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Spacebome Applications of P Band Imaging 
Radars for Measuring Forest Biomass 

Eric J. Rignot, Member, ZEEE, Reiner Zimmermann, and Jakob J. van Zyl, Member, ZEEE 

Abstract --In three sites of boreal and temperate forests, P 
band HH, HV, and VV polarization data combined estimate 
total aboveground dry woody biomass within 12 to 27% of the 
values derived from allometric equations, depending on forest 
complexity. Biomass estimates derived from HV-polarization data 
only are 2 to 14% less accurate. When the radar operates at 
circular polarization, the errors exceed 100% over flooded forests, 
wet or damaged trees and sparse open tall forests because double- 
bounce reflections of the radar signals yield radar signatures 
similar to that of tall and massive forests. Circular polarizations, 
which minimize the effect of Faraday rotation in spaceborne 
applications, are therefore of limited use for measuring forest 
biomass. In the tropical rain forest of Manu, in Peru, where 
forest biomass ranges from 4 kg m-' in young forest succession 
up to 50 kg m-' in old, undisturbed floodplain stands, the P 
band horizontal and vertical polarization data combined sep- 
arate biomass classes in good agreement with forest inventory 
estimates. The worldwide need for large scale, updated, biomass 
estimates, achieved with a uniformly applied method, justifies a 
more in-depth exploration of multi-polarization long wavelength 
imaging radar applications for tropical forests inventories. 

I. INTRODUCTION 
EVERAL experiments demonstrated that radar backscatter S at the longer wavelengths is positively correlated with 

total above-ground dry woody biomass [ 11-[4]. Comparison 
of radar data acquired at C, L, and P band frequencies showed 
that the sensitivity and correlation of radar backscatter with 
woody biomass increases with increasing radar wavelength 
and is highest at the P band frequency (68 cm wavelength). 
At that frequency, HH and HV polarization (HV is horizontally 
received and vertically transmitted) provide a greater sensitiv- 
ity to woody biomass than VV polarization. Modeling studies 
showed that P band HV polarized signals are dominated by 
branch scattering from the larger and lower primary branches 
of the forest canopy [5]-[8]. As branch scattering is mainly 
controlled by the size, geometry and dielectric properties of the 
branches, HV polarized returns are correlated with the fresh 
branch biomass and forest type. At HH polarization, trunk- 
ground scattering eventually dominates branch scattering at 
the high biomass levels. Trunk-ground scattering is mainly 
controlled by the height, diameter and water content of the 
tree-trunks, and the wetness, slope and aspect of the ground 
layers. As a result, HH polarized signals are correlated with the 
fresh stem biomass-itself a maior fraction of total biomass 

[9]-[ 1 11-and the wetness and surface topography of the 
ground layers. At VV polarization, trunk-ground interactions 
are dominated by branch scattering and VV polarized signals 
are correlated with the fresh branch biomass and forest type, 
as for HV polarization, and are less sensitive to ground layer 
conditions. In mono-species, homogeneous forests on nearly 
level terrain, P band multi polarization backscatter and total 
biomass are positively correlated up to biomass levels of 
about 20 kg mP2. With a sensitivity to biomass up to 20 kg 
m-', a P band radar could already map the woody biomass 
of woodland [12]-[14], boreal forests [15] and a significant 
portion of temperate forests [16]. Beyond 20 kg m-2, radar 
backscatter values tend to saturate and the retrieval of forest 
biomass is more complicated than that of a simple linear 
regression between HV polarization backscatter and woody 
biomass. Combinations of several polarizations [4] (to include 
both branch and trunk scattering terms) and/or frequency 
ratios (to utilize the change in penetration depth of multi 
frequency signals versus biomass) may help extend the range 
of sensitivity of the radar data beyond 20 kg m-'. Indepth 
studies of forests where biomass commonly exceeds 20 kg 
m-' are however needed to develop an inversion algorithm 
at these high biomass levels. In conclusion, long wavelength 
imaging radars have already a unique potential for mapping 
the aboveground biomass of a large portion of the world's 
forests, for identifying regions of deforestation and regrowth 
and for estimating the rates of deforestation and regrowth. 

In spacebome applications, long wavelength imaging radars 
are affected by Faraday rotation because plane-waves traveling 
through the ionosphere split into two circularly polarized 
waves having opposite senses of rotation and different phase 
velocities. As a result, the plane-wave returns from its joumey 
through the ionosphere with a plane of polarization that has 
been rotated relative to its original position. The amount of 
Faraday rotation depends on the electron density profile in 
the ionosphere, the earth's magnetic field, and increases with 
the square of the radar frequency [17]. The maximum likely 
value for Faraday rotation at P band (400 MHz) is 675" during 
the day and 67' at night. At L band (1.25 GHz), the predicted 
maximum effect is 69" rotation during the day and 7" at night. 
The resulting phase and amplitude errors not only affect the 
estimation of forest biomass from the radar data but the basic 
processing of the SAR data as well. 

Manuscript received December 9, 1994; revised May 2, 1995. This work 
was performed at the Jet Propulsion Laboratom. California Institute of In April and October of 1994, the SIR-C/X-SAR radar 

- .  
Technology, under contract with the National Aeronautics and Space Ad- onboard the mace shuttle Endeavour gathered the first DO- ., 
ministration. 

Technolow, Pasadena CA 91 109 USA. 

larimetric, spacebome, radar images of the earth at both C 
and L band. During the two periods of observation, the JPL 
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polarization consistently below 30 dB at L band, day and night 
[ 181. As one would expect a significant amount of cross-talk or 
leakage between the H polarized and the V polarized channels 
in the presence of Faraday rotation, these results suggests that 
Faraday rotation is negligible at L band at 200 km altitude, 
even during the day. The situation would be different for a 
radar orbiting at 800 km altitude as the ionospheric electron 
density at sunspot maximum peaks at about 400 km altitude 
[ 171. One technique, currently used by Global Positioning 
System satellites, is to transmit at two frequencies slightly 
offset from each other (1.575 GHz and 1.228 GHz) and 
combine the measurements to estimate ionospheric propaga- 
tion. Since night-time P band Faraday rotation is predicted to 
be comparable to daytime L band Faraday rotation, similar 
correction techniques could be developed for operating a 
spacebome P band radar at linear polarization at night. 

Another possibility is to operate the radar at circular- 
polarization which is less sensitive to Faraday rotation. To 
test that approach, we compared biomass values predicted 
from the radar data at both linear and circular polarizations 
with biomass values derived from allometric equations. We 
studied four sites representative of boreal, temperate and 
tropical forests. The two temperate forest sites were discussed 
previously in [ l ]  and [2] but no direct comparison between 
radar-predicted and actual biomass values were made, and 
circular-polarized data were not considered. The boreal forest 
site was discussed in [4] but without circular-polarization. The 
tropical rain forest site is a new study site representative of 
pristine tropical forests in the Amazon basin. Tropical rain 
forests play an important role in the short term global carbon 
cycle [19] because they constitute a large pool of stored 
carbon. They also remain a challenge to remote sensing studies 
because of both the high variation in biomass [ 131 (>20 kg 
m-') under often uniform, closed canopies with high leaf area 
indices [20], and the lack of ground truth information due to 
their aerial extent and often difficult accessibility. 

11. STUDY SITES AND BIOMASS ESTIMATES 

The four example forests cover a wide range of forested 
areas: 1) maritime pine plantations of the Landes forest, south 
of Bordeaux, in southwestem France (44.6' North, 1.0' West) 
[I]; 2) lolloby pine plantations of the Duke University Forest, 
west of Durham, in North Carolina (36.0' North, 79.0' West) 
[2]; 3) coniferous and deciduous boreal forests of the Bonanza 
Creek experimental forest, west of Fairbanks, in Alaska (64.4' 
North, - 148.2' West) [4]; and 4) primary tropical rain forests 
of the Manu National Park, department of Madre de Dios, in 
southeast Peru (12.0' South, 70.8' West) [21]-[24]. 

The Landes forest is the largest plantation forest in France, 
selected as a prototype of a managed forest ecosystem. The 
forest contains even-aged maritime pine, Pinus pinasfer (Ait.) 
(Pinac.) regularly planted in rows [l]. Total above ground 
woody biomass measured in 30 stands ranges from 1 kg m-' 
for the youngest stands up to 15 kg m-' for 46 year old forests. 
Note that bole biomass (max. 10 kg m-') was erroneously 
confused with total biomass in [3]. 

The Duke University forest contains even aged stands of 
irregularly spaced lolloby pines, Pinus taeda (L.) (Pinac.) 

regrowing on abandoned agricultural fields, as well as mixtures 
of deciduous and pine trees. Over 100 forest stands were 
inventoried, with above ground biomass ranging from 0.1 kg 
mp2 for young regrowth up to 49 kg mp2 for 100 year old 
forests [2]-[3]. As many of these stands were too small in 
width or in number of pixel elements in the AIRSAR images 
to yield reliable statistics, we limited the present analysis to the 
39 largest stands with biomass ranging from 0.1 to 32 kg m-2. 
Both the Landes forest and the Duke forest lay on nearly flat 
terrain, and the forest biomass estimates derived from allomet- 
ric equations are not known with better than 10% accuracy [3]. 

The Bonanza Creek experimental forest (BCEF) near Fair- 
banks, Alaska, is a Long Term Ecological Research site 
representing the boreal forests of interior Alaska. This natural, 
undisturbed forest includes several deciduous and evergreen 
tree species in both floodplain and upland forests. Upland 
forest types on well-drained, nutrient-rich, and south-facing 
slopes with no permafrost present include stands of highly 
productive aspen Populus tremuloides (Michx.) (Salicac.), 
paper birch Betula papyrifera (Marsh) (Betulac.) and white 
spruce Picea glauca ([Moench] Voss) (Pinac.). On north facing 
slopes and poorly drained areas, black spruce Picea mar- 
iana (Mill.) (Pinac.) forests dominate on permafrost soils. 
Floodplain forests contain productive stands of balsam poplar 
Populus balsamifera (L.) (Salicac.) and white spruce forming 
on river alluvium and permafrost-free soils. Young succes- 
sional stages are dominated by alder A h u s  crispa ([Ait.] Pursh) 
(Betulac.) and willow shrubs Salix spp. (salicac.). Older, 
poorly drained terraces underlain by permafrost contain sphag- 
num bogs and tamarack Larix laricinoides (Pinac.) mixed with 
slow growing black spruce. Total above ground biomass ranges 
from 0.4 to 22 kg mP2 in 21 forest stands [4], with a large, 
natural, spatial variability in biomass within each stand (up to 
34% of the mean stand biomass). The accuracy of the in-situ 
biomass estimates probably is not better than 20%. 

The Manu National Park, Peru, located at the remote west- 
ern edge of the Amazon basin, contains pristine, tropical rain 
forest types with a striking tree species diversity. The generally 
humid climate is interrupted by a dry season in July-August. 
Floodplain succession, various stages of disturbed (mosaic) 
forests and tall climax forests occur on nutrient rich alluvial 
soils along the Rio Manu, and mature climax forests on more 
dry and leached soils on the adjacent hills (Fig. 1). A ground 
team characterized the major forest types and approximate 
spatial distribution of vegetation along the accessible areas 
of the lower Manu river in September 1993. Seventeen 10 
m radius plots with representative vegetation types were 
measured for average tree and canopy height, canopy closure, 
tree density and understory composition. For two forest types, 
mosaic forest (20 000 m2) and mature floodplain forest (22 500 
m'), an extensive biomas inventory was available for analysis 
from Terborgh [32]. The above ground biomass for all forest 
types was estimated by applying allometric equations [9] for 
tropical forests [25]. For Cecropia membranacea (Morac.) 
stands, several estimates of forest volume were available 
from previous studies in the lower Madre de Dios area [24] 
and Panama [26] and their results are consistent with our 
estimations. Reported forest volumes were converted to woody 
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Fig. 1. Major vegetation types of the Rio Manu Area. Forest succession on alluvial floodplains is initiated by disturbance due to flooding during the rain 
season (October to March). Rapidly growing stands of Gynerium and Tessuriu are eventually replaced by Cecropia. Abandoned high river beds may tum into 
palm dominated areas (Aguajales) with seasonally varying degree of standing water. In undisturbed areas, a mosaic forest develops which will eventually 
become a mature floodplain forest after 100-200 years. On adjacent hills, the forest is undisturbed, but lower nutrient availability and temporal soil drought 
cause the development of a shorter forest canopy with seasonal deciduousness. (Drawings: R. Zimmermann) 

biomass by using a wood density of 0.5 to account for the light 
wood of this species compared to the reported average value 
of 0.62 or 0.69 for tropical woods [ 113. Above-ground dry 
biomass of early forest succession with Tessaria integrifolia 
(Asterac.) and Gynerium sagittutum (Poac.) 10 m in height 
was estimated to be 4 kg m-2. In Gynerium-Cecropia forest, 
17 m in height, woody biomass is 4.3 kg m-’. On abandoned 
high river channels with an annually varying water table, palm 
swamps (Aguajales) may develop. The dominating species in 
the open canopy is the palm MauritiuJexuosu syn. rejlexa 
(Palmae) which reaches 25-30 m height. The understory varies 
from open sand spots with xerophytic shrubs to permanently 
flooded areas with dense understory (3-5 m) of banana-like 
Heliconia episcopalis (Musac.) species. Aboveground biomass 
in a permanently inundated Aguajal (max. 22 m height) was 
estimated to be 13 kg m-’, 17 kg m-’ in a dry and open 
Aguajal (26 m), and 18 kg m-’ in a typical Aguajal (28 m) 
with moist soil and a high palm density. Broadleaf forest types 
along the Rio Manu are evergreen to semideciduous with wide 
variations in canopy structure. In the floodplain, we calculated 
for a mosaic forest (>27 m) on rich alluvial soil a biomass 
of 31 kg m-’. Subplot biomass ranged from open areas with 
10.1 kg m-2 to 81.2 kg m-’ (s.d. = 17.9 kg m-’; n = 32 
parcels of 625 m’) [32]. On adjacent hills, forests vary from 
tall stands with closed canopies to open semideciduous stands. 

We calculated 28 kg m-’ for a semideciduous upland forest 
(30 m) and 46 kg mP2 for a tall forest (40 m) with closed 
overstory. For these two stands the estimated leaf area index 
(6.4) was very similar, and the apparent large difference of 
below-canopy biomass probably results from differences in 
water and nutrient availability for tree growth. Total above 
ground biomass of a tall (>50 m), old grown floodplain forest 
at Cocha Cashu, Rio Manu, was estimated to be 50.4 kg m-’. 
Individual subplots ranged from gaps with 13.7 kg m-’ to 
dense areas with 114.2 kg m-’ (s.d. = 29.6 kg m-’; n = 25 
parcels of 900 m’) [32]. This value probably represents the 
highest above-ground biomass accumulation found in this area 
due to the large size of individual trees reaching emergent tree 
heights of 53 m, with diameter at breast height (dbh) of 3 m, 
and a closed canopy of dominant trees with dbh between 0.9 
and 2.4 m [27]. Higher forest volumes are however possible 
and have been repeatedly reported for temperate coastal rain 
forests at higher latitudes [28]. Because the impressive, mature 
floodplain forests cover relatively small areas, the average 
above-ground biomass weighted by the area covered by each 
species must be lower. For comparison, reported average 
maximal biomass values for forested areas without human 
impact in tropical Asia are 45-54 kg m-’ for moist lowland, 
3 5 4 5  kg m-’ for lowland seasonal and 24 kg m-’ for dry 
seasonal types [29]. An exceptional high value was found for 
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Forest Site 
(Date Acq.) 
Landes. Fr 

I I65 

Polarization Error Linear Error Circular Polarization 
Combination Pol. % (r') Pol. % (rZ) Combination 
HH. HV. VV 12 fO.99) 11 (0.99) I RL. RR 

(08-16-89) I HV 1 14 (0.99j 1 12 (o .wj  RR 

(09-02-89) I HV I 32 (0.91) I 45 (0.82) I RR 
BCEF, AK 1 HH, HV, VV I 18 (0.99) 1 27 (0.97) I RL, RR 
(07-21-93) 
BCEF, AK 
(05-03-91) 

HV 3 1  (0.91) 38 (0.94) RR 
HH, HV, VV 30 (0.95) 107 (0.87) RL, RR 
HV 45 (0.85) 131 (0.78) RR 

the mature building phase of a lower montane rain forest in 
New Guinea, with 77.3 kg mp2 and a range from 62.6 kg 
m-' to 92.5 kg mP2 [33]. 

111. PREDICTED VERSUS ACTUAL BIOMASS 
OF BOREAL AND TEMPERATE FORESTS 

For each test site, we extracted the radar response of the 
forest from polygonal areas where forest inventories had been 
conducted [1]-[4]. A multiple linear regression fit was then 
performed independently for each site to derive an expression 
relating the natural logarithm of the stand biomass, Log(B) ,  to 
the multi-polarization P band radar backscatter values. Each 
regression is of the form 

where a,, h,, c, are the regression coefficients and CT&, denotes 
the radar backscatter value at HV polarization expressed in 
dB. When only HV polarization is used, we have b, = 0 and 
c, = 0. Similar regressions were derived to relate biomass to 
a polynomial in agR and ngL (right circular received and left 
circular transmitted). The regression coefficients for the case 
where all three linear polarizations are used are listed in Table 
11. Predicted biomass levels from the radar data were then 
compared to actual biomass levels. An error was computed as 
the average absolute difference between predicted and actual 
biomass, expressed in percent of actual biomass. This error 
measures the degree of spread between the points used in the 
regression analysis and the points obtained from a best fit of 
the data (Table I). We find this measure more representative 
of the degree of confidence that can be placed in the radar 
estimates of biomass than, for instance, the coefficient of 
determination, r2, which is usually greater than 90% (Table 
I); or the root mean square error since the error in predicted 
biomass increases almost linearly with biomass. 

For the Landes forest, the average error in predicted biomass 
at both linear and circular polarization is 12%, and 14% at HV 
polarization. These errors are very low and comparable to the 
precision of the surface estimates. 

For the Duke University forest, the error rate of P band 
polarimetry data is 27%, and 32% at a single polarization. This 
accuracy is lower than for the Landes forest but the stands are 
less homogeneous, not dominated by a single tree specie, and 

of much higher biomass (17 kg m-' on average for Duke 
versus 8 kg mP2 for Landes). Linear and circular polariza- 
tions yield similar results, except for two stands of relatively 
low biomass where circular-polarized signals overestimate the 
woody biomass. In these stands, the HH-VV phase difference 
is 31" greater than that recorded in neighboring stands of 
similar biomass and a& is several dB larger. 

For BCEF, the error rate is 18% with the July 1993 P band 
polarimetry data. The same regression curve was applied for all 
tree species in the BCEF scene. The predicted biomass levels 
are 14% less accurate at HV polarization. The largest errors 
are recorded for alder stands and two mixed stands of white 
spruce and balsam poplar trees. Alder stands were completely 
damaged in 1992, most likely a result of river flooding. HH 
polarized backscatter was unusually large probably because of 
the abundance of tree trunks laying on the ground, and HV 
polarized backscatter was large probably because of enhanced 
depolarization of the radar signals through multiple scattering 
interactions within the slanted, broken trunks of alder trees. 
Even at linear polarization, the biomass of alder stands is 
overestimated by 100%. The biomass of these stands was 
correctly estimated using the radar data collected in May 1991, 
prior to the destruction of the stands [4]. Analysis of other 
frequencies would be needed to identify this part of the forest 
as severely damaged in 1993. Similarly, in two mixed stands 
of white spruce and balsam poplar trees, forest biomass was 
overestimated by > 100% at circular polarization. The HH-VV 
phase difference of these two stands was 90' on average and 
40" larger than that observed in other forest stands of similar 
biomass. We visited one of these stands in 1991 and found that 
balsam poplar trees were rotten, with very wet tree trunks. 
Strong double-bounce interactions between the soaked tree 
trunks and the ground layers may explain the large polarimetric 
phase differences recorded in those stands, and the resulting 
overestimates of woody biomass at circular polarization. The 
same trend was observed in the data collected on May 3, 199 1, 
during a period of intense river flooding. Error rates exceeded 
100% at circular polarization and 30% at linear polarization 
on May 3. Between flooded and dry conditions, the HH-VV 
phase difference of mature white spruce and balsam poplar 
floodplain stands decreased from 100" (May 3, 91) to 54" 
(July 21, 93). As we shall show next, large polarimetric phase 
differences increase the RR polarized radar backscatter values 
and result in an overestimation of the biomass. 

Forests can be reasonably assumed to be azimuthally sym- 
metric distributed targets, in which case the components of the 
scattering matrix S H H  and S H ~ . ,  as well as St,\- and S H ~ . ,  
are uncorrelated, and S H ~ .  = S ~ . H  [30]. The average cross 
products at circular polarization are then computed from the 
scattering matrix elements as 
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Forest Site a0 a1 a2 b l  
Lades,  Fr (CM1115) 7.5336 0.2518 0.0027 -0.1843 
Duke, NC (CM4042) 2.9789 -0.9672 -0.0498 0.8350 

Manu, Peru (CM3700) 23.5723 2.2734 0.0551 -1.4280 
BCEF, AK (CM3762) 12.8115 0.9746 0.0189 -1.0541 

TABLE I1 
REGRESSION COEFFICIENTS FOR: L o g ( B )  = a0 +  ala^, + a2(ugV)' + blogH + b2(ugH) '+ 

c1(ukH - uGv) + c2(ogH - v $ . ~ ) * ,  WHERE 6' Is THE TOTAL WOODY BIOMASS IN TONSMA OR lo1 KG M-' 
b2 c l  c2 
-0.0155 -0.2146 0.0485 
0.0665 0.4555 -0.0576 

-0.1029 -0.5029 0.0333 
-0.0766 -0.3304 0.0324 

When the HH-VV phase difference is 180" (double-bounce 
reflections) and SHH and SVV are equal in magnitude and 
highly correlated, (2) and (3) yield o& M 0 and a&R M 

+ okv. Even with S H H  and Svv not necessarily highly 
correlated, (2) and (3) show that o& will be small and a& 
will be large when the HH-VV phase difference is close to 
180". In all our study sites, large values of ogR resulted in an 
overestimation of forest biomass. This was the case of flooded 
forests, wet or damaged trees, and sparse and tall forests, 
where trunk ground scattering is a strong contributor to total 
radar backscatter. Since these conditions may be encountered 
in many different types of forests, they severely limit the use 
of circular polarization for estimating woody biomass. 

Iv .  BIOMASS MAPPING IN TROPICAL RAIN FORESTS 
Fig. 2(a) shows a false color composite image of the lower 

Rio Manu and Rio Pinquina in Peru acquired at P band on June 
7, 1993 by the NASNJPL AIRSAR instrument. In this color 
representation, red corresponds to double-bounce scattering, 
green to diffuse scattering and blue to single-bounce scattering. 
The intensity of each color is proportional to the contribution 
of each one of the above-mentioned simple form of scattering 
to total radar backscatter. This image was obtained from a 
Cloude decomposition of the polarimetric signature of the 
imaged surface using the algorithm described in [31]. This 
mathematical decomposition of the scattering matrix provides 
a quantitative description of the type of interaction of the radar 
signals with the forest canopy which facilitates data analysis. 
Major vegetation types are delineated in this scattering mech- 
anism map. Palm forests with an open canopy appear red at 
the center left of the scene, indicating a scattering dominance 
from double-bounce interactions. Tall floodplain forests (center 
and upper part) appear yellow, a combination of double- 
bounce scattering and volume scattering. Surrounding them, 
large and dense mosaic forest canopies appear green with 
red dots, indicating scattering dominance from the branches 
and occasionally double-bounce reflections. Adjacent to the 
river, early successional stages of short Tessaria forests appear 
green-brown, thereby dominated by branch volume scattering 
but with weak radar echoes, consistent with their low branch 
biomass. Taller Gynerium forests in dark green and a zone of 
Cecropia forest in lighter green grow further away from the 
river. In the top portion of the scene, the upland and hill forests 
between the Rio Manu and the Andes appear to have a higher 
component of tall deciduous trees (colored green-yellow) than 
the floodplain forests (colored green) between the lower Rio 
Manu and the hill area at the bottom of the scene. We attribute 
this difference mostly to incidence angle effects and not to a 
real difference in forest composition. In the hill area to the 

bottom of the scene, regular hills of 30-50 m elevation yield 
a pronounced textural modulation of the SAR signal. 

In contrast, the L and C band Cloude decompositions 
(Fig. l(b) and l(c)) show much less separability in scattering 
behavior between major vegetation types. This result may be 
attributed to the larger penetration of P band signals that inter- 
act with subcanopy structures. The higher frequency signals 
are limited to upper canopy interactions, where distinctions 
between major vegetation types are less apparent. The blue 
tone of the C band decomposition illustrates that C band 
radar returns contain a mixture of volume scattering from 
the upper branches and single-bounce reflections from the 
top of the canopy. As the frequency is reduced, the color 
tone of the forest becomes more yellow, suggesting increasing 
contributions from trunk ground scattering. This example 
decomposition is illustrative of the differential penetrability 
of multifrequency signals into a thick forest canopy, and 
suggests that HH polarization is the most useful channel for 
distinguishing vegetation communities of high biomass level. 

At circular polarization, P band data did not estimate forest 
biomass correctly because large HH-VV phase differences in 
palm forests yield large values of oiR and >loo% overpre- 
dicted woody biomass. This example shows that polarimetric 
phase differences are not well correlated with forest biomass. 
Better radar predictions were obtained using the P band HH, 
HV,.and VV polarization combined with no phase information 
(Fig. 2(d)). In the biomass map shown in Fig. 2(d), areas 
where the predicted forest biomass exceeds 30 kg m-' (dark 
green) are mature floodplain forests where woody biomass is 
indeed expected to be the largest (Fig. 1). The forest floor 
in the imaged broadleaf forests was dry at the time of the 
AIRSAR overflight (the dry season ends in September) so the 
enhanced radar signature of these stands at HH polarization 
is not caused by wet ground layers but more likely by tall 
tree trunks of large diameter. Forest biomass is lower in palm 
forests (green), which are surrounded by broadleaf forests 
of higher biomass (dark green). Old meanders, sealed off 
by freshly deposited sediment and showing as oxbow lakes 
(Cochas) with open water are mapped as areas of no biomass 
(black). Low biomass (brown) is estimated along the termini 
of Cochas, having an early succession of sedges, grasses and 
shrubs, especially Annona tessmannii (Annonac.), which are 
occasionally intercut by a tall stand of Heliconia episcopalis 
(Musac.) with slightly larger biomass (oxbow at center right 
of the scene, green). In the expanding meander loop, at the 
center left of the image, that points down toward the lower 
border of the river, the early succession of riparian vegetation 
is well discriminated in the biomass map. Forest succession 
starts from the beach with short, even-aged stands of fast- 
growing Tessaria shrubs, followed by Gynerium stands (6 m 
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Fig. 2 .  False color composites of a I O  km x 10 km radar image of the Manu National Park Forest, in southeastern Peru. AIRSAR is flying from left 
to right, illuminating the surface from the top. (a), (b), and (c) are representations of the Cloude decomposition of polarimetric scattering at (a) P band, 
(b) L band, and (c)  C band. The Ria Manu (flowing from left to right) and Rio Pinquina (entering Rio Manu from the top) appear as dark features. 
(d) is a map of forest biomass between 0 and >30 kg m-'. 

in height) with higher biomass (dark brown). Adjacent are 
older successional stages of Tessaria-Gynerium (10-12 m in 
height) (light brown), and pure Gynerium (yellow). Continuing 
inland, toward the top of the scene, are higher biomass (blue- 
green in Fig. 2(d)) deciduous leafless trees species mixed with 

Cecropia (10-26 m) above a 5 m tall understory of Gynerium. 
A mosaic of semideciduous floodplain forest (30-35 m) with 
higher predicted biomass follows. This type of clearly zoned 
and highly productive riparian forest succession, where each 
stage is taller than the previous one, is characteristic of this 
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area and can be identified at many locations along the river. For 
instance, to the right of the previous meander, Gynerium and 
scattered Tessaria (10-12 m) on the upper bank, and Gynerium 
( 5  m) with scattered leafless trees (25 m) on the lower bank 
were colored light brown and yellow as they indeed correspond 
to intermediate ranges of low biomass of about 4 kg m-’. The 
extensive Cecropia forests next to these correctly appear as 
areas of intermediate biomass (yellow). 

Within the same type of forest, the P band data correctly 
distinguished different biomass levels. For instance, the total 
biomass of the wet palm aguajal was correctly estimated 
to be 4 to 5 kg m-’ lower than that of the dry aguajal 
and of the typical aguajal. The breaking up of the forest 
into different biomass units is therefore not only caused by 
structural differences between forest types but also by actual 
differences in biomass level. For most of our sites, sample 
plot areas are however not large enough to permit a direct, 
quantitative comparison of the radar estimates with the ground 
estimates. We are currently examining a larger forest inventory 
dataset collected over 19 plots, each greater than 10000 m2 
in size [32]. The results of this analysis and an evaluation of 
the precision of the radar-predicted biomass estimates will be 
reported in a future paper. 

In the hill-areas at the bottom of Fig. l(d), the spatial vari- 
ability in radar backscatter is controlled by surface topography. 
Forest biomass is overestimated in the hills facing the radar 
looking direction and is underestimated in the slopes facing 
away from the radar. Over hilly terrain, a digital elevation 
model of the surface-not available for this study-is needed 
to correct the data from topography-induced calibration errors. 

V. CONCLUSION 
A comparison of radar-predicted estimates of forest biomass 

with forest inventory estimates in three sites of temperate 
and boreal forests shows that the average absolute error in 
predicted biomass is 12 to 27% of the actual biomass, de- 
pending on forest complexity. These accuracies are only a few 
percent higher than that obtained from allometric equations, 
which suggest that the errors introduced in the radar estimation 
process are small. Linear polarizations yield more reliable 
estimates than circular polarizations, and the use of three linear 
polarizations (without phase information) helps significantly 
to improve the accuracy of the estimates derived from linear 
cross-polarized data. This result is consistent with the fact that 
HV signals are correlated with branch biomass, which may 
or may not be a good indicator of total biomass depending 
on forest type and biomass level; whereas HH polarization is 
correlated with stem biomass which is a more direct indicator 
of total biomass, especially at the high biomass levels. 

It is expected that the precision of the radar estimates 
will increase if structural differences between forest types are 
accounted for during the inversion of the radar data. Land 
cover maps are, however, seldomly available and typically 
require detailed and regular updating to be reliable, which is a 
very difficult task over large areas. The breaking up of a forest 
into botanical sub-units may also prove difficult in tropical 
forests where hundreds of tree species are mixed together. 

It is therefore important to know how well radar imaging 
techniques would work in various broad types of forests, even 
in the absence of very detailed vegetation maps, as was done 
in this study for boreal, temperate and tropical forests. Further 
studies are needed to determine whether regression curves 
developed for broad classes of forest are applicable at the 
large scale. Preliminary results obtained during the BOREAS 
experiment showed that the regression equations developed for 
Alaskan forests (BCEF) in the summer season yield reasonable 
estimates of forest biomass for the Canadian boreal forests. 

Over hilly terrain, correction of the radar data-as well 
as the in situ biomass data-for surface topography effects 
are needed before data inversion. Studies of this kind are 
in progress in the Pacific northwest where surface topogra- 
phy-ignored in previous radar studies-is a major factor and 
woody biomass reaches some of the highest levels in the world 
(>> 100 kg m-’). The results combining radar backscatter and 
topography data acquired by the NASNJPL SAR instrument 
and precise forest inventory estimates gathered by researchers 
at the University of Oregon will be reported in a future paper. 
In tropical forests, the results obtained in the floodplain forest 
of Manu are encouraging that long wavelengths imaging radars 
can assist in estimating their forest biomass and provide results 
unachievable by any other means, even though biomass levels 
largely exceed 20 kg m-’. The worldwide need for large 
scale, updated biomass estimates, achieved with a uniformly 
applied method, justifies a more indepth exploration of long 
wavelength imaging radar applications for tropical forests 
inventories. 
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