Remote sensing of rivers:

A potential contribution to the
Murray-Darling Basin Sustainable Rivers Audit

Final Report by
The University of Melbourne
For the

Murray-Darling Basin Commission

Stephen Wealands', Michael Stewardson’', David Gilvear?,
Jorg Hacker?, Jeffrey Walker', Barbara Downes' and lan Rutherfurd’

' The University of Melbourne, Australia

2 University of Stirling, UK
3 Flinders University, Australia

January 2008






Executive summary

Overview of project

Ground surveys are used routinely for surveillanoenitoring of rivers across Australia.
However, their limitations (e.g. costly, slow, liteid sample) are widely acknowledged and
airborne remote sensing may provide a cost effediternative. This technology is largely
untried for this application in Australia and altigh its utility is clearly evident, the accuracy,
precision and most productive approach is stilleutain. This project aims to give a realistic
appraisal of remote sensing for surveillance memtpin the Murray-Darling Basin (MDB)
as part of the Sustainable Rivers Audit (SRA), watirticular focus on evaluating current
conditions for two themes of the SRA — physicalnfoand vegetation. The basis for this
appraisal is a combination of information garnefemm: 1) the findings in the existing
literature; and 2) the discussions/outcomes fraenvtbrkshop conducted on this topic.

The project began with a literature review of tlse of remote sensing for river assessments
to give the current state-of-the-art from both foeentific and available grey literature (see
Appendix 1). This review was provided to particifgaim the project workshop as background
to the study and to ensure the workshop was coeduat an informed manner. Using the
review and past reports produced for the MDBC,st dif available satellite and airborne

sensors for remote sensing of rivers was compgied Appendix 4).

A full-day workshop was held in Melbourne on 29 Mmber 2007, to explore the
opportunities of using remote sensing techniquesstmveillance monitoring of rivers. The
participants at the workshop (see Appendix 5) regmeed a cross-section of interests and
expertise regarding remote sensing of rivers. Wbkkshop focused on taking a realistic view
of what is feasible to measure from remote sensiogss the Murray-Darling Basin.
Participants identified the river metrics they adesed ‘feasible’ to measure from remote
sensing, before providing details such as the aglesensors, processing demands and
existing examples of use. Then a number of potesiaitions were presented and discussed
in an open forum to consolidate the general consensThe two dominant technologies
considered necessary in any remote sensing ofsriwere: 1) high-resolution imagery

(preferably multi-spectral); and 2) LIDAR.

The outcomes of the workshop were discussed extgsamongst the project team and the

feasibility of various remote sensing solutions evgiven preliminary investigation. This



included looking at the availability of sensors/iers/imagery within Australia;
understanding the potential problems with combinsensors on a single aircraft; and
considering logistical issues (i.e. flying height,ground swath covered,
spatial/spectral/temporal resolution trade-off$his report presents an approach for moving
forward with remote sensing of rivers for the SRAnsidering these various factors and the

recommendations of the workshop participants.

Summary of general findings

= Where remote sensing activities are being undemntéyeother agencies, the SRA should
encourage data collection to be undertaken atadpasolutions that are compatible with
river-focused work (e.g. sub-2.5m) where possibleter-agency cooperation will be
necessary for undertaking basin-wide remote sensing cost-effective manner at this

resolution.

» Existing satellite data and derived products aefuldor catchment-scale attributes (e.g.
catchment vegetation cover), but are not suitediver-scale attributes (e.g. riparian
vegetation). The pilot study being undertaken K§ED(for assessing ISC metrics in
Victoria) will reveal the suitability of QuickBirdnd SPOT satellites for this.

= Spatial resolutions of the order of 0.5-1m weregested as being most suited for SRA
metrics, largely due to a reliance on visual intetation. Visual interpretation was often
favoured due to the diversity of river environmeimsthe MDB and the perceived
difficulties with obtaining suitable ground trutiginlata.

= From the list of vegetation and physical form atites discussed at the workshop, the two
data types considered most useful were high-rasalumhagery (preferably multi-spectral)
and LIDAR. Some other data types were suited ttividual metrics, but did not have
broad application. Most physical form attributesrgydependent on interpreting LIDAR
or some other accurate bare-ground representagign ghotogrammetric terrain model)
that penetrates through the canopy. A high dafatptensity would be required to

measure these attributes in smaller streams.

Summary of major recommendations

» The findings of the workshop and review lead uggcommend high-altitude airborne
remote sensing using high-resolution digital magmameras for capturing imagery suited

to the SRA’s needs. High-resolution digital carsguarmit large swaths to be covered by



single flight lines and can capture multi-specirdbrmation (RGB+NIR) at very high
spatial resolutions (e.g. 50cm GSD).

= Workshop participants recognised that multi-spéctrwrmation (i.e. 4- to 7-band) was
the current playing field for extensive data capfprocessing, largely due to long-term
availability of Landsat and proven analysis metho8sa minimum, 4-band multi-spectral
information was considered necessary for identifywregetation and mapping vigour.
Hyper-spectral information may yield more specalisneasures, but the ground truthing
requirements make it unsuitable to use across,laligerse spatial extents. This type of

information would be of value to collect in any jprenary/pilot study.

= A LIDAR- or photogrammetrically-derived digital tain model of the river and floodplain
is required for measuring physical form attribut@scurately. LIDAR is the more
promising technology here, although both approaeheslegraded by increased vegetation
cover near rivers (due to reduced data point denssulting in less detail). The
performance of these two approaches must be coohgmier to any extensive LIDAR
survey, as the potential gains of LIDAR over phoémgmetry may be minimal (and thus
an unnecessary cost). Existing DEMs were not densd adequate for measuring any of

the physical form attributes discussed.

= A high-altitude (e.g. 2000 to 5000m above grounglpaane platform that combines
LIDAR with high-resolution multi-spectral digitamagery would be an ideal solution for
the SRA, provided that the delivered accuracy ifficsent for measuring attributes.
However, such a combination is untried and wouldume@ further specification to

determine feasibility.

» The workshop suggested that interpretation andgssiog of this high-resolution imagery
at the river-scale is likely to require manualihg@bprocessing for most attributes. The
exact tasks/procedures involved are not clearlinddfand should be a major focus of any
preliminary study. Semi-automated methods are @rgdeto be suited for mapping
vegetation extent, vigour and surface water exteat,other automated methods are not

considered robust for the environmental variatiemsountered throughout the MDB.

Plan for moving forward with remote sensing of rivers

= Prior to full-scale implementation of remote segsin the SRA, an initial phase to the
implementation is required to determine survey m@sh This phase should focus on the

attributes that can be measured from airborne regblution multi-spectral imagery (as



provided by sensors such as Leica ADS40 or Vexdeh©@am-D). This should be the
focus as it is representative of the data thatlwameadily collected/processed for large
extents (with high positional accuracy and radioroefuality). The study must outline the

processing methods to obtain the attributes fovdgetation and physical form themes.

The initial phase of implementation should alsoubon evaluating the additional benefit
of LIDAR over photogrammetrically-derived terrain odels. To get maximum

return/information from additional flights required capture LIDAR, additional sensors
such as a hyper-spectral scanner and thermal inggerd be used concurrently, along
with the necessary ground surveys for calibratiegfying the airborne remote sensing.

This should be undertaken in a range of river tigigies.

The initial phase of implementation should:

s Demonstrate how SRA attributes can be measured &wborne-based assessment,
including details of procedures (automated wherssiiate) and some measure of

performance/accuracy/representativeness

o Assess adequacy of airborne photogrammetry foresurg channel and floodplain

attributes and evaluate additional benefits of LIDA

o Establish surrogates (where possible) for attributet identifiable in airborne data
and/or examine potential for interpolating attrgmithrough regions where the imagery

Is unsuitable (e.g. shadows, dense vegetation)

s Recommend how to combine airborne data with grosumdeys (and possibly also
satellite data for larger-scale attributes) to achiassessment of river condition at zone

and valley-scale (as required by the SRA)

o

Provide sufficient evidence to establish costifogsa more extensive implementation

Some general discussions with the NSW Departmebandls, who operate a government-
owned Leica ADS40 from their aircraft in Bathuréiave indicated their interest in
supporting an initial phase of implementation usihg technology. They are currently
undertaking the capture/production of 50cm orthagery throughout NSW and are keen
to find multiple users for their data. We recomuhguursuing this avenue, along with a
complementary airborne sensing mission capturirgAR and necessary ground-based

sampling support.



Acknowledgements

This report draws from the advice of participantsaaworkshop held for this project in
Melbourne on 29 November 2007. We thank all theigpants for their contribution. In

addition, advice was provided by David Abernethyd aBhane Brunker from NSW
Department of Lands; and Frank Rottensteiner araBs Weser from the CRC for Spatial
Information. Glenn Scholz (S.A. Dept. Water Landl @&iodiversity Conservation) reviewed
a draft of this report. Laura Vascon, at the Scloddnterprise, The University of Melbourne,

provided administrative support for the project @&sadvorkshop.






Table of contents

EXECUTIVE SUMMARY .ottt ettt ettt e ettt e s e et e s s ettt e s eaaee s s sabeeesebeeessaseeesabeeessanbaeessabeessssbeessansanesasbens |
(@5 V]| S T o] =i == o N ] o T ..
SUMMARY OF GENERAL FINDINGS. ....ccttetttniettteetttettaeestasesssssstasssas s sanststsssansssansessasessnsessrassestssesnnses u
SUMMARY OF MAJOR RECOMMENDATIONS .. .cuuuteitueeetneeeetneeetaeeseteeeatessaanessaneeeaseesaneesaneeraneesansersnneerenns 1
PLAN FOR MOVING FORWARD WITH REMOTE SENSING OF RIVER.......civuuieiitneeitnieeaieeetaeeeetneessneesssnssssnesees i1

ACKNOWLEDGEMENTS ...ttt eee e s ettt e e e et et e s eaee e e s eaaeeesabeeesssseessasbesesansesesanssessssssenesasenesanns \Y/

TABLE OF CONTENT S ...ttt ettt e et e s et e e s et e e s s steeesssbeeesanbeeeesasseessssseeesanbeessenseessasbenesan VI

1 INTRODUGCTION ...ttt ettt ettt e s et e e e s et et e s seaaeeeseabeeesabesesssseessasbsessesbeesssbseesssbeeessessesessnrnnas 1
1.1 (20! (€] =10 10 | o TN 1
1.2 [ RO N = o W I7XST T 2

121 REVIEW OF SRANBEUS. ... .ot ettt e et e e e e e e s s e st e e e s et eeessbaeessabeeessentenessnrenas 2
N W (< = U Y =Y =T 2
02 VLY 074 < o o SR 2

2 ATTRIBUTESOF RIVER PHYSICAL FORM AND VEGETATION OBSERVABLE USING

AVAILABLE REMOTE SENSING TECHNOLOGIES.......ooo ettt ettt a s s e s sran e 3
2.1 SUMMARY OF WORKSHOP DISCUSSION ... itutittittiitnietnetttesansesnessnesnessnsesssssesnessssssntesnessniesneesessniees 3
2.2 ATTRIBUTES WHICH CAN BE REMOTELY SENSED .. ..uuiuuiituiiiniitniiieeteitertestersnessnissneesnessneesnesrnerans 4
2.3 SRAATTRIBUTES FOR WHICH HIGHRESOLUTION IMAGERY IS REQUIRED......cuutiitiiiiiinieinisiieeeneeinenanes 5
2.4 SRAATTRIBUTES FOR WHICHLIDAR WAS CONSIDERED NECESSARY......ccuuuiiitieeetneeeeieeesneeeeieeeeneens 5

3 AIRBORNE AND SATELLITE REMOTE SENSING OPTIONS......ccviii et 7
3.1 EXISTING OR COLLECTED SATELLITE IMAGERY. .. .cuttiittuettieeetnieeeteeeteeeetn e saaneesssneeessesssneessnaeeranees 7
3.2 HIGH-RESOLUTION MULTISPECTRAL AIRBORNE IMAGERY......cctuuieitieeeieeetieeeeteeeeneserneseraneesenneesens 9
3.3 AIRBORNE TERRESTRIALLIDAR ...ttt e et e et e e e e s e s e e st e e e e e s ananss 11
3.4 DETAILED AIRBORNE SAMPLING MISSIONS ... .cuuiittiitittitttiettietttteteettessnesnesstseaasstieseesniesneesessneenns 12

4 KEY FINDINGS ...ttt e e et e e et e s s et e e e e e tee e s sabaeessbaeessasbeeeseataeesabbaessassssessssaeessssenessnes 15

REFERENGCES. ...ttt ettt e ettt s sttt e s ettt e s e e e e s s eaaeeeseabaeessbeeessesbaeesesbeeessaseesssesbeessanbensssbenessaseneesan 19

APPENDIX 1: LITERATURE REVIEW ...ttt e ettt e e eeaee e s et e s s save e s snaee s s snnaeessnreeeean 21
REMOTE SENSING OF INDICATORS FOR RIVERS IN THAURRAY-DARLING BASIN.....cccvniiiieiiiieceeeeeeee e, 21
OVERVIEW ettt eeet e et e ettt e et e et e et e e e e e e s e e e s et e e e aa e s e e e e e e b e e e an e s aan e e s e b eeean e e aansee b s ensnsssannseetnnennnnnens 12
DIRECTLY RELEVANT REPORTS AND STUDIES . .uuuitituiieteeetteeetnteetteestneeesasestaseetaeessnsestaseeteerrnesesnesrennns 22
DESIRABLE INDICATORS FROM REMOTE SENSING FOR THERA THEMES......iitiiitiiitiiiiieiiieiieeeeieeaneesanasanns 25

Riparian VEgELation thEIMIE..........o i ettt b et se e bbb b st eae e e e e es 26
PhySICal fOrM ENBME. ...t b e s bt bt e e e et e b sbesbesaeeae e e e e es 26

Vil



L Y0 [ ToT0 | 1= 02
Other USEFUI TNTICALOIS ......vcvieieeiier ettt r et n e neerene e 27
BACKGROUND INFORMATION ON PASSIVE AND ACTIVE SENSORS......utvtiiiireeeitreeesrneresnneessnnesssnneesssneeesns 28
EVIDENCE FROM LITERATURE REGARDING POTENTIALSRA INDICATORS ......vvtiirireieiireiesnireeensireeesnneeesnneens 30
T LA ARV <o 1= = L o] TSR 30
Floodplain and phySiCal fOFM........ccoieee ettt e bt sbe bt ene e e e e s 32
[ Y0 [ a0 TS 34
(0107= g T 0T [Tor= 1 (o] =TSRSS 34
IMAGE PROCESSING AND ANALYSIS.....etteurttetiureeeatretessereeesnsesesseesssnneesssseeesanneeesasreeessnneeesasneessnneeesannees 34
LITERATURE REVIEW REFERENCES ... cttetiuttttasitetessiteeesstneeesssseesamsenesasneessnneeesssneeeannneesanneesesnneessnnesesnnnes 35
APPENDIX 2: REMOTE SENSING OPTIONS FOR PHYSICAL FORM OF RIVERS........cc.coceennieennns 39
APPENDIX 3: REMOTE SENSING OPTIONS FOR RIVERINE VEGETATION ..o 43
APPENDIX 4: SATELLITE AND AIRBORNE SENSOR LIST ....ciiiiiiieririeeresiee et 47
APPENDIX 5: LIST OF WORKSHOP PARTICIPANT S ..ottt sttt 51

viii



1 Introduction

1.1 Background

Ground surveys are used routinely for surveillanoenitoring of rivers across Australia.
However their limitations are widely acknowledg&tound surveys are costly, slow, limited
to sites with reasonable access and limited tonpai@rs which can be surveyed rapidly on the
ground. Airborne survey may be a cost effectiveralitive which provides targeted data
collection at a fine resolution over great lengdigiver. This technology is untried for this
application in Australia and although its utility ¢learly evident, the accuracy, precision and

most productive approach is still uncertain.

The focus of this project is informing surveillancenitoring in the Murray-Darling Basin
(MDB) as part of the Sustainable Rivers Audit (SRAJthough outputs will inform
monitoring for other purposes and rivers. The SR&eases river condition based on a
comparison of current and reference conditions.eReice conditions are determined by
modelling the current condition under the hypottatcondition of anthropogenic alteration
to the landscape (other than the activities ofgadous Australians which predate European
settlement). Current conditions are generally distadd through ground survey of rivers,
although satellite-based data are under considerédr some metrics. This project evaluates
the potential contribution of remote sensing, angarticular airborne survey, for surveillance
monitoring of river condition. The focus is on cobtitions to two themes of the SRA -

physical form and vegetation — for which remotessem holds the greatest potential.

In this report, chapter 2 provides a summary ofgbesors which have been identified for
surveying river metrics of interest to the SRA, actthpter 3 discusses remote sensing
solutions for the SRA. These solutions are notezb&t detail, due to the many factors that
are still poorly defined (e.g. extent of networknt@asure/map; attributes of most importance;
accuracy requirements). If detailed costings aetled, it would be recommended to write a
specification (including the spatial extent, spachands required, resolution needs, etc.) and
request inputs from commercial operators or otheitakle providers. Without such
information, useful and detailed costings could bet given from providers. An initial
implementation in a representative area is thel idegy to learn about these costs and to
better compare sensor solutions, although therealgib be economies of scale in any basin-

wide data acquisition (particularly if shared betwegencies).



1.2 Project Tasks
1.2.1 Review of SRA Needs

The project began with a review of the opportusitier remote sensing to contribute the
SRA. This review drew on advice from the SRA teanthe MDBC, their consultants and

available documentation. On the basis of this m@yMe compiled a list of stream metrics

which were (a) of interest to the SRA and (b) cquidentially be surveyed remotely. Metrics
were assigned a priority level (high, medium or)dvased on the feasibility, adequacy and
cost of ground observations plus the importanal@éoSRA. This list formed the basis of the
tables in Appendix 2 and 3. Some additional metiiese suggested during the project

workshop and have been added to these tablesdtediby an asterix).

1.2.2 Literature review

The existing literature regarding the use of rensetesing for river assessments was reviewed
and summarised for all of the project team. Thduded both the scientific literature and
available grey literature (Appendix 1). This reviexas provided as background to workshop
participants. Based on this review and past regodduced for the MDBC, a list of available

satellite and airborne sensors for remote sendingers was also compiled (Appendix 4).

1.2.3 Workshop

A workshop was held in Melbourne on 29 November72@® explore the opportunities of
using remote sensing techniques for surveillancaitomiong of rivers. Participants at the
workshop (listed in Appendix 5) represented a csmsgion of interests and expertise in
remote sensing of rivers. The workshop focusedakimg a realistic view of what is feasible
to measure from remote sensing across the large thet is the Murray-Darling Basin.
Initially, a list of attributes relevant to the SRAat were considered ‘feasible’ to measure
from remote sensing was compiled. This list wastbplit into the two major themes —
vegetation and physical form — and discussed inenuetail to evaluate details of the
feasibility. These discussions filled out spreaéshe(collated in Appendices 1 & 2)
identifying the relevant sensors, processing demamdl existing examples of use. The key
themes/solutions raised during discussions are suisad here, along with a list of the SRA
attributes that can be measured using the two domhitechnologies identified — high-

resolution imagery and LIDAR.



2 Attributes of river physical form and
vegetation observable using available remote
sensing technologies

2.1 Summary of workshop discussion

At the project workshop, it was widely recognishdtta ‘census’ type approach was desirable
for surveillance monitoring of vegetation. In tlgproach the vegetation extent and standard
measures of vegetation vigour (e.g. NDVI and thevdd parameters LAI and FPAR) would
be mapped for the whole network. There were twoomagales of interest here — the
catchment vegetation (i.e. coarser resolution)thediparian zone vegetation (i.e. interest in
finer features). These scales each have differentadds on remote sensing as will be
discussed. The mapping of extent and vigor woultiipe the base measures from which
other characteristics could be recognised and/ovett Change detection would be used to
recognise something about the physiological stafuslants (over time). Vegetation extent
mapping could be combined with stream bank mappmrdetermine changes to microclimate
and habitat (e.g. stream shading, bank vegetatiin)vas also expected that some
determination of vegetation structure could be exaddl with the addition of detailed height
information, but particularly within canopy inforti@n. For obtaining more detailed
measures of vegetation (or for building indicatensgate relationships), detailed site
investigations were considered necessary, whichldvimvolve a combination of airborne
sensing (capturing as much information as possilsieluding hyper-spectral, thermal,
LIDAR).

Discussion of the physical form theme at the piojearkshop focused on the need for site-
based remote sensing. For ‘census’ type variables) as meander wavelength and channel
sinuosity, it was accepted that existing GIS dasagee. cartographically-interpreted from
aerial imagery) are sufficient. However, it wasatbthat the accuracy of the representation
could be improved significantly using remote seggi@e.g. representing both banks; using a
higher resolution source). The base data requiresmfen most other variables were either
some form of detailed terrain representation fighly accurate bare ground surface) and
high-resolution imagery (for semi-automated or naniterpretation of geomorphic features
and physical habitat). The terrain surface (whemlboed with imagery) would be used for
classification of stream types, mapping of floodplatructures, floodplain width and
interpretation of channel bankfull width. The imageould assist with recognizing wetlands

3



and paleochannels, but individually did not helphwahannel bankfull width. There was also
some comment regarding the value of ground-pemsgratensors such as airborne
electromagnetics for groundwater and soil attrisutgithough the spatial resolution is a
limiting factor here. Most of the in-stream feati(e.g. bed material size, in-stream habitats)
were recognised as being possible under optimadiitons (i.e. clear, shallow water; no

overhanging vegetation), but unlikely comprehengiaeross the broader MDB.

There was some discussion in both groups regattiegise of boat-based remote sensing,
such as terrestrial LIDAR or SONAR. While these rapghes were of potential value, the
discussions quickly returned to airborne sensars, ldrgely to the remoteness of streams in
the MDB and the desire to avoid visiting every kbma on-the-ground to capture this
information (as would be required by these othgirag@ches). For site-scale studies, these

alternate options may be worth investigating furtbe supplement ground-based field work.

2.2 Attributes which can be remotely sensed

Appendix 2 and 3 list the attributes that are cbemsid feasible to measure with available
remote sensing technologies. The following sectiprvide a summary compilation of the
information the appendix, focusing on river atttdmiwhich are feasible with the different
types of sensor. LIDAR and high-resolution imag@rsing mainly visual interpretation but
some semi-automated methods) are the dominantrsesisggested for measuring or mapping
these attributes, but within these two options éhsre many parameters that must still be
defined (and there is some scope for alternativies. resolution requirements is expected to
be of the order of 0.5-1m to meet most SRA neettsthre future (and can be down-sampled
for a more generalised representation). Howeves, rtkeds to be reviewed once a decision
has been made on the future contribution of remsetesing to the SRA. Issues of spatial
resolution will be further clarified by the resuftem the DSE pilot study looking at the use
of SPOT and QuickBird imagery for river assessménarser resolutions (e.g. 2.5-10m) may
be sufficient in some cases, although this wouledne be evaluated for individual attributes

in a range of environmental conditions.



2.3 SRA attributes for which high-resolution imagery is required

» Channel sinuosity and meander wavelength — if nesam bank data is to be collected
= Geomorphic stream type — using visual classificdinspection and fuzzy classification
= Paleochannels — particularly if they contain water

» Bed material size — assuming exposed sedimenta@ogerhanging vegetation

» Large woody debris — assuming clear enough vieaoutin the canopy

= Structures on the floodplain — combined with LIDAdR optimal recognition

» In-stream geomorphic units and physical habitaasstiming no shading/overhang

= Permanency of wetlands — may not require high-utewni, depending on wetland size
= Vegetation dependency on groundwater — indicatora NIR band

= Vegetation extent and derived measures of compasticlassification and calculation
= Area covered by different vegetation groups — digssion of multiple bands

= Surrogates for tree canopy vigour — band combinadiad calculation

= Provision of habitat — visually recognise smalltteas from imagery

= Stream shading and overhang — combining extent mgpyth stream bank definition

2.4 SRA attributes for which LIDAR was considered necessary

= Geomorphic stream type — using visual classificdinspection and fuzzy classification

= Channel bankfull width — measured from LIDAR sudaassuming can define top of bank
» Channel gradient/slope — measured from LIDAR s@rfac

= Bankfull hydraulics — assuming no dense canopkiatdp of banks

= Bank angle — assuming no dense canopy at the tbanids

= Active floodplain width — if combined with hydraalmodelling

= Structures on the floodplain — combined with imgger optimal recognition

» Vegetation canopy structure — combined with imagergdd more detailed attributes






3 Airborne and satellite remote sensing options

3.1 Existing or collected satellite imagery

Various types of remotely-sensed satellite imaderye been collated by State and Federal
agencies for a number of mapping initiatives (&agd-use/cover and topographic mapping).
In particular, SPOT5 imagery (which has 2.5-5m ks in panchromatic, 10m in multi-
spectral) has been (or is being currently) acquinesughout NSW, Queensland and Victoria.
However, there can be a lack of temporal consigtemith this imagery (i.e. it has a
patchwork appearance when mosaicked). While thiy M@ of little consequence to
topographic mapping efforts, it causes problemsnmmapping vegetation and other river
characteristics, which depend on temporal consigtdfor example, image interpretation for
vegetation mapping often uses knowledge of planénplogy to improve vegetation
classification. The inconsistency is caused byftked schedule of satellite overpasses and

the problem of persistent cloud cover in some areas

Landsat imagery is collected more consistently asdd for temporally-sensitive image
interpretation, although the spatial resolution generally considered ‘too coarse’ for
investigating riparian vegetation and river chagastics. Landsat has a 30m multi-spectral
pixel size, which does not permit clear delinedttassification of riparian zones. As
discussed during the workshop, the actual inteapicet often requires more than just
individual pixel values, making the effective siziea ‘recognisable feature’ 2 or more pixels
in size. As such, the SRA should consider puttorgvérd a case for more detailed vegetation
mapping efforts that better meet their needs atiffgian zone scale. Initiatives such as the
land cover mapping being undertaken in the Natidreasld and Water Resources Audit
(National Land & Water Resources Audit 2007) aramegles of where the SRA may be able
to influence other groups interested in large-exteapping of vegetation to consider a higher
resolution. ALOS and SPOT5 imagery have been stgdes being more suitable for this,
although the reduced spectral information relativd.andsat (i.e. 4 bands as opposed to 7
bands) leads to reduced information content and lmeag critical factor. For example, SPOT5
may not be sufficient for mapping detailed vegetatgroupings, but could be adequate for
providing extent and some measure of vegetatioowigThere is a pilot study currently
underway (by DSE in Victoria) that is evaluatinge thisefulness of SPOT5 for riparian
vegetation mapping. The findings from this study expected to be available in early 2008.
At present, there is no higher-resolution multietps satellite imagery being collected in



Australia over large spatial extents that we ararawof. Whether SPOT?5 is sufficient for
mapping stream-side features remains to be seem pit studies, but it is unlikely to be

useful for small streams.

The existing satellite imagery does not contain gementary, high-accuracy height
information, which is necessary for measuring a Ipeinof vegetation characteristics and
attributes related to the physical form of riveree existing options are the SRTM satellite-
derived terrain surfaces (30-90m pixel size, RMSELAM (depending on vegetation cover))
or the existing national 9 second DEM. Neitherhese data sources provides adequate detail
of vegetation/terrain elevation to assist with nue@g the characteristics of interest to the

SRA, due largely to their inaccuracy and/or lowotagon.

The use of existing satellite data (i.e. the imggaready compiled for large extents) is
unlikely to be adequate for the SRA. The spatiabhation of current and planned land
use/cover mapping does not address the needs aiptr&an zone scale. The temporally-
inconsistent collection of these data causes pmobleith interpreting vegetation attributes
and therefore makes any change detection impossiliie base data requirements for
vegetation in the SRA suggests that multi-spedtridrmation would be sufficient, thus

opening up the possibility of using high-resolutiotulti-spectral satellites, of which the
QuickBird satellite provides the highest availabdsolution (2.4m in multi-spectral). This

sensor is also being evaluated in the DSE pilatysand the findings of this study will be of
direct relevance to the SRA. Higher-resolution mgjiectral data is available from airborne
sensors, although these often require low-altitilideg heights and therefore narrow swaths

(which make covering a river and the associateadibtain in a single pass difficult).

Any efforts made by the SRA to collect a temporalysistent coverage of the MDB with
remotely-sensed imagery should evaluate the abilityo automatically map the vegetation
groupings of interest (and the bands required)to2yletect change between imagery from
different times; 3) to combine with a suitable elgon source for interpretation; and 4) to
visually recognise the relevant features. Thislfp@nt is of most direct relevance, as at the
simplest level this imagery would be used for visimderpretation and mapping. Most
participants at the project workshop had the gstateliance on manual interpretation for
most attributes, with automated or semi-automatethads only being trusted for ‘routine
tasks’ (e.g. water delineation, vegetation extegdiwr, unvegetated and urban surfaces). Any

data collection efforts with satellite imagery slibbe undertaken in co-operation with other



State agencies to maximize the potential use oinlagery and to share costs. Other agencies
may be interested in more complete coverage, wheheaSRA is expected to be focused on

the stream corridor (including floodplain).

3.2 High-resolution multi-spectral airborne imagery

Many of the attributes of interest to the SRA dreayy fine scale and determining them from
remote sensing requires very high resolution imageor example, resolutions of less than
1.0m are likley to be required for visually idegtifg riverine vegetation types, in-stream
features (e.g. large wood) and floodplain strucur@ith airborne sensing, there is
necessarily a trade-off between the swath width msdlution when deciding on the best
flying height. Airborne sensors have the ability dapture finer spatial resolutions than
satellite sensors because planes can carry therseatdow altitude. However, covering large
extents will usually require multiple flight runs tapture wide swaths (e.g. broad floodplains

and meandering valleys).

A new range of airborne digital sensors (e.g. L&E540 or Vexcel UltraCam-D) provide a
dramatic increase in resolution for a given swattthv These are beginning to operate in
Australia and can alleviate this difficulty withetin ability to fly much higher and still capture
high resolution imagery (e.g. a flight at 5000mvaleon could provide 50cm resolution pixels
across a swath 5km wide.). These systems are eelsign mapping over large extents and
become much more cost effective when doing so.AD840 is a ‘satellite-type’ sensor (i.e.
push-broom) running from an airborne platform, whihe UltraCam-D is a large-format
camera. These sensors are operated with both fdravat backward look angles and are thus
capable of producing photogrammetrically-deriveditdi surface models (DSM) from the
imagery (with high positional accuracy). The ADXnhsor captures RGB+NIR data at the
same resolution as the panchromatic bands, whdeUltraCam-D captures the colour and
NIR bands at a resolution approximately 3 timesdowhan the panchromatic (i.e. if
panchromatic at 0.5m, RGB+NIR at 1.5m). Thereftre,ADS40 has the capacity to provide
the most detailed, digitally-captured and processeabery available (from a given flying

height and with a given swath width).

These sensors appear ideally suited to mapping cegidors, as they combine ultra-high
spatial resolution with a sufficiently wide swathus being capable of capturing the stream
and floodplain in one run (and from much lower talles than satellites, thus reducing

atmospheric effects and coverage timing issues)addition to providing high spatial



resolution and standard spectral resolution (i.6BRNIR), these cameras have excellent
radiometric resolution (12bit), which is of greagnefit when observing/classifying details
within shadows. Shadows are a major problem inr#dased remote sensing and recording
greater bit depth is one of the only ways to resaletails in these areas (unless the flying

time can be controlled to get optimal sun anglesywvhere).

Other airborne sensors, such as hyper-spectrahsmand LIDAR, are typically operated at
much lower flying heights to achieve comparableuaacies and thus require multiple flight
runs to cover the river corridor. Some more powelfiDAR instruments (e.g. OpTech
Gemini, Leica ALS50) are capable of operating fremmilar heights to the high-resolution
cameras, but there is an accuracy trade-off that Imat the value of LIDAR from these
heights. Combining LIDAR with a high-resolution d& camera/scanner is something that
requires further investigation and specificatiord&dermine feasibility, but could provide an
ideal solution for the SRA. There are currentlyhyper-spectral or thermal imagers that can

achieve comparable accuracies to the high-resolgtineras from high altitudes.

In Australia, the NSW Department of Lands is ogagpian ADS40 instrument from their
aircraft out of Bathurst. This is being used fongeting 50cm orthophotos across the state. It
is currently being flown to capture 1:100,000 mapgpiiles (i.e. an area of 45km x 55km),
which each take approximately 1-1.5 days of flylimge to capture (under good conditions)
(D. Abernethy, NSW Lands, pers. comm.). The SRA rayable to use this mapping and
work with NSW Lands to capture data that is ideallyted to their purposes. This imagery
contains RGB+NIR and can also be processed to peoD$Ms (or bare-earth terrain models
with some ‘smart’ processing and selection of sigfpoints below the canopy, as used by
many commercial operators). While the processingrat®ls on imagery with such high
spatial resolution can be great and more compfexisual interpretation is to be used the
higher resolution available can be of great valte figure below (from Ehlers et al. 2006)
gives an example of the type of imagery availabdenfa high-resolution digital sensor (the
HRSC-AX, a pre-cursor to the ADS40). Ehlers et(2006) used this type of imagery for
automatically classifying change in biotope typad #ound the high radiometric quality of

major benefit when undertaking classification witshadowed areas.
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Plate 1. Various views recorded with only one HRSC-Ax camera system: digital surface model (DsMm) with
gara_nge = high elevation, yellow and green = medium elevation, and blue = low elevation; color infrared
(€iR); panchromatic; true color (RGB).

3.3 Airborne terrestrial LIDAR

LIDAR information is of particularly value to thehpsical form theme of the SRA, as it
permits detailed physical attributes such as chadwaekfull width and channel gradient to be
determine remotely (i.e. without field work). LIDA&an also provide a detailed and accurate
representation of the entire floodplain, over whigydraulic modelling can be applied to
determine other geomorphic measures (e.g. actigedfllain width). LIDAR is also
considered valuable for understanding charactesisti vegetation structure, due to its ability
to penetrate the canopy and provide multiple retfamd even to classify the full-waveform
of the LIDAR return). Bathymetric LIDAR also hasetpotential to measure depths, although
this technology is not well developed for river-bdsvork and the algorithms for resolving
depth in water of varying turbidity are still beingfined. At present, the SRA would be best
to limit considerations to airborne terrestrial IAR, particularly if considering a large data-

collection mission.

As with the high-resolution imagery, LIDAR produce$arge amount of detailed information
that can be difficult to process and interpret. iBgithe workshop, almost all attributes for
which LIDAR was needed were thought to require nahmterpretation. If this is the case,
then the LIDAR information must be processed intdigestible’ data product, such as a 1m
digital terrain (i.e. bare ground) model (DTM) farhuman interpreter to view. If the actual
data product needed is a 1m DTM (as opposed tansedgoint cloud), then there may be
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trade-offs in the LIDAR collection that could hefpoduce a suitable data product for the
SRA (i.e. one that has sufficient accuracy, bub gises a wide swath to avoid multiple runs).
As with any airborne sensor, the flying height t@nmodified to adjust the sampling density
(and the accuracy often changes similarly) and é#gs changes the swath covered. These
trade-offs must be considered carefully by the SRAflying LIDAR from a greater height
may provide the information needed at a suitaldelttion (e.g. 1 point per square metre for
producing a 1m DTM) while avoiding the need to doltiple runs. For large-extent mapping
of the river network, it would be desirable to alanultiple runs. It may also be useful to just
fly the channel using high-precision LIDAR (i.e.eorun), while supplementing it with less-
precise DSMs (created from high-resolution photogreetry) or LIDAR from a higher flying
height across the broader floodplain.

If undertaking any LIDAR-focused data collectionssion, it would be beneficial to fly other
complimentary sensors at the same time (as muctheofcapture cost is in getting the
aircraft/equipment in the air). For example, if AMBwas flown along with coarse resolution
LIDAR at 2000m AGL, it could feasibly provide LIDARIata with approximately 0.15m
accuracy (and 2m point spacing) and 20cm high-oéisol digital orthophotos (RGB+NIR)
for a 2km wide swath. This combination would perthi#é major characteristics identified as
being feasible during the workshop to be mappedsacthe river network, provided that
sufficient resources were available for visual @edi-automated interpretation. Additional
sensors could also be flown at the same time, sagha hyper-spectral scanner (e.g.
CASI1500) or thermal imager (e.g. TASI600). Thea»solutions available would depend on
the provider and the available equipment, but incabes the SRA should maximise the
sensors running during any flights. The findingenir the workshop suggest that some
combination of high-resolution imagery and LIDARYr feisual interpretation (until better
processing techniques emerge) is the most promisoigtion for the SRA. This could
provide a valuable link between the ground-scakddfisampling and the broad-scale
catchment characteristics that are available froomenstandard mapping projects (e.g. land
use mapping, state-wide DEMs). Without this linkede disparate scales of data that are

currently being used will continue to struggle torlwwith one another.

3.4 Detailed airborne sampling missions

One of the difficulties when discussing the useenfiote sensing for rivers is that there are a

number of characteristics that are ‘technicallysiiel®’ to measure. These are considered
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feasible because there are available sensors i, adequate calibration and ground
data/truthing, have been shown to measure the aieaisdics of interest to adequate accuracy.
For example, hyper-spectral scanners are capablenagping the extent of particular
vegetation species, assuming the spectral signafuhat species can be clearly defined (and
subsequently classified within the imagery). Howewehen attempting to undertake such
measurements across a large extent containingrefiffeenvironmental conditions and in
remote areas (where ground control is harder teeplathe feasibility of these methods
decreases. Therefore, detailed airborne mappingrgfspecific attributes across large extents
is unlikely to be undertaken for the whole MDB. Yhere is still value in testing/piloting
such technologies in smaller sample areas or stathhments to evaluate their capability for
supporting (or replacing components of) field sangpefforts.

Here we have listed a suite of available sensat dbuld be used for detailed mapping of
physical form and vegetation attributes. If we assuthat all these sensors can run co-
operatively on a single aircraft at the same flyspged, then we could potentially capture a
comprehensive dataset from a flying height of 20@0&L using:

= Airborne digital imager (e.g. ADS40y0.2m pixels (RGB+NIR) across 2.5km swath (64°)
= Airborne laser scanner (e.g. ALS58Q.15m accuracyy2m spacing, 1.5km swath (40°)

= Hyper-spectral scanner (e.g. CASI150€).0m pixels across 1.5km swath (40°)

» Thermal infra-red scanner (e.g. TASI6082.4m pixels across 1.5km swath (40°)

Such a suite of sensors would permit the majorit$RA attributes listed in Appendices 2 &
3 to be measured/mapped, provided that sufficientrgd control, calibration data (e.g.
spectral libraries, ground targets) and resourgpsféise for processing were available.
Unfavourable conditions, such as extensive strezadisg and turbidity, will continue to be

problematic, but these physical constraints cabeatvercome with exiting technology at the

spatial resolution required for many river metrics.
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4 Key findings

Inter-agency

cooperation

Satellite data

Required

resolution

Recommended

approach

Through involvement with other remote sensing dotis’ being undertaken
by other Government departments, the SRA shouldweage data
collection at spatial scales that adequately remtesver attributes (in
particular riparian vegetation). Remote sensingeamdurs over large
extents must involve multiple stakeholders (to starsts) and there is a
need to explore opportunities to align the needsimiote sensing for

different agencies.

Existing satellite data and derived products areatiie for catchment-scale
attributes (e.g. catchment vegetation), but arecnoently suited to
attributes at the river-scale (e.qg. riparian veig@ty. The adequacy of
SPOT5 and QuickBird imagery for this type of wohosld be garnered
from the pilot study that is currently underway BBE (in relation to ISC

attributes).

Most SRA attributes demand high spatial resolutiata. Spatial
resolutions of the order of 0.5-1m are expecteméet most SRA needs

into the future.

High-altitude (e.g. 5000m AGL) airborne remote segsising high-
resolution digital mapping cameras/sensors (sut¢heakeica ADS40 or
Vexcel UltraCam-D) is suited to the SRA’s needsilevtill providing a
large swath (which is suitable for covering riverredors) and multi-

spectral information at very high spatial resolnde.g. 50cm GSD).

Multi-spectral imagery (i.e. RGB+NIR) is the curtgraying field for
extensive data capture/processing. There are lelgada proven surrogates

for identifying vegetation and mapping vigour.
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Recommended

approach

16

While hyper-spectral data could potentially yieldma specialised
attributes, the ground control/truthing requirensgetg. spectral libraries)
make it unsuitable for the SRA across large exténtsay, however, be
useful for more detailed study of individual samplsites/reaches (i.e.
low-altitude airborne remote sensing). During sdetailed studies, other
complementary sensors (e.g. thermal imager, LID&dRild also be flown
to provide as much remotely sensed data as pogsitilee site, although
reliable interpretation of additional vegetatiotribttes is considered
difficult.

An accurate representation of the ground surface (#DAR) is necessary
for measuring physical form attributes adequatélizile approximate
mapping the channel bank locations may be poshitne imagery, most
physical form measures demand highly accurate 3fases. LIDAR is
likely to be needed in places where vegetation fpatien is necessary, but
high-resolution photogrammetrically-derived DSMsd{s as from high-
altitude airborne sensors) may also be suitedisadisk. These
technologies should be compared for determiningpttysical form
attributes before any decision for extensive LIDgURvey is made.
Existing DEMs covering large extents were not cdesed adequate for

measuring all the physical form attributes discdsse

Flying LIDAR in combination with a high-resolutiaigital
camera/scanner at an altitude of between 2000 @d@ % (above ground)
could provide an ideal solution for the SRA. Howetles combination of
sensors is untried and requires further investigadind specification to
determine feasibility and benefits over flying higésolution digital

camera/scanner alone.



Recommended  The interpretation and processing of remotely sttasda at the stream

approach network scale is likely to require manual/visuabgassing for most
attributes. The exact tasks/procedures involvathotertaking this are yet
to be clearly defined. Apart from determining vegien extent, vigour, and
surface water extent (and any derived measurestfiese attributes),
semi-automated methods are not considered robugtdenvironmental
variations encountered throughout the MDB.

Next steps Prior to full-scale implementation of remote sagsin the SRA, a pilot
project is required to calibrate the survey methddiss pilot project should
focus on the use of airborne high-resolution, egectral data (such as
provided by the Leica ADS40 or Vexcel UltraCam-[3)that is the data
that is feasible to collect over large extents aniled to the needs of the
SRA.

The pilot study should also capture LIDAR inforneatifor the area of
interest to evaluate the capabilities of LIDAR wer$SM for physical
form attributes. During such a pilot flight, it wdube sensible to also
capture thermal and hyper-spectral imagery forimsay future
assessments of feasibility. Concurrent ground sgrweould be required
for verifying (and possibly calibrating) airbornensing methods in a

variety of stream types.

17



Next steps The initial phase of implementation should be desiyto achieve the

following goals.

» Demonstrate the capability of airborne-based ass&ssfor SRA
metrics.

» Assess the adequacy of airborne photogrammetisuimeying the
channel and floodplain metrics required for thegatgl form
theme and evaluate the additional benefits of LIDIARsurveying
these metrics.

* For those metrics not identifiable directly fronnkairne data,
attempts should be made to establish surrogatabtas which can
be identified from the air.

» Examine the potential for interpolation of remotegnsed metrics
through regions where features are obscured bypyasbadow
and presence of water.

»  Recommend the best approach to combining airbardeyeound
surveys with the possible addition of satelliteaddtis requires an
understanding of:

o the trade-off between the accuracy, precision,|luéso
and coverage, of ground, airborne and satelliteesgr

o the effects of spectral resolution and spatialltesm (i.e.
flying height).
» The survey approach should be optimised to actaesessment of
stream condition at the zone and valley-scale.

» Clarify the opportunities to align the needs of 8RRA with other
agencies involved with remote sensing of envirorsalesonditions
within the Murray Darling Basin.

» Establish procedures for processing airborne de¢xtract the
metric of interest to the SRA. Assess the contrdoubf automatic
classification.

* Provide information for a precise costing of impkarting Remote
Sensing for the SRA throughout the Murray DarliresiB.
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Next steps The NSW Department of Lands are operating a Leio&490 (i.e. a high-
altitude airborne sensor) for producing 50cm msgiectral orthophotos
(and potentially DSMs) for all of NSW. They haveeheoperating this new
sensor for 5 months and have shown interest in@tipg an initial/pilot
study using such equipment. If using data thataftr@sady been captured,
the costs involved in such a study could be minjraidéhough new data
capture may also be able to work in with their #xgsflight planning.

We recommend pursuing such a pilot study, suppdoyeatdditional

airborne sensing and ground-based sampling.
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Appendix 1: Literature review

Remote sensing of indicators for rivers in the Murray-Darling Basin
Overview

The Sustainable Rivers Audit (SRA) is a programgiesd to measure the health of the rivers
in the Murray-Darling Basin (MDB) at a large-basicale. It is an initiative of the Murray-
Darling Basin Commission (MDBC) and involves partagencies within each state/territory
within the MDB (MDBC 2006). Within the SRA, thereeaa number of themes, each of
which focuses on different characteristics of tivers/catchments that need to be quantified.
This review (and the associated workshop) focusebBaw remote sensing technologies can
be used to measure indicators required by the ®dysiForm and Riparian
Vegetation/Floodplain Themes of the SRA (MDBC 2Q03jthough some associated
indicators from other themes may also be considaneldnew indicators could be suggested.

At present, these two Themes have a data- and mpr@dgsed assessment undertaken at the
valley-scale. The Riparian Vegetation Theme is dp@issessed using a comparison between
1:100K scale vegetation maps (of pre-1750 condsdi@nd current SPOT5 imagery. For the
Physical Form theme, rivers are being ‘typed’ usatgibutes derived from best-available
DEM analysis (e.g. sinuosity, braiding). These nsvare compared against ‘reference types’
constructed from past parish and country maps @oresent pre-European settlement
conditions). While this gives some measure of heatltthe valley-scale, there remains a need
for more detailed and rapid assessment of the SiR#cators at the reach scale. Such
assessments would provide complementary informatiorthe condition within each river
type or within the different hydro-geomorphic unfesg. in-channel versus floodplain). The
MDBC is also keen to explore other potential inthea that could be measured from remote
sensing technologies, particularly pertaining tysgital form (F. Bouckaert, MDBC, pers.

comm.).

The requirements of these SRA themes are similahéoneeds of the Index of Stream
Condition (ISC), which is a comparable approachduser Victorian streams by the

Department of Sustainability and Environment (DEESE 2005). Therefore, this review has
relevance to both of these monitoring/mapping paotg.
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The review has been compiled to provide readers laickground information on the tasks,
technologies and relevant reports/literature peirtgi to this topic. It aims to provide the
thread that ties many areas of knowledge togethkile providing readers with access to
more detailed information on the various topicslesired (i.e. the relevant information is not
fully summarised here, but it is linked to). Thrbogt the document, links to the referenced
literature (including relevant pages) are proviedtere possible, so that readers can be well
informed on the topic and not just reliant on sumesathat often gloss-over crucial details
(e.g. whether the imagery could be accurately demeced or whether it was suited to
change detection). With any fine-scale mapping thskis to be applied over a large spatial
extent, the ‘devil is in the details’ and theseailstcan be the difference between whether the
task is feasible or not. Therefore, it is worth @stigating most of the references further.
While the complete papers could not be provided tdueopyright restrictions, direct URLs

have been given in the reference list to make tbagy to obtain.

Directly relevant reports and studies

In 2003, CSIRO prepared a scoping report to detezrthie feasibility of using remote sensing
to assist in measuring/mapping 29 indicators ddfime the Pilot SRA, largely from the
original Physical Habitat theme (link to report)ni§ report rated the feasibility of using
remote sensing to measure/map each indicator aggkested which type(s) of remote sensing
platform(s) would be required, along with a veriebcomment about the processing required
(CSIRO 2003, p.25-46). To achieve the largest nunolbehe desired indicators, a suite of
sensors were suggested as being required. Thedeoaisbns and costs are discussed, along
with sample imagery from the various sensors (CSHRO3, p.49-78). The recommended

sensors are stated and elaborated on here briefly:

= Airborne hyper-spectral imagery (e.g. from Hymap@ASI) for better differentiation
between riparian vegetation species (than multetspeimagery). This type of sensor was
also suggested as being potentially capable o&etxtig information on macrophytes, river
habitat types (i.e. riffles, pools), bed material ¢lear water) and some water quality
indicators. This has been supported by more reltenature (e.g. Marcus et al. 2003;
Gilvear et al. 2004a), although these studieslegbely on visual processing/interpretation

of the imagery (as opposed to automated processingttion).

= More extensive coverage using high to moderateiadpegsolution (0.6-5m) satellite

imagery (e.g. from Quickbird, IKONOS, SPOT5) forcognition/detection of required
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features. The multi-spectral information from thes@sors has coarser spatial resolution
(2.4-10m respectively) but still offers some apilio differentiate between vegetation
types (particularly when supplemented with hyperesgal imagery). Multi-spectral
information was not found to be as well suitedrfmre subtle differences between species,
habitats, etc. In terms of spatial resolution, §triall and Aplin (2006, p.2116) agree that it
is over this range (1-10m) that a critical threshad observed when attempting to
accurately locate any linear features (e.g. rivankis, roads, riparian vegetation zones),

which are considered essential for many of the $Rlfcators.

= Airborne LIDAR to produce high-resolution digitdegation/surface models (DEM/DSM)
for determining channel, floodplain and vegetabaracteristics. To differentiate riparian
vegetation species and various landform charatitsyjismany of the feasibility findings
from CSIRO rely upon using a combination of datarses. Airborne LIDAR provides the
most valuable addition during processing, as itktalbo penetrate through vegetation and
give multiple returns can be paired with spectrbbracteristics to provide greater
discriminatory power not possible with only passpemsors. However, the use of multiple
data sources places much greater demand on pasitacuracy, which increases pre-

processing costs substantially.

Throughout the CSIRO report, there are many pakissues that could reduce the feasibility
of a remote sensing solution. Many indicators aséed as being sensitive to in-stream
shadows, high turbidity and overhanging vegetatiah,of which are present to various
degrees in Australian streams. Therefore, thesslsleannot be overlooked when evaluating
remote sensing solutions. Recent work using aionulti-spectral and LIDAR data in the
South Para River, South Australia, has faced sobataifficulties with these issues when
attempting to map in-stream pools, which is just ohthe indicators desired within the SRA
(S. Wealands, eWater CRC, pers. comm.). The CSEpOrt recommends undertaking the
remote sensing data capture during late spring/esanmmer and in the middle of the day
when solar elevation is highest (i.e. to minimis@adows) and also when water levels are
lowest (i.e. to reveal the maximum extent of thverichannel). Other timing issues pertained
to revealing particular differentiating trends iegetation growth and for observing when
turbidity is minimal (i.e. for maximum in-streamtd#d). The possibility of achieving these
requests would differ between airborne and sagdil#tsed sensors.
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The report also comments on the need to atmospaliigraorrect and precisely georeference
the imagery so that is can be reliably used fomgkadetection, in-field validation and for
combination with complementary datasets duringyaml(CSIRO 2003, p.22). These issues
can often be avoided in one-off, research-basediestias reported in the broader literature
(e.g. Marcus et al. 2003, p.368), but for manyhef teasibility findings presented by CSIRO
these pre-processing tasks are necessary (andotteersust be accounted for in feasibility
assessments). This demand could be reduced if eldatgction were not required and if all

sensors were collected and co-registered fromnlesource (e.g. a specialised aircraft).

One of the key recommendations from the CSIRO tepas to undertake a pilot study to
help better estimate costs and feasibility of tta@ppsed suite of sensors, as well as to develop
new indicators that could be more amenable to atesensing solution. This pilot study was
not undertaken at the time because there was no algective for using remote sensing in
the SRA (F. Bouckaert, MDBC, pers. comm.). Sinds thme, the MDBC has also started
working on a strategic paper regarding remote sgnsvhich recognises the need to combine
resources with agencies from the states/territdoe€ollection of remote sensing data. The
draft strategic paper shows the beginnings of ggsed acquisition program that aims to

leverage off state coordinated imagery programs.

Currently, the DSE have commissioned a pilot st{litk to tender) to evaluate SPOT5 and
Quickbird imagery for determining riparian and ineam indicators in Victoria, consistent
with the current ISC measures completed on thengtothis study aims to evaluate whether
the riparian vegetation and physical form indicatoan be comprehensively mapped using
remote sensing (as opposed to the on-ground field wurrently undertaken by Catchment
Management Authorities (CMAS)). This study has ctatgal the ground-truthing and should
be complete by the start of 2008 (S. Marwood, Dig#s. comm.). Dr Stuart Phinn (Centre
for Remote Sensing and Spatial Information Scietdmiyersity of Queensland) and his
colleagues are undertaking this study, althoughrepmrts are as yet available through the
DSE. This study should provide some clear eviddnme Australian rivers as to the true

feasibility of multi-spectral satellite-based remgensing approaches.

There are two groups working with airborne remotsysed data for looking at river
characteristics in Australia. Both groups are waogkvith data provided through Airborne
Research Australia (ARA), consisting of airborneDAR, multi-spectral (line scanner)

imagery and digital aerial photography, althougksthare all research-grade products and the
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pre-processing, georeferencing and orthorectificats still in development. Researchers in
the Al project (titled “Theories of landscape egyld within the eWater CRC (at The
University of Melbourne) have been undertaking wsial of this data for identifying
connectivity of in-stream pools in the South PareeR South Australia. They are using a
combination of multi-spectral image classificatibiat is subsequently refined using LIDAR-
derived terrain characteristics. This study hadadifficulties with co-registration of data
sources, as well as problems due to in-stream s¥g(foom overhanging vegetation and non-
optimal sampling time) and poor spectral differatitin between vegetation types (S.
Wealands, eWater CRC, pers. comm.). This studptegrating data from multiple sensors
during image processing and analysis. ResearchieteeaAustralian Rivers Institute (at
Griffith University) are also working with this sansuite of sensors along with data from the
ASTER satellite/sensor to map alluvial gully er@sia tropical rivers throughout Far-North
Queensland. They are using ASTER data and objeseaebaassification to define the regions
of interest, while the airborne data is used fdibcation/validation of their classification
(Knight et al. 2007).

The other relevant work is being undertaken by Bepent of Water, Land, Biodiversity &
Conservation (DWLBC) in South Australia. Glen Schaind colleagues have been using
oblique videography (from a helicopter flying alotige stream) to map a range of stream
features, relying on manual interpretation. Obliquieleography is unlikely to vyield
positionally-accurate spatial datasets (althougimtpocan be approximated), but it does
provide a documented coverage of a region and eaa substitute for field work. A brief
overview of their methodology (link to document)times what they have found and their

approximate costing.

Desirable indicators from remote sensing for the SRA themes

The report from CSIRO in 2003 evaluated 29 indiatoom the Pilot SRA Physical Habitat
and Water Processes Themes. Since then, the iodicgaiquired for these themes have been
re-evaluated, although they are yet to be finaliSéd draft strategic paper on remote sensing
(by the MDBC) and recent discussions with SRA dtaffe led to a refined list of indicators
that are considered of most relevance to the PalysiEorm and Riparian
Vegetation/Floodplain themes in the SRA. The itemthis list have then been grouped into

those that would be interpreted from the remotelysed sources (i.e. imagery and elevation
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models) and those that could be derived from therpneted data. This list is only indicative

of the needs of SRA and is not an ‘official’ lisis(such a list is yet to be defined/provided).

Riparian vegetation theme

» [nterpreted/classified from remotely-sensed sources

o

o

Riparian vegetation species

o If possible, particular vegetation species would rbapped, although the mixed
response within a pixel may preclude this in alt the highest resolution imagery
and even then the spectral differences may beuloibes

Riparian vegetation units

o If individual species cannot be mapped, then sowrn fof classification of
vegetation units/groups would be suitable. Theseilshfocus on separations such as
riverine/terrestrial, native/non-native or possitlliferent growth stages.

o These units would be based on certain charactayjssuch as similar vegetation
structures or growing regimes. At the coarsestljetes would need to separate
riverine/terrestrial vegetation.

s Vegetation units could be aggregated together méaningful groups for helping
with designing stratified site selections and/ogragation of field observations.

= Derived measures

]

Riparian vegetation characteristics

o The riparian vegetation mapping must facilitatecekdting variables including
percentage vegetation cover, vegetation connegtiviparian vegetation width,
vegetation density, fragmentation, stream overhaagppy complexity, vegetation
health/vigour and some measure of the stage otatge regeneration.

Physical form theme

» [nterpreted/classified from remotely-sensed sources

o
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Definition of river banks/channel

o These features must be delineated for use in magsuver planform and also for
deriving some of the riparian vegetation charastes.

Definition of floodplain extent/valley width

o This should define where the floodplain extendsmaich is required for determining
a range of vegetation characteristics.

o Currently this is being undertaken using a simplérodynamic model and the best-
available DEM. Alternate, remotely-sensed methodsld/be desirable.

River reach depth/flow characteristics/stream labit

s This would involve identifying in-stream habitatsd. riffles) and stream depths (or
some classification of depths), with a need fohietogy that captures information
through the water column.

Features suggesting channel change

o This is any evidence that reveals changes to fa&tures, such as erosion or bank
development, which can be used to define geomotpdjectories. This may require
analysis of multiple images to detect change.



= Derived measures

s River planform measures
o These are measures describing the shape/pattédra over across the landscape and
include, amongst others, sinuosity and meander leragth.
o These measures are often classified to providepgnga of rivers/channels with
particular patterns.

Hydrology theme
» [nterpreted/classified from remotely-sensed sources

o |dentification of the wetted network
s This would determine where water currently exisihww the broader river network,
which would be valuable for sampling site select{em help avoid visiting non-
wetted sites).

= Derived measures

s Waterbody type assessment
o This would involve using the wetted network alorthes ancillary information to
classify water as in-channel, floodplain, pools, et
o These classifications could be used to determingicators of hydrological
connectivity.

Other useful indicators
» [nterpreted/classified from remotely-sensed sources

s Emergent aquatic macrophyte species
s From mapping of in-stream vegetation (e.g. reeith),area and relative abundance
of macrophytes could be determined.
o Lateral and longitudinal barriers
o These are in-stream features that interrupt floughsas levees, weirs, natural
waterfalls, etc.
o Sediment type
s This is the differentiation of in-stream and emetgsediments, such as gravels and
sands.
s Large woody debris in and near rivers
= The mapping of wood can be used for determininga@nd potential levels of in-
stream wood. This feeds into any type of ‘snageassient also.
o In-stream algae/periphyton/biofilm
s Determining presence/absence of algal growth orsbdanents.

This list is indicative of the needs of SRA anddddhelp the reader to appreciate the types
of information that would like to be obtained fraemotely sensed data sources. The scales at
which these indicators occur varies from the vallegle (e.g. floodplain extent) down to
very-fine scale (e.g. sediment types, algae), aé ageconsidering ‘underwater’ (e.g. bed
type). The following section provides some inforimaton the types of sensors that are

available, after which the remainder of this docotneill review existing published literature
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that discusses the potential for these indicatorde interpreted from remotely sensed

sources.

Background information on passive and active sensors

There are a number of textbooks, papers and wetdlr@sources literature regarding remote
sensing. All studies using remote sensing have akeneritical choices between the sensors
used, which each have a defined spatial resolujien the size of features that can be
determined), spectral and radiometric resolutiaa ¢(he attributes that can be determined for
features) and temporal resolution (i.e. the fregyewith which the data is potentially
available). Any choice of sensor involves some dratf between these resolutions, with
temporal resolution being the most frequently $@exd factor in remote sensing (mainly due
to the cost of imagery). The scoping report by G3Iébntains a useful overview of sensor
technologies, capabilities and some estimates sf 0SIRO 2003, p.88-99). For a more
complete list of current and forthcoming remotesseg instruments, Metternicht et al. (2005,
p.292, 295) provides some summary tables, whilarttagery vendor Sovzond has a useful

website(link to website)containing the vital statistics of satellite sensso

From reading these resources, it is clear thatiymssd active sensors have different uses
and are suited to different situations (e.g. actimesors have more ability to penetrate through
atmospheric conditions, water and vegetation). @frike most useful active sensors for river-
based studies is LIDAR, which comes in differentnie and can provide both topographic
and sometime bathymetric information (but bathysnetomes at the cost of spatial
resolution). When active sensors are used in cotipmwith passive sensors (e.g. multi- or
hyper-spectral), the solution can provide a valeabbkource for river and near-shore studies.
A LIDAR workshop conducted by the United States IBgical Survey (USGS) provides an
excellent overview of these technologies and thssues (USGS 2004, p.9-23). The
introductory section of Gilvear et al. (2004a, @381) provides a nice overview of how
LIDAR and hyperspectral imagery have been used invitivers. The recent article by
Priestnall and Aplin (2006) gives a more generalesg of remote sensing requirements for
rivers, while Ehlers et al. (2006, p.835-836) foousre on how airborne remote sensing has
developed recently. Legleiter et al. (2004) prosidevery detailed study of how well passive
sensors could feasibly measure in-stream charsitsriand the discussion/conclusions

(p.506-508) are particularly useful.
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The choice between airborne and satellite basedteesensing is generally influenced by the
project needs (i.e. considering costs, coveragegpicélly, airborne imagery is more
expensive to collect, but it is also capable ofteapg data with higher spatial resolution.
There is also the possibility of using hyper-spacscanners from aircraft, which is currently
only available at coarse resolutions from satellitee lower flying height of aircraft sensors
allows some atmospheric effects that could hamper ability to capture water-leaving
radiance to be avoided (Legleiter et al. 2004, @.5Bowever, satellite-based sensors provide
more routine imagery for monitoring, as they akeagis produced from the same perspective.
Another positive for airborne remote sensing isdbdity to run a suite of sensors from the
one platform. This is in contrast to satellitestthanerally only provide one suitable sensor
and thus require greater georeferencing effortsid@e them usable with other data sources
(such as LIDAR).

The Leica ADS40 instrumenflink to website)is one example of a sensor capable of

producing ultra-high resolution data that couldulseful for river based studies (Ehlers et al.
2006, p.836). This sensor is currently being usgethk Australian Defense Force for rapid,
detailed mapping in the field (Sterling 2007). T&n (2006) provides brief comments and an
overview on these new digital airborne camerassiyimiata et al (2004) state that the ADS40
has been shown to have the potential for 1:2,5@8: swapping in Japan. Over a 3 months
period in 2004, ADS40 imagery was acquifedk to article)for orthophoto production over

approximately 380,000 square miles (approximatemitlion square km) of land in Texas,
Idaho and Louisiana (comprising 10Tb of data) fer USDA Farm Service Agency (FSA).

One active remote sensing method that is not cdvemne these reviews is airborne
electromagnetic (AEM) surveys, which are being uegténsively in Australia for mining
applications and also for salinity mapping. Theeassrs take a measurement that has a
sampling footprint of >150m radius (depending g height), which is much coarser than
is required by river applications (1-10m spatiadalation), yet they provide an interesting
data source with very different capabilities to tiker technologies mentioned here and can
reveal other information of interest to catchmemhagers. Dent (2007) provides a discussion

of this technology.

A spreadsheet summarising sensor characteristmsg avith some relevant costs (obtained
from the draft strategic paper on remote sensingti@ MDBC) is included (link to

spreadsheet). This includes a number of upcomingilisaa sensors (e.g. GeoEye, Resurs
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DK1) as well as details of some common airbornesasen(e.g. CASI, ADS40). The scoping
report from CSIRO (2003, p.53) also provides ed@®af cost. A more applied example of
costing, particularly for a riverine study, is prded in Gilvear et al. (2004b, p.808-809). It is
extremely difficult to provide a complete list oersors due to the rapid development
underway, although this spreadsheet provides a gesaurce for an overview of relevant

technologies and how they compare to one another.

Evidence from literature regarding potential SRA indicators

There have been a number of studies looking at mgpm-stream features and other

catchment characteristics from remote sensing gsta. Most of the published studies

interpret remote sensed data using empirical cglakiips derived from ground observations
collected simultaneously with the remotely sensedtad(as used for supervised

classifications). However, Legleiter et al. (2004)gue that consideration of physical

principles of light interaction with the water cola can provide more robust methods,
particularly for mapping water depth and hydradigbitats in shallow rivers. This has a

similar theme to the brief discussion by CSIRO @0222) regarding field validation, where

using field spectral measurements to build a ‘gpétibrary’ for common image features is

mentioned. Both of these approaches take a morstihaliew of the image processing task,

rather than simply being focussed on interpretiegtdres from the imagery for a single

project. For evaluating remote sensing methodsiger-scale studies, these more rigorous
methods of interpretation are likely to be needed.

The following discussion of the published literatysrovides links and comments on the

literature relevant to the ‘potential SRA indicatadentified earlier in this review.

Riparian vegetation

Mapping vegetation in the riparian zone has notnbggstematically accomplished across
many watersheds/catchments, largely due to pasbagpes relying on aerial photography
for sufficient spatial resolution (Goetz 2006, B)L3The spatial resolution of common multi-
spectral satellite imagery (i.e. Landsat at 30m$ baen only marginally sufficient for

determining small-scale variability in the narrojarian strips and is confounded by mixed
pixels. By using higher-resolution satellite imagand LIDAR, techniques for determining

proportional estimates of vegetation within Landsiakls can be obtained, as well as much
more detailed mapping (albeit with different chatjes). Goetz (2006, p.141) points out that
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while use of this finer-resolution data is techtlicéeasible in research applications, it may

not be practical for management applications igdaareas.

Multi-spectral images have long provided the meansiapping vegetation, although hyper-
spectral imagery can permit greater differentiati®milarly, when temporal coverage is
available, the different growing patterns of vegjetacan be used to identify species using
the time series. Most commonly, the Normalized &#hce Vegetation Index (NDVI) is

calculated (using radiance in the near-infrared @tblbands) and together with the visible

bands (R, G, B) forms the basis of most vegetatiassifications.

For very-high resolution data, Ehlers et al. (2006@ye used data from airborne sensors
(similar to the ADS40) to simultaneously captureagary and elevation models. They
analysed data collected in 1999, 2000 and 2002hdlp understand how this technology
might be applied over larger areas, their resedociises on automated techniques for
mapping. They use a multi-stage classificationAmislimethod for mapping ‘biotopes’ (i.e.
groupings that consider more than just vegetaiipa,tsuch as height or distance from water).
For example, areas were firstly separated into tatige/non-vegetation, then separated into
high/low vegetation (using elevation data) prior siwbsequent unsupervised classification
within each area (to identify species differentiat). To deal with problems of shadowing,
they used GIS analysis (e.g. neighbourhood rutes)ssign pixels to nearby categories. The
12-bit radiometric resolution of the data helpedlifferentiate pixels within shadows as they
still contained variability (which would have beé&mited in 8-bit imagery). Sensors with
higher radiometric resolution (such as the 12+b#gery produced by CASI) were also found
to be valuable for dealing with shadows in Leckiale (2005, p.152). They found in-stream
features could be still recognised within shadeshsrand classified accordingly, making
radiometric resolution a significant consideratibegleiter et al. (2004, p.503) also support
this, stating that 8-bit systems are limited inirtteility to map subtle channel features,

particularly in deeper water.

Goetz (2006, p.138) also refers to an alternate BfpLiDAR that uses a broad-beam (and
captures the full-spectrum) for obtaining an inttgd measure of vegetation. The Laser

Vegetation Imaging Sensor (LVIS)ink to website)is a NASA research instrument that

produces imagery with a spatial resolution of 1@832&nd can be used for recognizing
particular vegetation characteristics such as thdical structure of tree canopies and

providing estimates of biomass. Goetz (2006) atsatp out that LIDAR instruments are not
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a panacea for mapping riparian zones, but they mwige information on the vertical
structure of vegetation that can augment the mmaaditional passive sensors used. For
example, vegetation height, cover and attributesaobpy structure have been mapped using
single-pulse and full waveform airborne LIiDAR (Lkyset al. 2002).

Floodplain and physical form

The floodplain is one aspect of mapping/monitorstigam condition that is very difficult to
assess in the field, as it can be a very large #ratis difficult to accurately define.
Therefore, remote sensing or alternate analysifadstthat can provide floodplain indicators
are considered very valuable, whereas many of thergpotential indicators could be
assessed in-situ. Hydrodynamic modelling studias ‘thrtually inundate’ a digital elevation
model are most commonly used for defining floodplaxtents, although this depends on
accurate representation of the surface (whichtendacking) and surface roughness amongst
other things. LiDAR-based DEMs, which can represbatbare-surface, are most suited for
this, although consideration about the spatial lem required must be made. For
measuring water surfaces (e.g. flood inundatioreres), RADAR imagery has been used
(e.g. Horritt et al. 2001) and new high-resolutRADARS such as TerraSar-X will improve

the spatial resolution/accuracy for such tasks.

For in-stream studies concerned with bed shape \mater-depth/bathymetry, LiDAR
instruments operating in the blue-green part ofsipectrum are used (USGS 2004). This is in
contrast to most published studies which use teraéd iDARs that operate in infrared
wavelengths and do not penetrate far into the watermn. Bathymetric LIDAR provides
some options here, with NASA having developed tHRAEL instrument, which is a
compromise between the terrestrial and full bathyimeliDAR that are commercially
operated (USGS 2004; Kinzel et al. 2007). EAARL suseweaker laser pulse than full
bathymetric LIDAR, but this provides greater spatesolution (due to a higher frequency)
and still penetrates shallow water. Kinzel et aDQ7) gives an overview of this instrument

and looks at the difficulties of resolving bothrestrial and bathymetric heights accurately.

Multi- and hyper-spectral sensors have been used &irborne platforms for studying rivers
in the UK and USA. Bryant and Gilvear (1999) pravid detailed look at change detection
from airborne sensors (using Daedalus ATM), paldity for evaluating geomorphic change
and changing riparian vegetation. They stress ialenge in pre-processing the data so that

change is detectable. They claimed to detect clsaimgthe order of 10cm in depth (Bryant
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and Gilvear 1999, p.314), using a regression-baggmoach to relate the airborne multi-
spectral data (from the near-infrared bands) taumpomeasurements of water depth %
0.67) (Winterbottom and Gilvear 1997).

Leckie et al. (2005) used 8 hyper-spectral bandifterentiate in-stream features from 80cm
CASI imagery (i.e. an airborne hyper-spectral setisat can be reconfigured to observe in
different bands). Their classification was ableditierentiate features within the shadows
(due to CASI recording 12-bit data), which werentlrecombined. Again, it must be noted
that this was in a mountain stream in Canada and #m optimal situation. Gilvear et al.
(2004b) use airborne multi-spectral imagery andtided colour aerial photographs to map
exposed gravel, deep water and shallow water iitiaddo a number of terrestrial features.
With the exception of the shallow water class, mspectral images provided greater
accuracy (62% for shallow water, 83% for deep watet 94% for exposed gravel). Sun glint
on water surfaces and shadows caused by high bimeks, and buildings were identified as

the main cause of inaccuracies.

Wright et al. (2000) use multi-spectral images tapnmorphologic units (eddy drop zones,
glides, low gradient riffles, high gradient rifflelateral scour pools, attached bars, detached
bars, and large woody debris). Marcus et al. (2q0378) used a similar approach and
obtained classification accuracy of 69% in thirder streams, increasing to 86% in fifth-
order. The mapping accuracy improved in largerrsv@ecause the various hydraulic zones
were more homogeneous and therefore fewer pixete wentained in the transition zones
(where most misclassification occurs). Hydraulibitet types have also been mapped using
hyper-spectral image data with shortwave-infraredvetengths proving most useful in
distinguishing habitat types (Legleiter 2003). Inwanber of studies, the subjective nature of
on-ground mapping has made it difficult to accelsssifications perfectly. Marcus et al.
(2003, p.378) point out that the reflectance frowstream habitats represent variations in
surface turbulence, turbidity, depth, algae andssate size/colour/composition, not to
mention any atmospheric effects (e.g. hazy conmbjiolt is also worth noting that these
studies have largely been conducted in optimahstreonditions (e.g. clear, shallow, gravel-
bedded streams in the USA). Some of the work fralme@r et al. (2004a) has been in more
challenging, turbid environments such as estuam@gerall, the discussion provided in
Gilvear et al. (2004a, p.384-391) raises most efkdy issues regarding these indicators and

poses some important questions for evaluating tappeoaches.
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Hydrology

Many of the same issues outlined above concermirggream habitats and the floodplain are
relevant to mapping the existing water in streasdwvever, the surface-water boundary along
rivers has been mapped using airborne multi-sgeat@gery based on a near-infrared band
and the NDVI index (Whited et al. 2002; Lorang ket2805). The near infrared band is suited
to this purpose because the reflectance of watdacas at these wavelengths is generally
lower than for the surrounding ground (and is lr@gdsorbed by clear water). If the spatial

resolution is adequate and there is no interferémee overhanging vegetation and shadows,
then the near-infrared band on most multi-spesiakors could be sufficient to achieve this,

although turbidity will cause some problems.

There do not seem to be any studies using airk®Afe to map in-channel features, possibly
due to the relatively coarse resolution of SAR iarggn the past. The use of high-resolution
SAR imagery may offer some promise here, with daeten the new TerraSAR-X sensor

being suited to mapping flooded areas (based orsdh#le imagery available). If so, then
data extraction methods such as the ‘snake algorwh Horritt et al. (2001) may be useful to

identify the water edge from the SAR imagery.

Other indicators

The analysis of airborne digital imagery has baoiltexperience in aerial photogrammetry to
map the channel topography above and below thervgatdace (Westaway et al. 2003).
Airborne digital imagery has also been used to s&jpment grain sizes along dry river beds
(Carbonneau et al. 2005; Verdu et al. 2005) arghallow clear water where the river bed is
visible. This work used helicopter-based imagerthvai spatial resolution of 3cm. However,
the ground resolution of the image gives the losiee threshold below which grain sizes are
undetectable (Carbonneau 2005). Water depth hasakn mapped in clear water based on
an analysis of optical image brightness (FonstabiNaarcus 2005).

Many of the other indicators in the potential SR#t lhave also been mentioned in the
previous sections. If not mentioned, they were eratountered in initial literature searching

regarding remote sensing application in rivers.

Image processing and analysis

CSIRO (2003) refer to a number of different pregassing and image processing tasks in
their scoping study of SRI indicators. For pre-@s8ing, there is a need to convert the digital
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numbers recorded by sensors into reflectance wotshat they can be compared over time
(e.g. atmospheric correction, etc), which requirglsl samples from different targets (CSIRO
2003, p.22-23). When absolute accuracy is impor{ang. when combining sensors or
undertaking change detection), geometric correstiaill be required (Bryant and Gilvear
1999, p.311). Once pre-processing has been undert@dSIRO (2003, p.25-46) identify a
number of general processing tasks that would lbd,uscluding classification (presumably
supervised using the field samples referred to)MD&nalysis (for terrain features), GIS
analysis (i.e. combining multiple data sources mcpssing derived features) and change
detection (from multiple images). No specifics arevided, nor is there an indication of
whether these processing tasks could be automatethd various indicators (which would
determine their feasibility when covering a largeag.

Ehlers et al. (2006) used automated methods fdysing multi-spectral data from airborne
sensors. This work involved a decision tree clasdibn, in which various initial steps (e.g.
separating vegetation/non-vegetation, splittings¢heategories by vegetation height) were
used to improve the performance of the unsupervidassification. They still relied upon
visual checking and manual correction to the autmaldy-classified results (Ehlers et al.
2006, p.841).

Gilvear et al. (2004b, p.808-810) cite many pastlists in stating that “more than four bands
does not appear to improve accuracy assessmentificgsigtly [for channel
hydromorphology]”. However, this does not suggegbdn-spectral imagery is not valuable
for identifying additional variables (such as maetailed vegetation categories) that cannot
be differentiated using multi-spectral data. Gilvea al. (2004b, p.810) also addresses the
issues of whether visual assessment is requireely Tihd that visual assessments are most
reliable (but impractical), while automated methddse produced quite good classification
accuracy. They encourage the use of more sopheticdassification procedures that employ

additional topographic information and informatiom shape/texture.
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Appendix 2: Remote sensing options for physical form of rivers

Grouping and Interested | Priority o i N o Currently
attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
Channel sinuosity | Calculate these measures using spatial analysisisting topographic mapping datasets . % .
Y High ||t existing data not suitable, use high-resoluiimagery to create new spatial data representiegustr (improved with
Meander wavelength - : : : : i : new data)
banks, probably requiring visual interpretation passibly with a semi-automated approach
Classification using either imagery or LIDAR data ¢ther elevation source)
. Probably reliant on visual interpretation, but améded methods might help remove some of the sutijgct Y
Geomorphic stream . g
« Y ? in classification (needs manual
type interpretation)
Classifications using fuzzy boundaries (e.g. prdtigtof being in a particular type) would help ¢tapture
some of the ambiguity
Electromagnetics or soil moisture hot spots conttidate these, but would require ground calibratiata
and the spatial resolution may not be adequate Y/N
Paleochannels* ” » | These may be manually detectable in high-resoliitiwayes, particularly if they contain water (declfepde”t (i_n
needs for spatia
They may also be possible to derive using a hydiotd model based on a LIDAR terrain model resolutior?)
The ecological outcomes work on the Murray has éabot this
LIDAR could permit width to be done in areas whirere is not a dense canopy or reed bed, largslscha
on manual interpretation (with some semi-automatsistance) _
Channel bankfull Y (width)
width/depth (mean and Y High Imagery is not useful here N (depth)
L ep
variability) Depth may be determined if LIDAR is collected dgriow flows, but otherwise would require on-ground
survey (as bathymetric LIDAR does not perform cstesitly in turbid environments)
Channel gradient Y High Existing DEMs or a newlypttaed LIDAR DTM could be used to determine this Y
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Grouping and Interested | Priority o i N o Currently

attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
Comment was made that low gradient streams havedaver and, as a result, low resolution DEMs wilt |n
falsely predict high stream power
LIDAR could provide this assuming no dense candphe@bank top

Bankfull hydraulics* 5 5 High resolution photogrammetry could provide thisane the canopy is sparse (i.e. the derived digital v
surface model could actually see the ground sudaagpposed to the canopy)
Videography was considered to be too subjective

Bank angle Y High LIDAR could provide this assumimgdense canopy at the bank top ?

Bank se_dlment Y Low No options identified ?

cohesivity

] Airborne and in-stream electromagnetics could lieddor this if spatial resolution is suitable tlwould N

Bank and floodplain sojl 5 require calibration for each mission (difficulty with

type* ' ' o calibration and
MDBC and DWLBC (SA) have undertaken this kind ofrivo interpretation)
Hyper-spectral imagery gives greater capabilitgntp this, but the improvements over other appraaishe
probably lost when working across whole basin (@ueifficulties with variability) Y/N

Bed material size Y Low |Hyper-spectral analysis is also confounded by waépth and turbidity (dg]%egt?ér;gmon
Use of high-resolution imagery of exposed sedimshtsvs promise, as undertaken by James Grove in| characteristics)
Tasmania and also in broader literature

Density of large, woody High-resolution imagery may allow woody-debris ®ranually identified, but automated methods are

. Y Low . N
debris (LWD) currently unlikely
. o . A high resolution DEM of the floodplain generatesing LIDAR or high-resolution photogrammetry could
Active floodplain width Y High support hydraulic modeling, from which active flgdain width would be derived Y
Structures on the Y High Using a combination of LIDAR with imagery @fundation, any anomalies would reveal blockages %
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Grouping and Interested | Priority o i N o Currently
attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
floodplain (e.g. levees, Manual inspection of high-resolution imagery wopktmit recognition of features, provided that feesu (with manual
banks, roads, bridges) are not smaller than the ground sample distantieecfmagery inspection)
In-stream geomorphic Multi-spectral high resolution imagery can be diesg with various levels of success (as eviderimgd
units and physical 2 ) recent research efforts) %
habitats* Stream shading, inundation, canopy cover and titybédl impact on feasibility

Any imagery with sufficiently high spatial resolaiti to visually detect these would permit mappinbilev

change would just require imagery that can be stesily recaptured

Depending on size of wetlands being consideredtiagi satellite imagery may be suitable and provide
Peflmagefcy of Y 5 greater temporal coverage than possible with aidsensors %
wetlands '

Associations and anomalies between topography,deatyre and vegetation would indicate

groundwater/surface water interactions

DEW have been undertaking this for significant ametls (e.g. RAMSAR)
Vegetation dependency v 5 The change in vegetation vigour in response taffleeents will reveal this, so any multi-spectrahgary v
on groundwater* ' that can indicate vegetation vigour would be sUlé#b.g. Landsat)
Groundwater depth* " 5 Airborne electroma_gnet|cs _cc_)uld proylde an apprat@imeasure of this and the spatial resolutionseed v

should not be too high (as it is a spatially avetameasure)
Erosion indicator* ? ? ?

No options identified

* metrics suggested during the project’s workshop
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Appendix 3: Remote sensing options for riverine vegetation

Grouping and Interested | Priority o i N o Currently
attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
Vegetation extent (at the Existing state and federal programs (which are Batdased) for vegetation mapping are valuable, here
catchment scale) v High provided that there is temporal consistency tontlapping v
g

Area covered by Classification of Landsat bands and ancillary data provide particular vegetation classes of iistere
vegetation groups (although these could not be articulated by SRAasgntatives at the workshop)

The existing mapping is not of sufficiently highasipl resolution for delineating the riparian zoleegely

due to dependence on Landsat for differentiatirggetagion

This requires higher resolution (<10m) multi-spakinformation (e.g. SPOT, ALOS), of which only the
Vegetation extent (at the NIR band is available from satellites (highest feSon available is 2.4m from QuickBird)
riparian zone scale) Airborne sensors are needed for high-resolutiorggnawith more bands, but swath width and extent of
Derived measures of Y High  |coverage is reduced accordingly Y
spatial arrangement and This mapping could be automated once processirgdipea are agreed upon for different environments
density of vegetation within the MDB, which can be based on a large exgsbody of research and evidence (e.g. TREEDEM dat

in Victoria)

SRA may be able to influence broader land use/cmagrping programs to pursue higher resolution éxten

mapping using 4 bands (versus 7 from Landsat) ieatakrs of vegetation vigour could flow from this

o Feasible at catchment scale, but riparian zone sa#llbe limited by spectral resolution of imagery

Broad classification of _ available (e.g. obtaining enough spatial resolutingo with spectral detail) YIN
vegetation (e.qg. Y High o . o ) ) ) . . (depending on
equivalent to EVC) Capabilities of differentiating basic vegetatiomgpings from 4 bands is necessary before movingdat, | grouping needs

unless more bands can be captured consistentlydndrarne platform
Taxon richness Would require visual interpretation of high-res@utimagery by experts, as automated classificatiarot

Y Low considered reliable enough over large areas N

Composition

There is potential for hyper-spectral data to bedusr mapping individual species in smaller arbas this
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Grouping and Interested | Priority o i N o Currently
attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
Nativeness requires development of spectral library for spetieing recognised (which is a challenging taskrwhe
considering diversity across the MDB)
Point was made that while hyper-spectral solutsotechnically feasible, the current working grodiod
large projects is multi-spectral, so any assesswofdiaasibility should consider what can be donghthis
level of spectral detall
Phvsioloical status Workshop was confident in using well-establishedhods (NDVI, FPAR, LAI) for change detection, but
y 9 stressed need for temporal consistency of imageahygaeater spatial resolution than currently used
Surrogat(_a for tree . Change detection would require benchmarking andrgteampling to confidently estimate change in
canopy vigour Y High . . Y
vigour and vegetation types
i(;(éirggr:grrlsvegetatlon Combined with vegetation extent mapping, this pdeuhe basic ‘census type’ information requiredhsy
SRA and is based on existing, standard approabhesvbrkshop participants were confident in
Vegetation structure
Number/height of strata These characteristics require LIDAR, as they mesiefrate the canopy and give multiple returns
Height of canopy for Y Medium | The pasic ‘height of canopy’ measure could be datexd using a surface model (from photogrammetry ?
each strata techniques), but far greater information on thdieak structure of the canopy would come from LIDAR
Height of canopy
Presence of recruits ) _ N
) Y Low No options identified N
Age/size/class structure
Provision of habitat Visual interpretation of change in NDVI combinedhwvisual imagery (to avoid confounding effectsnfro
Standing dead trees % Low automatic classification, such as when a treealelsthe grasses below it grow, thus giving highBvVN N
Standing grasses Requires very high-resolution imagery
Stream shading, extent v High Could derive stream shading and overhang by comdpinigh-resolution vegetation extent mapping with ) Y _
of overhang 9 ‘blue line’ watercourse datasets (although thepeasent centerline of stream, not both banks) (particularly with
improved stream
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Grouping and Interested | Priority o i N o Currently
attributes in change? | for SRA Relevant sensor (s)/data; likely processing required; other comments and examples of feasibility feasible
Improved bank mapping from visual interpretationgemi-automated feature extraction) would improve bank mapping)
these measures substantially and also have valyhysical habitat theme
Some efforts underway at Geoscience Australia firdwe blue line mapping — SRA may be able to
influence this work to better service their needs
Soil moisture, EC* 5 " L_Js_e of _L-band_ RADAR,_thermaI imagery or electrometips, although all of these approaches mayb e N
limited in spatial resolution (depending on needs)
Water quality ) ) _ ) )
. 5 5 Hyper-spectral and thermal imagery with spectmghatures and ground truthing make this technically 5
Salinity, temperature, ' ' feasible, but difficult to reliably apply over adg area in automated manner '
turbidity, chlorophyll*

* metrics suggested during the project’s workshop
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Appendix 4: Satellite and airborne sensor list

This table has been expanded and adapted fromDitadt ‘strategic paper on remote sensing’ that wattem by the MDBC Natural Resources
Information Program. All cost estimates have begmoduced from that paper and the sources ofrirdtion vary. This table should only be used as
a means of comparing available platforms/sensatduther details should be sought about any ser@famajor interest (and their cost).

Additional

Sensor Spectral resolution Spatial resolution Swath Temporal resolution Cost details

Aerial Photography: Images collected by airborne camera. This useability of these images is generally limited by errors associated by the angle the image was
taken at, registration and the processing involved in merging the individual images.

Panchromatic 2006 costs: $90 per
frame to fly and buy
hardcopy. Scanning
and georeferencing

are additional costs.

User and weather

Analogue photography Colour Various Variable dependant

Colour infrared

Multispectral (Aerial): Images collected in more than one spectral band or wavelength interval by an airborne sensor.

2006 costs: approx

Spectra DMSV, . User and weather
Daedalus-1268. ADAR 3-20 bands 0.5-10m Variable dependant $2-6 p/km2 for
georeferenced image
Pan, Visible and Variable with
ADS40 NIR (12bit), Stereo | 25cm from 2500m, | height, User and weather NSW Lands
. . .. | dependent operates ADS40
Vision approximately 1:1 L
from their aircraft

based in Bathurst
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Sensor

Spectral resolution

Spatial resolution

Swath

Temporal resolution

Cost

Additional
details

Multispectral (Satellite):

Images collected in more than one spectral ban

d or wavelength inte

rval by a satellite sensor.

SPOT 5

ALOS: PRISM —
Panchromatic RS
instrument

ALOS: AVNIR-2 —
Advanced Visible and
NIR Radiometer

lkonos

Quickbird
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3 VNIR
1 SWIR

1 Panchromatic

3 Visible (blue,
green, red)

1 Near infrared

1 Panchromatic

3 Visible (blue,
green, red)

2.5m Panchromatic

10m VNIR

2.5m

10m

1m Panchromatic

4m Multispectral

0.6m Panchromatic

60km

35km

70km

11.3km x 11.3km

16.5km x 16.5km

46 day recurrent
period

3-4 day recurrent
period

3-7 day recurrent
period.

Agrecon (now):
Archive data: $18
p/km2. New tasking:
$35 p/km2. 2003
costs: Archive data:
$12 km2 for 4mMS;
$37 km2 for ImPAN
and 4mMS. New
tasking: $290 km for

1mPAN and 2.4mMS.

Agrecon (now):
Archive data: $36
p/km2. New tasking:
$47 p/km2. 2003

25K scale DEM
generation

Land use
classification

Users purchase
data within a
user-defined
boundary even if
it is irregular in
shape. Can
produce a 1m
DEM. Archive
data is available
from 1999.

Users purchase
data within a
user-defined
boundary even if




Additional

Sensor Spectral resolution Spatial resolution Swath Temporal resolution Cost details
costs: Archive data: it is irregular in
$43 km2 for 2.4mMS; | shape.
$51 km2 for

. . 0.6mPAN and
1 Near infrared 2.4m Multispectral > AMMS. New
tasking: $290 km2 for
0.6mPAN and
2.4mMS.
Geokye (f | 4 VNIR 1.65m bue for | h
eoEye (formerly ) ue for launc
OrbView5) _ 15.2km 1-3 days early 2008
1 Panchromatic 0.41m
3 Visible, 1 Pan bue for | h
. . ue for launc
RapidEye (upcoming) 6.5m 158km 1 day Nov 2007
1 red-edge, 1 NIR
TopSat Pan and Visible 2.5m Pan, 5m Visible | 17km x 17km Recen_tly
operational
1 Panchromatic 1m Panchromatic Being marketed
Resurs DK-1 28.3km by Sovzond in
3MS (G, R, NIR) 3m Multispectral Russia
WorldView-2 1 Pan, 8 MS 0.5m Pan, 2m MS 16.4km %Jggfor launch in
Hyperspectral (Aerial): Images collected in multiple narrow spectral bands over a contiguous spectral range by an aerial sensor.

CASI or Hymap

20 bands

0.5m - 10m

100km2

User
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2006 costs: >$20
p/km?2 for
georeferenced




Sensor

Spectral resolution

Spatial resolution

Swath

Temporal resolution

Cost

Additional
details

Hyperspectral (Satellite)

: Images collected in m

ultiple narrow spectral bands over a contiguous spectral range by an aerial sensor.

MERIS

MODIS

Hyperion

15 bands

36 bands

200 bands

300m

250m — 100m

30m

2500km wide

2048km wide

7.5km x 100km

Lasers (Aerial): Point clouds collected and often

processed into digital surface and terrain models (DSM/DTM)

LiDAR (terrestrial)

0.15-0.4m
horizontal

0.8 -

2.184km

Natural surface
terrain, buildings,
vegetation,
contours and 3D
models

RADAR (Satellite): 24 ho

ur coverage (not weath

er dependent), high precision monitoring for change (mm), high accuracy DEMs (2-4m depending on elevation)

TerraSar-X

ALOS: PALSAR —
Phased Array Synthetic
Aperture Radar

50

X-Band RADAR

Im-16m

20m

5km -

70km

100km

2-11 days

Cloud-free and
day-night land
observation

Cloud-free and
day-night land
observation
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