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ABSTRACT:

The recently completed 1 second Digital Elevatioodeéls (DEMs) for Australia are based on the 1 sécBhuttle Radar
Topographic Mission (SRTM) elevation data. The SRTaadwas corrected by removing voids, striping, tffsets and random
noise and finally by integrating mapped drainagesi This paper describes the removal of the fifsets, which was a crucial step
in the production of a credible bare-earth elevatitodel and was one of the most technically chgitepaspects of the project, and
the possible application of the methods to othgitali surface model (DSM) sources.

Methods for the removal of tree offsets rely on maptree presence/absence from sources such agelgrsensed imagery, and the
height offsets are computed from the DEM at thenglauies of tree patches. Tree offsets over mostusfralia were successfully
removed, but were underestimated in areas of extefarest cover and poorly estimated where thepimgpof tree patches did not
match the patterns of offsets in the SRTM elevations

The tree offset removal methods could be appliethtonear-global SRTM DSM to produce a near-glolzakfearth product,
provided that a suitable map of tree presence msitfecan be compiled from satellite remote sensing) other sources. The process
could be improved by using supplementary tree-teigbrmation from ICESat or other sources.

High resolution global DEMs other than SRTM are lmitg available, notably ASTER GDEM and TANDEM-X. Bothose
products are subject to offsets due to vegetatioiié same way as SRTM. The tree offset removal adstlleveloped for SRTM
could be adapted to the characteristics of thedeotimer DSMs to provide a largely automated prangssystem to derive bare-
earth DEMs from new sources.

1. INTRODUCTION

Widespread diagonal striping with a wavelengthlafut 800 m
The release of the Shuttle Radar Topographic Mis8RiTM;  was detected and treated using a 2-dimensional iéfour
Farr et al., 2007) data for Australia in 2005 heralded atransform in a custom-built tool that allowed manua
significant step forward in resolution, detail asmhsistency for identification of the striping frequency and origton in
elevation models over that continent. Previous ioental 1, x 1/, degree tiles (Reagt al., in prep). Voids were removed
DEMs had been prepared from topographic mappirgcales  ysing a modification of the Delta Surface Fill madh(Grohman
of 1:2.5M to 1:100k with the most recent being tBeodata ¢ g, 2006), with the 9 second Geodata DEM providimfjli
9second DEM version 3.0 (http:/ga.gov.au/topolli@p data (Readt al., in prep). Tree offsets were removed using the
mapping/digital-elevation-data.html). The impact dhis  methods described in this paper. Random noise wdiscee
improvement in resolution is enormous. Most hiliee are on using an adaptive smoothing method (Gallant, 20tHt
the order of 200 m long so changing from 250 m @B  smooths to a greater or lesser degree in respongeetnoise
resolution brings the ability to resolve the bastige-valley  amplitude (estimated from the SRTM DSM) and the lloekef.
structure of the land surface that is crucial tdemstanding the Hydrological connectivity was enforced with a maetif version
flow of water and materials through the landscapel a of the ANUDEM program (Hutchinson, 2011) using megp
everything that follows from that, in particularetipatterns of  1:250k stream lines modified to fit the SRTM DSM tiilgher
soil depth and properties and the distribution efetation  relief areas (Dowlingt al., in prep). The resulting set of four
communities. products (a cleaned DSM, bare-earth DEM, smoothEW {3

and hydrologically enforced DEM-H) are now publicly
While the improved resolution provided obvious Hésethe  ayailable through Geoscience Australia’s Nation#vEtion
defects in the SRTM data were also readily appanembntrast  pata Framework Portal (http://nedf.ga.gov.au) ahtbsecond
to the smooth, complete and hydrologically enforéesecond  and 3 second resolutions (except for the DSM, wiigchnly
DEM the SRTM data was noisy, had missing data (yoids available for government use at the 1 second résnluand
contained stripes, was subject to significant ¢éfse vegetated DEM-H, which is only available at 1 second resaintidue to

areas and did not capture river channels. In sitoig,a noisy  the difficulty of generalising while retaining theecessary
digital surface model (DSM) rather than a barekearbdel  hydrological connectivity).

(DEM or DTM). This led to a collaborative projecetiveen

CSIRO, the Bureau Of Meteorology, AUStralian NationalThiS paper describes the methods developed to Eenee
University and Geoscience Australia to deal witbheaf those  gffsets from the SRTM DSM, which was a crucial steghe
defects extending from 2005 through 2011. Accessh&édl  production of a credible bare-earth DEM for Aus&ralThese
second SRTM data (which is not routinely released fotree offsets are clearly visible in the SRTM DSMairicultural
territories OUtSide the USA) was prOVided by DIGmStralia,S |ands and managed forests Where there are abmmiﬂons
defence mapping agency. between cleared and tree-covered areas. Ripari@stsoand
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woodlands are also problematic: many of Australiaiest
significant rivers run through very low relief taim and are
typically bordered by tall trees while the surroingdlandscape
is either cleared for agriculture or is naturallgvdid of dense
tree cover. The rivers therefore appear in the SRO3M as
raised ridges rather than channels. Collectively\sghearious
tree offsets prevent effective use of the DSM faistranalytical
purposes.

Manual, or manually assisted, workflows for remayioffsets
from DSMs exist within commercial organisations hwere
considered too expensive to use across an entiméneat.
Fully automated methods were therefore developectimve
the offsets due to trees. The methods producedtiefferesults
over most of the vegetated parts of the continabb(t half of
the area of Australia required some removal of wésets).
Some manual effort was required to select the tvest cover
map for use in different areas and to evaluatedhelts but the
processing itself is fully automated. Offsets duduaildings and
other structures were not treated.

The opportunity now exists for these methods toapplied
elsewhere, potentially producing a global barekeddtEM

suitable for most analytical applications. The raated tree
height offset is also likely to be valuable as ghhiesolution
surrogate for biomass. With suitable adaptatiomr, rtethods
could also be adapted to other DSMs such as TANDEM-
fully automate the production of bare-earth DEMs.

2. METHODS

The existence of tree offsets in the SRTM data wasxpected
characteristic of the data, and several studieg lraxestigated
the relationship between tree height and the indiuaféset in
SRTM elevations where a reference DEM was availéble.
Kellndorfer et al., 2004; Walkeret al., 2007). At the time this
work was commenced there were no published exangfles
estimation and removal of the offset where a refezebare-
earth DEM was not available, and even now the astlwe
aware of only one other similar effort (Kéthe andcBo2009).

The method described here relies on an indepemagntof tree
cover so that the areas requiring treatment catiefined. This
map must be compatible with the DSM resolution eeptesent
the conditions at the time of the DSM acquisitidrelfruary
2000 in the case of SRTM). Land cover maps derived f
Landsat TM at about 30 m resolution are the obvichsice,
and in Australia we were fortunate to have seveuah maps

derived from Landsat. These maps were producedgusin

different processes and from imagery at differeatesl so a
manual selection process was applied to choose btst
representation of the visible SRTM offsets in difetr parts of
the country.

The main steps in the tree offset removal process a

1. Adjustment of the tree cover patches to match edges

in the SRTM DSM;

Characterisation of the SRTM DSM to patch edges;
Estimation of tree offset at patch edges;
Interpolation of offset to the interior of patchasd
Subtraction of the tree offset surface from the DSM

agrowbd

A full description of the processing steps anddbmapilation of
the tree cover map will be provided in Gallahal (in prep).
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2.1 Adjustment of thetree cover map

The correct estimation of tree offset relies on uaately

identifying the location of the transition from ntnee-covered
to tree-covered terrain. Mis-registration betwelea DSM and
the tree cover map will result in under-estimatéshe tree

offset and ineffective removal of the offsets, spracess was
developed to adjust the edges of patches in tlectvger map
to optimise the match between the map and the DSM.

Several modified versions of the tree cover mapewseated,
and the effectiveness of each version was assesseg an F
ratio in a neighbourhood around each grid cell thaasured
the difference in average height between the tosered and
non-tree-covered area, relative to the variatioheight within

both areas. For each cell, the version with théndsg F ratio
was chosen as the best representation of the pdigh If the
best F ratio was smaller than a minimum value, was deemed
to indicate that there was insufficient informatitm reliably

adjust the patch edges and the original map wad; ubés

mostly occurred in higher relief areas where theate variation

masks the offset due to vegetation. The range joadent was
limited to two grid cells to prevent unreliable asliments, so
the method cannot correct for large errors in the tover map.

2.2 Characterisation of edge response

The response of the SRTM DSM to changes in treerdsveot
sharp but transitions smoothly over a distance-éfgid cells
(around 100 m). This smooth transition must be acted for
in the correction of offsets to avoid artefactsuan tree cover
patches.

The response to edges was assessed over a laff §athple
of clearly defined edges in flat terrain and moekklusing a
Gaussian smoothing kernel with a length scale 4fgtid cells.
The adjusted tree cover map was smoothed usindgehie| for
use in the remainder of the processing.

2.3 Estimation of tree offset at patch edges

The tree offset was estimated near every patch égigleast
squares estimation based on a model of local hegyfdtions:

Zpau (O, ) = ag + a0k + 8,0y + azdkdy +hmg + & (1)

where  Zpgy = DSM elevation

X, 0y = location relative to target cell

a,...83 = local terrain height and slope parameters
h =tree height offset

M = tree cover map after smoothing with

Gaussian kernel
& =random noise

The parametersy, ...az and h are fitted to values ofpgy

and mg from a circular window of 5 cell radius around leac
target cell using linear least squares fitting. €sémated tree

heightﬁ is retained if:
« the model fits well enough (defined m? < 200);

e  the estimated variance ¢f is less than 3 fn
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. h is more than twice its estimated standard deviatio

since low values oh are usually caused by a poorly
matching tree map; and

. h is less than 25 m to exclude unreasonably large
estimates that typically occur where tree patterns
coincide with terrain features.

The estimated parameted ... are not used in the

subsequent process but are included in the modebsthe
estimated tree offset is not overly influenced byrelations
between the orientation of the patch edge anddhaa
gradient of the land.

2.4 Interpolation of tree offset across patches

The height offset estimates obtained from the lessgtares
estimation are only available for patch edges wdmedgeights
are required throughout the patches, so the hedgtimates
must be interpolated through the patches. This acseved
using an early version of the multiscale adaptiv@athing
method (Gallant, 2011) that uses the variance nmdgion to
weight the estimates. This produces a continuotfaciof tree
height offset both within and outside patchesfoe.both tree-
covered and non-tree-covered areas.

2.5 Subtraction of offset from DSM to produce DEM

The interpolated tree offset is multiplied by thea®thed tree
cover map to produce an estimate of the tree offetcan be
subtracted from the DSM to produce the bare-eaBEMD

Zge = Zpgy —hmy
2.6 Computational details

@

Most of the processing steps were implemented ak Aldcros
within ESRI Arc Workstation. The least squares rfigtiwas
implemented as a C++ program.

Due to the size of the SRTM DSM for Australia (abd0tGB

of single-precision floating point data) the praieg was
performed on %1 degree tiles using sufficient overlaps in each
step that the results were consistent acrossdimdbaries. This
tiled processing approach also allowed for distgdu
processing. At various stages of the project wel @se80-node
processing cluster, a multi-core server and a Codahtributed
processing system using idle desktop PCs.

The tree offset estimation was performed on the O8bdbtuct
after removal of stripes but without voids filledp that the
interpolated data in voids would not influence Ineigstimates.
After the subtraction of estimated tree offsetddsavere filled
and water bodies re-flattened as described in Read., (in

prep).

3. RESULTSAND DISCUSSION

Figure 1 shows an example of the removal of trésetsf in an
area where the method worked very effectively. &M
(centre panel of Figure 1) shows marked elevatiffsets that
would seriously interfere with land surface atttémisuch as
slope and with flow paths computed from the DSMteAf
treatment (DEM, right panel of Figure 1) there asgy few
artefacts due to vegetation patterns. Both the aeqatterns of
plantation forestry and the more erratic patterfisnatural
vegetation in the valley (running from the east@rrsouthern
border of the area) are well represented in the ¢mver map
and the height offset is accurately modelled byatigerithms.

Figure 2 shows the estimated tree height offsettlier area
shown in Figure 1. The variation in estimated dfes®und the
patch edges where the offsets are measured cantwitht the
smooth variation within the patches where offset® a
interpolated from the edges. The lower estimatedhtevithin
the patches is due to variations in heights arahededges and
is probably an under-estimate: it is more likelgttkrees are at

Figure 1. Landsat image (left), digital surface eld@SM, centre) and bare earth digital elevatiadel (DEM, right) near Milltown,
Victoria, 141.78°E 38.08°S
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Figure 2. Estimated tree height offset for the ateavn in
Figure 1.

least as high within the core of the patch compéoetie edges.

The impact of these errors is relatively minor ahd method
adequately deals with the most troublesome aspécth®
artefacts, the abrupt changes in height at patghsd

The techniques described here were applied to 8%B°tiles
covering Australia. Effective removal of vegetatiaffsets,
assessed by visual examination of DEM, was achiéueabout
90% of the vegetated area of the Australian contin&he
remaining areas contain offsets that were untreatednly
partially removed, or areas where the offsets wever-
estimated. Most of these defects are related totrde= cover
mapping and have several causes including:

Some of the defects are due to the algorithmsicpdatly over-
estimation of tree height offset where vegetationl derrain
patterns coincide (such as tree covered rises @aret
agricultural land) or in areas of low vegetationghé where the
constraints on acceptable height estimates may penduced
biased estimates by omitting small but correct ieigffsets.
Coincidence of vegetation and terrain patterns tsmrasult in
under-estimated offsets, for example in ripariarests filling
inset floodplains. The interpolation of height effs across
large areas of continuously wooded landscape gpeas to
have resulted in under-estimation of tree heigfgedfin much
of the interior of the patches.

Figure 3 shows an area where some areas affectetleby
offsets have not been effectively removed becatidéferences

between the tree cover map and the patterns oftefis the
SRTM DSM, presumably due to changes in tree covevden

the Landsat and SRTM acquisition dates. The reguddchy

nature of the tree cover is due to plantation folesvesting
and replanting. Figure 3 also illustrates overrestion of tree
height offsets around the river. The river is iedisbordered by
cliffs nearly 20 m high, and the algorithm has beeable to
separate the co-incident effects of sudden terchBnge and
tree cover change thus interpreting the cliffsras heights and
substantially over-estimating the tree height affSée removal
of this apparent offset has largely removed thdfscland

produced land heights beside the river comparabkbe river

surface height.

Improvements in the quality of the derived bareteddEM
could readily be achieved by correcting parts @f tlee cover
map that did not correspond well with the offsetshe SRTM
DSM. It is also likely that the algorithms could éehanced to
provide more accurate results.

3.1 Applicationswithin Australia

The bare-earth DEM produced from the SRTM DSM if sti
quite noisy and lacks the hydrological connectivigeded by
some applications. The DEM for Australia has beerther

» the mapping could not distinguish between trees angirocessed to produce a smoothed (DEM-S) product and
other ground cover; in some cases areas of trees ahydrologically enforced product (DEM-H). From thesgo
missed while in other cases areas not coveredeleg tr products a suite of commonly used terrain attributave been

are classified as tree-covered

derived, which are now being used for ecologicgtirblogical

« there were significant changes of tree cover in theand geomorphological purposes. The stream netwarks
time between the imagery capture for the mappingcatchments derived from DEM-H will underpin the oimg

and the SRTM radar mission

refinement of the Australian Hydrological Geospaf@bric

2= Elevation (m)
ath

Figure 3. Landsat image (left), DSM (centre) andvDgEight) near Nelson, Victoria, 141.08°E 37.98°S
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(AHGF, http://www.bom.gov.au/water/geofabric/indsxml,
commonly known as the ‘Geofabric’), an authoritatand rich
representation of Australia’s hydrological features

The tree height offset map could be used as this bas high
resolution map of forest height and biomass, prediduitably
robust relationships can be found between heigf#ebfand
actual tree height. Note that the tree height offiezived from
the SRTM data is not a measure of true tree hepmimarily

products (although the ASTER GDEM response to tdoEs
not seem as consistent as the SRTM so may be |leswbia to
treatment). Both are essentially DSMs and would fiefrem
removal of offsets due to tree cover.

4. CONCLUSIONS

Removing artefacts from Digital Surface Models is

because the SRTM radar signal scatters from the yvoodprerequisite for deriving high quality bare-earthigital

structure within the canopy rather than the uppargmn of the
canopy (Kellndorferet al., 2004). Preliminary study of the
estimated offsets suggests the estimated heigbtsa @amaller
fraction of true height in trees with a conical pbdtypically
conifers) than in trees with a broad canopy (sushnest
Australian eucalypts), presumably due to greateepation of
the radar signal into the former canopy type.

3.2 Prospectsfor processing of the global SRTM DSM

The processing method for estimating and removieg height
offsets in the SRTM DSM could in principle be apgli® the
entire  SRTM dataset. The most significant obstaate
attempting this is the need for a consistent gldaatl cover
map compatible with the SRTM data in both resolutam
acquisition date. Global cover maps currently ext
resolutions of about 300 m (GlobCover) and 500 m DN®
Land Cover). Finer resolution products from Landsgght also
be possible, and it is also possible that the r&®TN radar
product would contain useful information for detegt
vegetation cover boundaries.

Independent measures of tree height (suitably rsatito
account for SRTM penetration into the canopy) coblel
incorporated into the height offset estimation pss This
would be particularly helpful in extensively foredt areas
where there are likely to be spatial variationsrée height that
cannot be estimated from patch edges. Either

Elevation Models. The methods described here geovhat
capability, drawing on an appropriately fine resioo
vegetation (tree) map as supporting data. The tregubare-
earth DEM for Australia is now being used for aiefr of
ecological, hydrological and geomorphological apgtions.

The methods described here could be applied toetitee
SRTM near-global DSM, provided a suitable tree cowvep
can be compiled. This would be a valuable stepdatising the
full value of this high resolution, high quality q@tuct and
would complement other efforts such as those by GGta
provide a void-filled version of the SRTM DSM.

The method may also be suitable for removing dffskte to
tree cover in other remotely sensed DSMs such aSERS
GDEM and TANDEM-X. Some adaptation to the different
characteristics of these DSMs would be required.
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