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Abstract
Most rural communities in southern Africa rely on fuelwood or charcoal to meet their
domestic energy demands. These energy sources are readily accessible and often the only
affordable means. Nevertheless, rising population densities and poverty levels are
exerting pressure on unprotected natural woodlands. In many electrified communities,
high costs of electricity have prevented a move away from dependency on bio-energy.
Quantitative data on available woody biomass is lacking, influencing negatively on
energy planning policy and implementation. Conventional ground-based biomass
assessment methods are tedious and time-consuming. Species heterogeneity of savanna
woodlands poses challenges for both optical and radar remote sensing platforms. Optical
remote sensing techniques are constrained by atmospheric conditions as well as spectral
resolution to distinguish different tree species and woody biomass densities in large-scale
applications. Although satellite borne radar remote sensing offers greater opportunities
for quantifying above-ground biomass, it is inhibited by the medium spatial resolution
and long repeat cycles of current platforms. A combination of allometric equations and
vegetation parameters from synthetic aperture radar (SAR) data can be used to quantify
standing biomass. However, allometric equations are often site specific and difficult to
extrapolate to landscape scales. This paper will discuss opportunities and challenges
faced by natural resource practitioners when attempting to assess and quantify woody
biomass in southern African savannas. The data needs and current availability of
appropriate imagery will be presented in the context of the VW Foundation Bio-fuels
Modeling Project, covering Zambia, Mozambique and South Africa.

Biomass energy in low-income communities
Biomass, mostly in the form of charcoal and fuel wood, is the predominant source of
bioenergy in low income of rural and urban households in southern Africa [Banks et al.,
1996; Wamukonya and Jenkins, 1994]. In Mozambique, biomass (charcoal and firewood)
provides up to 80% of energy consumption while 87% of rural households in Zambia use
fuelwood for cooking [Brouwer and Falcão, 2004; Chidumayo, 2002]. Many rural
households in South Africa use mainly fuelwood and paraffin for cooking and space
heating. In some cases, rural settlements derive approximately up to 90% of their
domestic energy from wood [Banks et al., 1996]. Rising population growth and persistent
poverty are increasing pressure on forest and woodland resources, thereby, threatening
their sustainable utilisation. Signs of resource depletion as indicated by the distance of
preferred species from households [Howells et al., 2003] are beginning to show in certain
communal woodlands that are not subject to rigorous management regimes. Policymakers in most developing economies lack knowledge about the factors that determine
energy choices by rural consumers [Von Maltitz and Scholes, 1995; Banks et al., 1996].
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Data on standing woodland biomass volumes, spatial distribution and quality, and rate of
extraction is often lacking. Quantitative data on convertible fuelwood resources provides
useful input for strategic energy planning and modeling purposes. Macro-level strategic
energy planning is currently being compromised by the use of generalized biomass
estimates [Grabitzki, 2004]. Knowledge of existing woody biomass stocks encourages the
adoption of mechanisms for sustainable utilization of forest and woodland resources such
as issuing concessions on standing volumes rather than harvested volumes [Sebukeera et
al., 2006].

Rationale for quantifying fuelwood
Sustainable exploitation of woodland resources requires quantitative data relating to
biomass for fuelwood and charcoal, land and forest cover, forest degradation, forest
function allocation, forest types, tree species, forest products and land tenure among
others [Boyd and Danson, 2005]. Consequently, governments need to undertake
comprehensive inventories and valuation of forests and woodlands to ascertain if such
resources are being sustainably exploited in line with the objectives of the Millennium
Development Goals (MDGs) on sustainable environmental management. This
information is also vital to militate against the increasing pressure from rising populations
and poor economies. Biomass information and management information systems are
essential to provide decision-makers with a better understanding of how wood resources
are managed, harvested, transformed and eventually converted to energy. According to
Masera et al. [2006], macro-level planning tools are necessary to articulate local
heterogeneity at the regional and national levels when explicitly analyzing fuelwood
supply and demand at multiple-scales. Mabowe [2006] laments about the fragmented
approach to biomass data collection by various departments in Botswana and the lack of
comparable woody biomass datasets to assist decision-making processes. The rural
domestic energy sector is often given second priority in policy planning and
implementation.
Southern African savanna woodlands are under increasing threat of over-exploitation due
to higher demands for fuelwood and charcoal by low income communities. In
Mozambique, Tanzania and Zambia, charcoal from communal woodlands is exported to
urban centres for sale to low-income urban dwellers. Intensive harvesting practices and
demands for arable farming land contribute to the continued decrease in the availability
of plant specie preferred for fuel wood and charcoal [Ellegård et al., 2002; Watson,
2002]. The exploitation of traditional biomass systems for cash and/or mercantile
purposes (charcoal and lumber) is also leading to accelerated losses of natural forests and
biodiversity, as well as creating local scarcity of biomass [Lasten 2002; WEO, 2006]. In
most African rural areas, quantitative data on woody biomass such as preferred fuelwood
tree species and their spatial distribution is often lacking. Where such information exists,
it is too site specific and difficult to extrapolate macro levels for energy planning
purposes. High costs of both ground-based assessment methods and high resolution
satellite images tend to contribute to this scarcity of convertible biomass data [Mabowe,
2006]. The problem is compounded by the of lack access to integrated systems that can
accommodate data from remote sensing, terrestrial observations, and socio-economic
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sources for assessing and monitoring sustainable extraction of biomass resources in
communal woodlands [Beerens, 2002].
Specific tree species are targeted for either fuelwood or charcoal production according to
their calorific value. Species heterogeneity of savanna woodlands poses great challenges
in discriminating such preferred woody biomass trees on both optical and radar imagery.
Conventional ground-based methods for assessing such woody biomass are tedious and
time-consuming. Optical remote sensing techniques are constrained by spectral saturation
and atmospheric conditions. While synthetic aperture radar techniques have shown
increased potential for large-scale biomass assessment in temperate, boreal and tropical
forests, their application to subtropical savanna woodlands is limited [Imhoff, 1995;
Wallington et al., 2006].

Spatial data for biomass estimation
There is a growing need for applications that feed quantitative data into bioenergy models
to enhance energy planning for low-income communities in developing countries. The
data includes temporal biomass data, preferred tree genus, spatial distribution of and
access to woody biomass resources. Extracting data on specific trees for fuelwood and
charcoal production from imagery requires data with high spatial resolution where
preferred tree species and their spatial distribution can be discriminated and mapped
respectively. Highly accurate ground truth surveys are necessary to correlate field
positions with their corresponding aerial or satellite imagery positions when assessing
and quantifying standing woody biomass. Recent advances in spaceborne synthetic
aperture radar (SAR) remote sensing and Global Positioning Systems (GPS) technologies
coupled with geographic information systems (GIS) offer innovative ways to quantify
and assess available woody biomass. GIS environment provides a suitable platform for
visualizing, analyzing and interpreting energy dynamics with a region and understanding
inter-linkages between parameters that make up energy systems [Biberacher, 2006]. The
combination of both field and remotely sensed data enables the calibration and largescale extrapolation of biomass data from local through to global levels.

Terrestrial data
Tree species heterogeneity in savanna woodlands requires that training data has minimal
target-to-image noise to enable the characterization of tree vegetation on both optical and
SAR imagery. The absolute positioning of trees is critical for correlating ground survey
measurements with the corresponding aerial photography or satellite image positions if
spectral or polarization signatures are to be precisely mapped to corresponding tree
genera. For radar-based surveys, corner reflectors which reflect the radar signal directly
back to the sensor producing high returns and very bright spots on the imagery are
normally set out along the flight path as part of the control points for site calibration
network [Santos et al., 2003; Short, 1999]. The corner reflectors provide accurate
georeferencing data to overlay field survey and SAR image data. The accurate position of
the corner beacons and other topographical detail is fixed by Global Positioning Systems
(GPS) and conventional Electronic Distance Meter (EDM) surveying techniques. While
Differential Global Positioning Systems give highly accurate ground positions, EDM
surveying techniques compliment GPS measurements because GPS accuracy is degraded
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when receivers are operated under dense tree canopies [Paradzayi et al., 2008]. Field
surveys conducted for in situ biomass measurements are also useful for calibrating and
validating remotely-sensed data and to demarcate the training areas with high spatial
accuracy.
Site calibration field surveys must be tied to common reference frameworks such as
national mapping systems or GPS networks to allow easy integration of spatial woodland
information with data from other sectors. Although commercial GPS base stations are
available, the required initial capital investment and annual maintenance charges often
limit their use in developing countries. In Africa, GPS networks are not yet fully
developed and South Africa is the probably the only country that has a well developed
GPS infrastructure. A unified African Reference Framework (AFREF) is still in its
formative stages [Wonnacott, 2005; Ottichilo, 2007].

Remotely sensed data
Many research efforts are contributing towards the development and use of remote
sensing methods in forest biomass estimation and assessment of woodland dynamics
[Koch et al., 2007; Patenaude et al., 2005; Rosenqvist et al., 2003]. A number of case
studies have shown the suitability of airborne and spaceborne optical and radar sensors
for assessing and quantifying biomass in forest and woodlands stretching from local to
regional scales [Hussin, 2007; Mette, 2007]. Integration of data from various platforms
such as L-band, high frequency C and X-band synthetic aperture radars and very high
resolution optical remote sensing sensors is offering new possibilities for quantifying and
assessing woody biomass. Although airborne and spaceborne Light Detection and
Ranging (LIDAR) systems have demonstrated great potential for estimating tree canopy
heights and providing high resolution digital elevation models, their widespread
application is generally limited by high cost and small geographic coverage [Hyde et al.,
2006; Power et al., 2006]. This paper is focussing on capabilities and limitations of
spaceborne optical and radar sensors in providing suitable data for extracting woody
biomass estimates. These platforms are capable of landscape assessment of available
standing biomass.

Optical data
Optical remotely sensed imagery is well suited for capturing horizontally distributed
conditions, structures and changes [Koch et al., 2007; Patenaude, 2003] but is
constrained by adverse atmospheric conditions such as clouds and haze, and in any case
surveys only the upper surface of the vegetation canopy. Optical data archives include
data from LANDSAT missions [Billingsley, 1984] and declassified missions such as
CORONA. Optical data can be used to generate very high resolution digital terrain
models [Bolon et al., 2007; Galiatsatos et al., 2008] and can provide useful input for
spatial-temporal analysis of woodland dynamics. Quantitative data on available biomass
is indirectly related to image characteristics and usually have to be inferred from
secondary parameters such as leaf area index and vegetation indices.

4

Capabilities
Remote sensing at optical and infra-red wavelengths has been successfully applied to the
problem of delineating clear-cutting and deforestation in areas where cloud-free images
are available [Smith et al., 2002]. Optical remotely sensed data has been used to map
broad vegetation types before allometric equations were applied for indirect biomass
estimation. The allometric equations are derived from parameters deduced from
vegetation indices and/or reflectance. Patenaude [2003] gives comprehensive review of
satellite optical remote sensing platforms which have wide applications in woodland
deforestation assessment and monitoring land cover changes. A number of commercial
airborne and spaceborne platforms offer coarse to very high resolution optical remote
sensing data that can be used for vegetation change detection. Examples include
conventional aerial photography, PRISM, AVNIR-2, IKONOS, Quickbird, LANDSAT,
SPOT, and MODIS, among others. There are many other sensors still under development.

Limitations
Although cases abound of where optical remote sensing has been successfully used for
land cover detection, optical images are degraded by environmental conditions such as
cloud cover and haze [Hussin, 2007; Prakoso, 2006]. Direct estimation of biomass
volumes using optical remote sensing data is not possible although land cover changes
can be correlated to biomass depletion or regeneration over given periods of time
[Patenaude, 2003]. Such an approach is labour intensive as it entails collecting data at
different times of the vegetation growth cycle and also across the vegetation gradients.
The accurate representation of the magnitude and spatial variation in biomass is
influenced by the accuracy of determining the allometric equations and also the ability to
spectrally discriminate particular tree genera from remotely sensed optical data [Lucas
and Tickle, 1999]. Results for biomass estimation have been less convincing, particularly
in mature forests because the reflectance is mainly determined by canopy closure, treestorey leaf area index (LAI), species composition, and background reflectance, which are
only indirectly related to woody biomass [Smith et al., 2002]. Mabowe [2006] also
concluded that estimating woody biomass in savanna woodlands from optical remote
sensing is difficult because of poor correlations between biomass quantities derived from
field observations and vegetation indices from high resolution IKONOS imagery.
Optical sensors are limited to detecting upper canopies of woodlands and cannot detect
under-storey woody biomass. Optical remote sensing classification and accuracies are
limited by geometrical and spectral resolution of the sensor as well as heterogeneity of
woodlands under investigation [Billingsley, 1984]. Features with more spectrally and
ecologically unique characteristics will be more accurately discriminated. According to
Patenaude [2003], discriminating between diverse land uses comprising forests, crops,
and wetlands is likely to prove more accurate than studies aiming to discriminate the
extent of selective destruction of vegetation within heterogeneous woodlands. This is an
interesting observation given that in Africa and Asia, charcoal producers, timber and
fuelwood collectors tend to practice selective cutting of trees based on size and species,
and also shifting cultivation and selective logging has resulted in selected alteration of
woodlands rather than wholesale clearance [Boyd and Danson, 2005]. In the case of
savanna woodlands, grass-thatched dwellings and cultivated/grazing areas tend to give
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similar spectral values during dry seasons resulting in difficulties to distinguish between
the two classes from optical images [Palamuleni et al., 2007].

Radar sensors
The development and deployment of airborne and spaceborne microwave synthetic
aperture radars (SAR) is improving the ability of natural resource managers to map and
monitor woodland resources at landscape scales. Several X, C to L-band sensors that
have been launched in the past include the ERS-1, JERS-2, Radarsat-1 and Radarsat-2
carrying the C-band sensor; JERS-1 and PALSAR L-band sensors; TerraSAR-X and
COSMO-SkyMed with X-band sensor. The availability of three different frequencies for
spaceborne radar data is leading to better retrieval of information on forest status and
forest parameters because of increased spatial and temporal resolution and fully polarised
data [Imhoff, 1995; Kasischke et al., 1997; Koch et al., 2007]. Vegetation parameters can
be obtained from polarimetric and interferometric interpretation and analysis of the radar
measurements.

Capabilities
SAR data is well suited for biomass assessment applications because signals of different
wavelengths interact with particular parts of the vegetation structure, making it possible
to account for both standing and under-storey biomass. Interferometric and polarimetric
techniques are used to analyze SAR data and infer canopy height and density for biomass
estimation. Estimation of vegetation parameters from interferometric measurements is
affected by sensitivity of lower frequency signals to spatial variability of vegetation
height and density [Krieger et al., 2005]. Polarimetry utilizes the differences in the shape,
orientation and dielectric constant of transmitted and received radar signal to classify and
extract parameters of natural targets. Improved assessment of tree heights and threedimensional forest structural information can be obtained by coherently combining
interferometry and polarimetry techniques with data from optical sensors for forests with
mixed structural forms [Prakoso, 2006; Lucas et al., 2006].
The X- and C-band are particularly sensitive to small components such as leaves and
twigs of the canopy whereas longer wavelengths such as L-band and P-band tend to
penetrate deeper into the canopy and interact strongly with the tree branches, trunks and
ground [Patenaude, 2003; Siqueira et al., 1999]. Polarization signatures can be used to
automatically extract positions of trees of interest. Digital surface models can be
generated from radar backscatter measurements from smaller wavelength (X- and Cband) signals while digital elevation models are computed from the interaction of the
longer wavelength (L- and P-band) signals with ground surface. Vegetation heights and
tree densities are then estimated from differences between the two models [Viergever et
al., 2006; Wallington et al., 2006; Mette, 2007]. This information is then applied to
generalized allometric equations to estimate standing biomass over the mapped area. The
input data for this approach still has to be calibrated and validated by corresponding
ground measurements as different biomes have different allometric constants.
Several studies using airborne SAR have shown a linear relationship between radar signal
wavelengths and biomass saturation levels with ranges from 20 - 200 t ha-1 for C and L-
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band sensors respectively, depending in the ecosystem under investigation [Imhoff, 1995;
Rauste, 2005]. Typical savanna woodlands have estimated biomass densities of up to 70 t
ha-1 [Viergever et al. 2007]. The ALOS PALSAR sensor offers opportunity to relate
backscatter changes to clear-cut in forests and to analyze polarimetric coherence between
satellite visits to detect areas cleared between the 46 day cycles [Fransson et al., 2007;
Eriksson et al., 2003].

Limitations
Quantifying woody biomass using radar remote sensing is an emerging discipline and
various research efforts are underway to refine methods and techniques. The subsequent
high hardware and software costs are hampering the adoption of technology in academic
and natural resource management organization. This is further complicated by the long
repeat cycles of current satellites e.g. 46 days for the ALOS PALSAR sensor. Future
satellites are expected to reduce the visiting period by operating in constellation [Koch et
al., 2007], albeit at an increased operational cost.
Radar images are characteristically different from optical images. Many of the objects
that are highly visible on optical images are not visible to radar sensors, making it
difficult to identify suitable ground control points for precise georeferencing of radar
images. Power et al. [2006] points out that although spaceborne radar data is georeferenced using onboard GPS systems, manual geo-referencing allows a more accurate
placement of the SAR image (and the interpreted results) in a coordinate system that is
common with GIS layers, elevation models and topographic data from field surveys.
Corner reflectors provide a possible solution, but their production and installation costs
may add a considerable amount to the field survey budget.
Santos et al. [2003] summarizes some of the limitations of mapping vegetation using L-,
C- and X-band data. Radiation at X-band penetrates only the upper section of the tree
canopy, and as such radar backscatter is only related to the top layer and the crown. Cband penetrates the leaves but not the branches, while L-band encounters leaves and
small branches. Higher frequency P-band signals are a possible solution [Rauste 2005] as
they can penetrate right down to the ground. However, development of spaceborne Pband systems is hindered by signal interference with the ionosphere and most modern
communication ultra-high frequency equipment [Patenaude, 2003; Rosenqvist et al.,
2003]. The long wavelength also poses challenges in designing appropriate apertures
which maintain high spatial resolution without overloading the orbital system. The
interference with civilian communication systems poses the greatest political and
technical challenge as it requires permission from individual countries to transmit in the
UHF bands during satellite overpasses [Siqueira et al., 1999].

Implications for African savanna woodlands
Quantitative biomass data is increasingly becoming a critical component of plans and
policies that address some of the millennium development goals such as sustainable
environmental management and improvement of health. It is crucial for policy and
decision-making makers to integrate spatial data from energy modeling, biomass
potential, woodland dynamics and socio-economic applications to create energy demand
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and supply scenarios. However, there is generally a lack of such quantitative biomass
data for use in bioenergy modeling and at the same time, there seems to be a serious
paucity of research on the application of modern techniques to quantify woody biomass
in African biomes. Collecting biomass data is complicated by the sparse and
heterogeneous nature of savanna woodlands and the high expenses associated with
conventional biomass assessment techniques. Past efforts have concentrated on
vegetation change detection without quantitative evaluation of standing biomass stocks
[Chidumayo, 2002].
Optical remote sensing platforms have generated huge archives of data for coarse and
medium resolution data but radar data is limited. The optical data is two dimensional and
cannot be used to directly retrieve standing woody biomass. High resolution optical data
is becoming increasingly available but must be used in conjunction with SAR to
differentiate tree species which have spectrally similar signatures in the visible and nearvisible infra-red ranges of the spectrum [Billingsley, 1984]. High resolution field data
from ground surveys, high resolution optical remote sensing sensors and also high to
medium resolution spaceborne radar imagery sensors are required to quantify woody
biomass in savanna woodlands and to extrapolate to macro-scale applications.
Radar remote sensing is an emerging discipline in most developing countries and is
characterized by low levels of expertise in both academic and governmental institutions
involved in vegetation monitoring. This shortcoming is further compounded by the steep
learning curves for SAR data acquisition, interpretation and analysis as most of the
available personnel is trained in optical remote sensing. Other challenges include
accessing data from current and past satellite platforms and the long revisit period of
some sensors (e.g. 46 days for ALOS PALSAR). While high resolution airborne
interferometry SAR systems [Viergever et al. 2006] are capable providing vegetation data
at the tree level, such high resolution spaceborne systems are lacking for large-scale
characterization of woodlands. The medium to coarse spatial resolution limits the
accurate geo-referencing and mapping of subsequent SAR derived tree signatures before
applying automatic feature extraction routines.
The processing, analysis and dissemination of quantitative environmental data (including
woody biomass) requires massive investment in technical, institutional and human
resources [Paradzayi and Rüther, 2002]. Data access and sharing are becoming major
problems when compared to data availability due to underdeveloped spatial data
infrastructures in most African countries. It appears that there is need to develop stronger
institutional and technical interactions among sectors involved with biomass management
[Mabowe, 2006]. One possible way of enhancing such data infrastructures is to advocate
for the development of the geo-web that offers possibilities to share, integrate and
leverage geographic knowledge related to biomass [Dangermond, 2007].

Concluding Remarks
Most African villages are located in remote places with very low economic potential that
are not widely covered by both conventional and GPS network control points established
by the national mapping organizations. Quantifying woody biomass from SAR data
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requires highly accurate ground control networks for site calibration to allow for the
precise positioning of trees. The nature of SAR imagery makes it difficult to identify
unique features on SAR images and ground control points (corner reflectors) are required
for improved geo-referencing of SAR imagery. High precision EDM and/or Differential
GPS surveys should be used to fix these control points because accurate tree positions are
critical for the determination of polarization signatures of targeted trees.
More research effort must be addressed to the combination of spaceborne SAR data with
high resolution field and optical data to quantify the amount of standing woody biomass
in subtropical savanna woodlands. Fusing data from different platforms such as field
surveys, high resolution optical and radar (ALOS PALSAR and TerraSAR) promises to
improve classification and separation of different tree genera or agricultural crops [DLR,
2007; Koch et al., 2007]. Research results from airborne SAR platforms have indicated
that using a combination of sensors allows for better estimation of quantitative data on
tree heights and standing woody biomass [Cloude and Papathanassiou, 2003; Lucas et
al., 2006; Mette, 2007]. This allows for the subsequent combination of polarimetric and
interferometric, and automatic feature extraction techniques to quantify and extrapolate
available biomass parameters according to preferred tree species in selected biomes
[Grabitzki, 2004; Laliberte et al., 2004].
In southern Africa, there is growing need for information on energy demand and supply
in rural and low-income urban communities; to assess the fulfillment of millennium
development goals and to assist with energy policies planning and implementation. The
VW Foundation BioModels project is a multi-institutional and inter-disciplinary research
effort seeking to provide decision-makers with quantitative data on available woody
biomass in the region. The remote sensing component of the research is attempting to
generate quantitative fuelwood biomass data in selected case study areas in South Africa,
Mozambique and Zambia. The outcome of this research will contribute to integrated
bioenergy policy planning and implementation processes by availing spatially accurate
quantitative biomass information to drive multi-purpose applications such as bioenergy,
socio-economic and woodland dynamics modeling.
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