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ABSTRACT:

The paper presents results of a comparative study of the vegetation-caused elevation bias of the space shuttle topographic mission
data product, both C- and X-band (SRTM.C/X). The SRTM.C/X bands data were compared against a high-resolution digital terrain
model. Pixel-based differences in SRTM.X minus SRTM.C were correlated with land cover (‘agriculture’, ‘house’, ‘tree’, ‘water’).
Findings of the investigations include that the SRTM.X does not represent a canopy top of vegetation and that the X-band penetrates
deeper vegetation cover than the C-band. As a test site, an area of about 159 km? on the Gold Coast, Queensland, Australia, was
selected. The area of interest is about 57% covered by vegetation varying from grassland and shrubs to forest. The study method
allowed the development of a statistical model relating the elevation bias to the percentage of the vegetation cover of a given land
parcel. This model, once verified on varieties of vegetation types, could be utilised to estimate and eliminate the elevation bias from
the InSAR elevation model. This model could also be utilised for estimating biomass quantities and their variations. It is hoped that
the results will also stimulate investigations towards developing a multi-frequency InSAR system for collecting both terrain
elevation data and attributes of biomass.

1. INTRODUCTION (Kellndorfer et. al., 2003), who considered determination of
vegetation height, using for reference the ‘bald-Earth’ elevation

The shuttle radar topography mission elevation data product and SRTM error mitigation procedure. Walker et al., 2007,
(SRTM) is one of the most valuable global resources of  considered the quality of the SRTM C- and X-band elevation
topographic data to date (Rabus, et al, 2003). It was  data and their suitability for retrieval of the vegetation canopy
developed for about 80% of the global landmasses using C- height. Balzter et al., 2007, experimented with an airborne L-
band (A = 5.3 cm or f = 5.7 GHz) InSAR (interferometry band and derived and smoothed the ‘bald-Earth’ elevation
synthetic aperture radar) technology. The vertical (absolute) model and X-band canopy height. The reported accuracy of that
accuracy is quoted at +3.3 m — 7.3 m (Rodriguez, et. al., 2005). experiment is remarkably high probably because of the
Pixel size for the U.S. territories is one arc-second (~30 m), and relatively flat test site.
for the remainder of the globe three arc-second (~90 m). The
second instrument flown during the same Endeavour mission In this paper, the impenetrability of vegetation cover is
(February, 2000) used the X-band electromagnetic spectrum (A investigated. The test site, located in Australia, consists of
= 3.1 cm or f = 9.7 GHz), but without the so-called scan mode various types of land cover, varying between grassland, urban,
which provided the data for selected areas of the globe only. and tree cover with various densities. The main goal of the
These data are available at one arc-second pixel size (~30 m) at investigation is to document the existence of situations where
a cost of €400 for 15” by 15’ tile. Both elevation data products X-band impenetrability is less than that of C-band, or in other
(note neither DTM nor DEM) exhibit elevation bias due to the words, when X-band microwaves penetrate the vegetation cover
partial penetration of vegetation by the electromagnetic waves deeper than C-band waves. An attempt is also made to relate the
at those bands (C and X). The effect will be referred to as difference in impenetrabilities to the height, density, and type of
impenetrability of vegetation cover. The level of  vegetation cover. Answers to those questions can lead to the
impenetrability is the layer of vegetation above the ground development of a multifrequency (C/X/L-band) microwave
which is not penetrable by the C- or X-band. The magnitude of  system for mapping the vertical structure of vegetation cover.
the impenetrability depends on many factors related to complex
interactions between electromagnetic waves and the 3D
object—the vegetation cover. The current scientific position is 2. MATERIAL AND METHODS
that the C-band penetrates the vegetation (forest) to about 50%
of its thickness, whereas the X-band is reflected from the top of 2.1 Testsite
the tree canopy (Carabajal et al., 2006; Balzter et al., 2007). . ) .
This position seems to be contradicted by at least a few authors ~ Lhe test site comprises the northern part of Gold Coast City,
who demonstrated that C/X-band impenetrability may be very Queensland, Australia (top left: 153.25 E, 23.75 S, and bottom
similar (Werner et al., 2005; Simard et al., 2006). Moreover, it~ tight: 153.5 E, 28 §). All water bodies were masked out from
will be shown that the X-band impenetrability can be smaller further conmdegatlon. The area of .the cons1dered.ter.ra1n was
than the C-band. These inconsistencies are most likely caused ~ about 153.9 km®. A sun-shadowed view of the test site is shown
by the size, shape, and orientation of scatters within the tree
canopy, and can theoretically be used for quantitative
assessment of vegetation or biomass. Quantitative assessments
of vegetation structure using SRTM data were studied by
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4 Pacific Ocean

Figure 1. Sun-shadowed view of the test site, Gold Coast City,
Queensland, Australia.

in Figure 1. The geomorphology of about half of the site is
composed of low, flat alluvia; the remainder is formed by
eroded hills and valleys of volcanic origin.
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Figure 2. Histogram of elevations of the test site.

The highest point is about 377 m a.m.s.l. The mean and median
elevations are about 29 m and 11 m, respectively. Figure 2
shows a histogram of the terrain’s elevation, which resembles
an exponential distribution. The degree of the terrain’s
roughness can be seen in Figure 3. The mean slope for AOI is
about 3°, which is classified as flat terrain.

The AOI land cover can be divided into four land cover classes,
e.g., a) agricultural land (predominantly under sugar cane and
pastoral areas); b) trees and shrubs usually forming dry
rainforest and open eucalyptus forests of grey gum (Eucalyptus
punctata) open-crowned tree, blue gum (Eucalyptus
tereticornis), and stringybark and tallowwood (Eucalyptus
microcorys) trees. Mean tree height is about 20 m, but it can
reach 45 m in instances; c) high-density housing estates with
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very low to none tree cover; and d) water bodies in the form of
small dams or lakes, and artificial channels connected to rivers.
Land cover of about 10%, 57%, 19%, and 14% constituted
classes a, b, ¢, and d, respectively.
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Figure 3. Histogram of the terrain’s slopes of the test site.

2.2 Data

SRTM Data

The SRTM.C, so-called finished data, version 2 (cell
S28E153.hgt.zip) were downloaded from the JPS/NASA site:
ftp://e0srp0lu.ecs.nasa.gov/srtm/version2/SRTM3/Australia/.
This is the recommended source of the SRTM.C because its
three arc-second downsampling has been achieved using the so-
called averaging procedure (Becek, 2007). A 15 arc-minute
SRTM.X one arc-second cell (starting at 153.25 E, 28.0 S —
bottom left corner) has been purchased from the German
Aerospace Center (DLR). All pixels falling within water bodies
were removed. Every pixel from the SRTM.X data set was
associated with the so-called height error map value (HEM), a
pixel-based accuracy measure provided as a part of the X-band
data package. The HEM value is statistically determined from a
neighbourhood of pixels mainly considering the phase and
baseline stability. Thus, it is a relative measure of the precision.
The HEM varies in a range from 0 to 255. The C-band
elevations are referred to the sea level means. The X-band
ellipsoidal elevation was converted to mean sea level using the
AusGeoid98 model http://www.ga.gov.au/geodesy/ausgeoid/.
The C-band pixels were also associated with an accuracy
measure derived from the slope of the terrain. In the following
section, a procedure facilitating that is described.

DTM Data

As reference terrain elevation data, a set of spot elevations was
used. The accuracy of the photogrammetically/lidar derived
elevations is better than + 0.3 m (1 ). The mean density of the

spot elevations was about 48 points /ha.

Land Cover Data


ftp://e0srp01u.ecs.nasa.gov/srtm/version2/SRTM3/Australia/
http://www.ga.gov.au/geodesy/ausgeoid/
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The Digital Cadastral Data Base (DCDB), one of the standard
‘spatial” products available in Queensland, Australia, at
minimal cost, was used for parcel-based land cover
classification. By means of photointerpretation of high-
resolution 2003 aerial photography (0.15-m pixel), about
71,500 land parcels were classified as ‘Agriculture’, ‘House’,
‘Water’, and ‘Tree’. The ‘Tree’ parcels were also assigned
visually assessed percentages of tree cover. Figure 1 shows
DCDB in the background of an aerial photograph.

Figure 4. Parcel-based classification of land cover including the
percentage of tree cover. ‘A’ denotes ‘Agriculture’, ‘H” —
‘House’, ‘T35° — 35% of ‘tree’ cover, and ‘W’ — ‘water’.

2.3 Method

In the following, the data processing procedure will be
presented. As a basic unit for calculations and data aggregations,
a buffer with a 45-m radius centred on the centre of every C-
band pixel was used. For every such buffer, the following data
were available:

a) Average X-band elevation (calculated from up to 12
points),

b) Average reference elevation (calculated from 13.3 (1
-108) - in average - reference spot elevations,

¢) Type of land cover,

d) Percentage of tree cover,

e) Aspect calculated from C-band data,

f)  Slope calculated from C-band data,

g) HEM value for X-band pixels, and

h) A pixel based accuracy of C-band elevations.

Buffers with missing data in any field or containing SRTM.X
pixels with HEM>10 were omitted from further processing.
Overall, 53,190 buffers were available for further processing.
Data preparation also included identification of horizontal mis-
registration of both C- and X band data in relation to the
reference DTM. This was performed by calculating the cross-
correlation plot for two perpendicular transects (N-S and E-W).
No shift was detected at the lag level of 2.5 m. In the next step,
the differences in elevations between SRTM and reference
DTM for every buffer were calculated:

dc = C - (R), M
dax = (X Y- (R,

dcx = C - {(x )

dC, dX, dCX = difference in elevation,
C, X and R = C-, X-band elevations, and R is
the reference elevation,

where

< > = spatial (buffer) averaging operator.

e . 2
Variation of difference (0 ;) was calculated for every buffer as
a sum of the variations of the C/X-band (O é , x ) and variations

of the reference elevation (O 12? ):
2 _ 2 2
O, =0qy t0;, 2

The pixel-based variation of the C/X-band data (O é Jx ) was

calculated as a sum of the variation of the SRTM instrumental
error and error caused by impenetrability in conjunction with
C/X - pixel size (Becek, 2008):

0%, =1.557 +1/12*%d* * tan’(s) 3)

where d =30 m or 90 m for X- or C-band pixel

s = slope of terrain within a pixel, and

1.55 m is an experimentally derived standard
deviation of the instrumental errors of the

SRTM.

In the next step, using a reciprocal of the variance (2) as the
weight, the weighted average differences dCw, dXw, dCXw, and
their standard deviations were calculated for every parcel
(belonging to one of the land cover classes). The calculations
were done using well-known formulas:

d(.
2,40g ;)g @)

d()w, =
2./,

gzl/oﬁ %)

where d(.)w; = weighted difference dC, dX, or dCX for i-th

parcel

< > = spatial (parcel) averaging operator.

The standard deviation of the average difference (Equation 4)
can be calculated using the following formula:

oi=0"/g (6)
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Where o = the standard deviation of an average difference
with the weight equal to 1, and

g = weight (Equation 5).

Calculated average differences for every parcel
subsequently analysed as a function of the land cover.

were

3. RESULTS

The vegetation impenetrability and anthropogenic obstructions
found above the surface of the Earth introduce asymmetry into
the histogram of elevation differences (SRTM minus ‘bald-
Earth’ reference elevations) (Heipke, et al., 2002). Histograms
in Figure 5, 6, and 7 were developed for vegetation
impenetrabilities (Equation 2). The mean differences for
SRTM.C/X minus the reference elevation are 6.62 m and 2.53
m, respectively. Hence, the mean difference for SRTM.C minus
SRTM.X is about 4 m.
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Figure 5. Histogram of buffer-based elevation differences C-
band minus reference elevation.
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Figure 6. Histogram of buffer-based elevation differences X-
band minus reference elevation.
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The histograms in Figures 5 and 6 do not follow the Gaussian-
fitting curve. This is because they represent a compound
probability distribution function of two stochastic processes:
one is the ‘bald-Earth’ difference between SRTM and reference
DTM, which follows the Laplace distribution; the second one is
created as the same difference but considered over vegetated
areas—it follows the Gaussian distribution. The Gaussian
probability density function is given by the well-known formula:

O

1 efo.s(%j ,

f(xm,0) = N

m = mean value, and
o = standard deviation.

where

The Laplace probability density function is given by (Norton,
1984):

f(x [%] ®)

9b =
1,b) 25°

where u = location parameter,

b = scale parameter.

For N independent and identically distributed differences d;,
dy, ..., dy, estimator of u - 7 is the median of differences, and

the estimator of b - 5 can be calculated using the maximal
likelihood estimator from:

71l (9)
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Figure 7. Histogram of differences C-band minus X-band.
Laplace fitting curve was drawn for 4 =3.9 m and b = 4.96 m.
Gaussian fitting curve was drawn for m =4.0 m and 0 = 7.8 m.
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The difference dCX for the whole AOI shown in Figure 7
follows the Laplace distribution. The mean difference is 4.0 m,
which means that the X-band vegetation impenetrability is less
than the C-band one.
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Figure 8. Impenetrability of the C/X-band versus percentage of
the parcel-based tree cover.

A potentially far-reaching consequence for vegetation cover
investigations is the relationship between SRTM bias and the
percentage of vegetation cover of a given area. This effect is
illustrated in Figure 8. For example, any future changes to
vegetation cover in terms of spatial extensions (horizontal and
vertical) can be easily identified by comparing multi-temporal
C- or X-band impenetrability of a given area. However, it is
necessary to note that the data for the C-band vegetation
impenetrability shown in Figure 8 indicate about 4.8 m positive

bias (SRTM is above the ground) for the vegetation-free parcels.

This issue will be further investigated in the near future.

Differences dC and dX, or elevation bias, are shown in Table 9.

Land Cover Class Difference (m)
dC+ 1o dX =+ 1o
Agriculture 2.96 £3.56 | -1.46+£1.49
House 424+£7.12] 0.28+£4.18
Tree (0-100%) 8.29+£9.97 | 3.69+6.27
Water 4.34+£6.82 | 0.32 +£4.54

Table 9. SRTM C/X elevation bias for land cover classes

Closer consideration of the results in Table 9, in particular for
‘Agriculture,” can lead to a conclusion that perhaps both C- and
X-band SRTM datasets contain certain reference biases, e.g., C-
band elevations are about 3 m too high, and X-band elevations
are about 1.5 m too low. This could explain the remarks
regarding the 4.8-m bias made in the previous paragraph. The
negative X-band SRTM elevation bias of the order of about 2.6
m was reported by Heipke et al., 2002. However, Ludwig et al.,
2006, have not reported such an elevation bias.

Weighted average difference dCXw per Equation 4 was
calculated for every land cover type. The results are very
similar, varying between 3.95 m for ‘House’ and 4.43 m for
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‘Agriculture’ and ‘Trees’. The standard deviation varied
between £2.79 m for ‘Agriculture’ and +£6.88 m for ‘Trees’.
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Figure 10. Weighted average difference SRTM.C minus
SRTM.X versus tree cover expressed as a percentage of the area
of the parcel.

The weighted average difference dCXw for ‘Tree’ was also
calculated for every parcel as a function of the average
percentage of tree cover. The results are shown in Figure 10.
The data appear to follow the exponential fitting curve. The
difference is that dCXw reaches its lowest level of about 3.3 m
for parcels fully covered by trees. The relatively low value of
R? is mainly caused by inexperienced photointerpreters who
estimated the percentage of the tree cover.

4. CONCLUSIONS

A comparison of both C- and X-band SRTM elevation products
and a high-resolution reference DTM over a large test area in
the Gold Coast, Queensland, Australia, focused on the influence
of the vegetation cover, which was in the leave-on state, on
elevation bias and provided an inside look into some of the
properties of the InNSAR C- and X-band technology of elevation
determination. There is evidence that the X-band SRTM
penetrates the vegetation cover deeper than the C-band SRTM.
This effectively means that the vegetation-caused error in the
X-band SRTM is smaller than that in the C-band SRTM.
However, this has to be further investigated due to possible
systematic error in the C-band SRTM.

It was also shown that there is a linear relationship between the
percentage of land cover and the magnitude of the vegetation-
caused bias. This property of both SRTM datasets can be
utilised for quantitative observations of variations of vegetation
cover.

The level of the vegetation-caused impenetrability, e.g., about
10 m, is responsible for an error exceeding SRTM mission error
specification. In addition, this is valid for about 30% of the
global landmasses covered by forests.

Further investigations are needed and planned towards
identifying the best data source of vegetation cover to be used
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to correct the SRTM elevation data product and those which
will be derived in the future using the InSAR technology.
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