Dobson et al.
1992b, Engman 1991, Jackson and
Schmugge 1991, Ulaby and Dobson
1993, Wang ct al. 1994). Once veyp:
ctation exceeds the biomass Timit,
however, the ability of radar to sense
surface soil water conditions rap
idly decreases. The presence of dead
vegetation also contributes 1o at

tenuating the backscattering, signal
(Engman 1991). Under a forest
canopy, the amount of moisture held
in the leaves is so large thatcinter-
feres with any direct assessment of
soil water status (Jackson and
Schimugge 1991). In more open sa-
vanna, the predominant source of
water during drought periods is well
below the suiface 10 em and thus
not discernible by radar.

Alternatively, moisture condi-
tions under forests can be inferred
using a combination of optical and
thermal bands when the analysis is
made across of a range of canopy
densities during extended drought
periods (Goward etal. 1994, Nemani
and Running 1989, Nemani ct al.
1993). Comparable arca-wide analy-
ses have not been made with radar
except to documen  Jooding or
freezing conditions.

Conclusions

Imaging radar provides a sensitive
means of remotely sensing the ex-
tent and duration of flooding under
a range of types of cover vegetation.
[ikewise, when water freczes in vep,
ctation and soil, changes in back-
weatter can readily be detected with
radar. Persistent drought that re-
sults i reducing water content of
[caves and stems of vegetation may
also be detected with _.p._z.:?.; radar
coverage. Radar is limited inits abil-
ity to quantify soil moisture atdepths
below 10 ¢m or when vegetation
exceeds T Mg dry matter/ha.
Current space-borne imaging ra-
dars can assess structural features,
such as deaf arca index i conifer
forests up to a leaf arca index of 4,
which is slightly below the sensitiv-
ity obtained with optical sensors.
Many ccosystem models calculate
water vapor and carbon dioxide
exchange from vegetation based on
the interception of radiation. Both
optical and radar sensors provide
betier and more general estimates of
the fraction of radiation intereepted
than they do of Teaf arca index.
With a single radar band, hiomass
detection Timits ave generally Tess
than 150 Mg/ha. With additional
bands, detection limits may be in-
creased slightly but are sall well
helow that desired for global sur-
vevs of tropical and temperate for-




ests where standing biomass values
usually exceed 400 Mg/ha. The
ground resolution of airborne SAR
is 1- 10 m; the resolution from
present imaging radar satellites s
10- 30 m. Some gaps within forest
canopics can be recognized at sizes
well below the pixel resolution in
backscatter nmages. Radar, when
combined with optical and thermal
remote sensing, provides indepen-
dent estimates of many imporcant
ccological variables and complemen-
tary data, which can increase the
rehability and value of remote sens-
ing to many ccosystem studics.
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