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Cryosat-2 SIRAL (LRM) ascending pass captured on 7 March 2011 with a
false colour image background captured by Landsat TMS5 in April 2011.

Specular waveforms are shown with a red cross and the predicted closest

zone of inundated vegetation is identified, in this case along track. ................

Figure 4-21 Altimetry sequence leading into the upper reaches of Lake Murray for a
Cryosat-2 SIRAL (LRM) ascending pass captured on 7 March 2011 with a
false colour image background captured by Landsat TMS5 in April 2011.

Specular waveforms are shown with a red cross and the predicted closest

open water Site 1S 10CaAtEd. ....cviiiriieeiie e

Figure 5-1 Brown—Hayne ocean waveform shape and Brown—Hayne model shape
parameters, adapted from Gommenginger et al. (2010) and Passaro et al.
(2014). P, can be converted into the backscatter coefficient (¢”) using
instrument calibrations and significant wave height (SWH) is derived from

os. T 1s the time measured at the satellite such that # = ¢y corresponds to the

arrival time of the half power point of the radar return. ...........ccccoocveneenennenn.

Figure 5-2 B-Parameter (single ramp) retracking algorithm functional elements.

Parameters f>—fs are repeated for the second ramp in the nine-parameter

VETSIOMN ¢ttt e e e e e et e e e e e e e e e e e e e e e e e e et e e aeeeeeeeeae e eeeeeeereaan e aaaeeeeeeeeannnanas

Figure 5-3 OCOG pulse shape parameters; pulse amplitude (4) and pulse width (W).
The centre of gravity (COG) and leading-edge position gate (G.ep) are also

114 1S A 10 1<«

Figure 5-4 A typical Envisat RA-2 quasi-specular waveform with the OCOG-defined

LEP correctly located on the leading edge. ........ccceeeeviieeciiiiniieeeeee e

Figure 5-5 An Envisat RA-2 flat-patch waveform with a decaying trailing edge. The
OCOG-defined LEP position is offset from the actual leading edge because

of the bias induced by the location of the waveform COG. ..........ccccceeuvennneee.
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Figure 5-6 An Envisat RA-2 flat-patch waveform with a decaying trailing edge. The
25% Threshold Retracker-defined LEP position is correctly located on the

actual leading edge of the waveform. ..........ccccocoviiviiieiiiic e,

Figure 5-7 A multi-peaked waveform with the 25% Threshold Retracker defining the
LEP position on the leading edge of the first peak. While the first peak is

the likely nadir return it is not the maximum return which is likely to be

from an off-nadir specular reflector. .........cooviveiiiieeiiieee e

Figure 5-8 A multi-peaked waveform with the 50% Threshold Retracker defining the
LEP position on the leading edge of the second peak. It is necessary to select

a threshold level that is likely to use the nadir return for WSE estimation

over the range of typical waveform shapes expected n the study area. ............

Figure 5-9 Flowchart of the sub-waveform selection methodology developed by
Hwang et al. (2006), with significant contributions from Bao et al. (2008)
and Yang et al. (2012). Advances developed in this study related to the sub-
waveform extent and classification of sub-waveform peak significance, are

incorporated into the workflow. Parameters &> and &> are empirical threshold

values, calculated as 0.254 and 0.2S41 respectively......cooovevcveevienciieniecieenen.

Figure 5-10 A multi-peaked waveform captured over the Fly River floodplain from
Envisat RA-2 in March 2012. Six statistically valid peaks are identified of

which three are identified as major peaks. Peaks were identified using the

sub-waveform identification methodology detailed in Figure 5-9. ..................

Figure 5-11 Sub-waveform extracts of the major peaks identified in Figure 5-10. These
sub-waveforms are retracked using the Improved Threshold Retracker with

outputs of WSE that can be assessed against a reference for the selection of

the valid NAdIT TETIECTION. ....eeeeeeeeeee e et ee e e e e aeeaees

Figure 5-12 The sub-waveform selection methodology developed as part of this study.
The process selects a sub-waveform corresponding to a nadir return as
defined by a WSE derived from a neighbouring quasi-specular waveform
originating from a calm water source. Where there is no candidate reference

waveform or where hooking is identified, the first and maximum major

peaks are the sub-waveforms extracted for retracking. .........ccccoceveevieniennenne.

Figure 5-13 The WATeR workflow for the pre-processing phase where initial nadir
WSE estimates, waveform shape and the nadir footprint classification are

extracted. The second iteration process (cf. Figures 5-14-5-16) uses
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different processes as a function of inundation extent and altimetry footprint

class types as defined in Table 5-2. .......ccccceeviiiiiiiiiiiiieee e

Figure 5-14 WATeR workflow for the second iteration in the retracking process for an

open water footprint classification..........cccceeeveeeriiieiriieerie e

Figure 5-15 WATeR workflow for the second iteration in the retracking process for

inundated vegetation or inundated land footprint classification. .....................

Figure 5-16 WATeR workflow for the second iteration in the retracking process for a

footprint classification comprising dense vegetation, sparse vegetation or

DAre GIOUNA. .....ooiiiiiiieiie ettt ettt ettt et e enes

Figure 6-1 The principle of migration, adapted from Frappart et al. (2000). ...................

Figure 6-2 Schematic diagram showing the off-nadir distortion in along-track height
profiles resulting from a hooking sequence caused by the altimeter locking
onto a specular reflector within the radar footprint as it passes over an inland
water body. The vertical blue dashed lines show the effect of the hooked

range to the off-nadir reflector on the derived WSE. The hyperbolic shape

of the WSE profile is shown as a solid blue curve. ........c.ccoecvvvveviiiiniieenene,

Figure 6-3 Schematic diagram showing the corrected distance to the likely off-track
water surface reflector. f is the angle between the altimetry track and the

direction to the water body The distance 4S5";+1 is used in Equations 6-3, 6-4,

6-6 and 6-7 TEPlACING ASit1. -veeveeeeeiiieiieee ettt

Figure 6-4 SARAL ascending pass 0677 from 20 June 2015. South to north pass over
the Fly River floodplain with a crossing of the river at 7.6505°S 141.3564°E.
The background is a Landsat OLI8 false colour image from September 2015

acquired during an El Nifo event. Red dots are waveforms located within

the TIVET CTOSSINE. ..uviiiuiiiieiiieeiieesieeeeteeesireeestreeetaeeetaeesteeeesseeensseeessseesnseeennns

Figure 6-5 Select cycle 24 SARAL/AltiKa waveforms acquired on 20 June 2015. A
secondary peak is evident in waveform 1 and this peak increases in intensity
through waveforms 2—5 as the satellite tracks towards the Fly River. This

peak becomes the only remaining peak by waveform 6 and remains as a

quasi-specular return until it becomes a saturated return at the river. .............

Figure 6-6 The along-track waveform sequence from the same SARAL pass shown in
Figure 6-4 with the waveform power stretched to range 0—250 to highlight

the hooking hyperbolae within the waveform sequence centred around the
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river crossing. The arrow at the base of this figure indicates the direction of
flight and corresponds to the extent of coverage in Figure 6-4. ....................... 115
Figure 6-7 The WSE along-track profile from the same SARAL pass shown in Figure
6-4. The waveform data were retracked using the Improved Threshold
Retracker with the maximum power peak selected for retracking. This
effectively eliminated the low-power nadir return and used the high-power
hooked return for WSE definition. The correct WSE is represented by the
apex of the hooking hyperbola within the altimetric WSE profile. .................. 115
Figure 6-8 The WSE along-track profile from the same SARAL pass shown in Figure
6-4. The waveform data were retracked using the Improved Threshold
Retracker with the first peak selected for retracking. While the extent of
hooking is reduced compared with retracking using the maximum power
peak, the distortion cannot be eliminated from the point where the specular
reflector echo becomes quasi-specular with no nadir echo return..................... 116
Figure 6-9 Envisat RA-2 waveforms from ascending pass 0677 cycle 102 acquired on
26 March 2009. At the time of the altimetry pass, the floodplain inundation
levels were high. The background image is a Landsat TMS5 false colour
image acquired on 29 March 2009. Hooking has occurred as evidenced by
high-powered specular returns over non-inundated sites. ..........ccceeevveervrennee. 117
Figure 6-10 The full Envisat RA-2 waveform sequence for the zone covered in Figure
6-9. There is no evidence of hooking hyperbolae within the waveform
profile and the majority of waveforms from the headwaters of the blocked-
valley lake are characterised by high-powered specular returns. ..................... 118
Figure 6-11 The derived altimetric WSE profile for the zone covered in Figure 6-9.
The markers on the WSE profile are consistent with those in Figure 6-9 and
show the classification of the nadir altimetry footprint. There is evidence of
a hooking hyperbola within the profile leading into the headwaters of the
blocked-valley lake but there is no readily apparent systematic effect
through the remainder of the profile. .........cccooviieiiieiiiiie e 119
Figure 6-12 Envisat RA-2 select waveforms from descending pass 0004 cycle 102
acquired on 26 April 2011. The background image is a Landsat TM5 false
colour image acquired on 12 February 2004 with inundation levels
consistent with those of the altimetry pass. Locations A—C identify the main

transition zones that will impact waveform shape and magnitude. .................. 119
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Figure 6-13 The track of the Envisat pass shown in Figure 6-12 as an overlay on a

Sentinel-2 SAR image (VV polarisation) over Lake Murray acquired in

August 2019. Zones of calm water are shown in dark blue and zones of

rough water, characterised by an elevated SAR backscatter coefficient, are

LIGHE DIUC. ..ottt ettt 120
Figure 6-14 The full Envisat RA-2 waveform sequence for the zone covered in Figure

6-12. There is no evidence of hooking hyperbolae within the waveform

profile, although the waveforms leading into the lake zone (A) are multi-

peaked. There is a relatively even mix of lower-powered multi-peaked

waveforms and moderate- to high-powered quasi-specular returns through

the remainder of the COVETaZe. .....cvviviuiiieiieeiieee e 121
Figure 6-15 The derived altimetric WSE profile for the zone covered in Figure 6-12.

The markers on the WSE profile are consistent with those in Figure 6-12

and show the classification of the nadir altimetry footprint. There are two

edges of significant hooking hyperbolae leading into the lake system and a

mix of minor systematic effects of approximately 10 cm in magnitude

through the rest of the sequence. These systematic effects contribute

towards a SD of + 6.2 cm for the WSE estimates located between A and C,

as defined in Figure 6-12. Locations of minor hooking at the centre of the

water crossings are identified in the figure. .........ccceevvieeiiiieciee e, 122
Figure 6-16 A photograph taken from the bank of the Fly River with demarcation of a

calm water zone located adjacent to the levee and a rough zone at the centre

of the 300-m-wide channel where the current is strongest. ............cccceeeuveennee. 123
Figure 6-17 Sentinel-2 SAR image (VV polarisation) acquired over the Fly River in

August 2019. Zones of calm water are shown as dark blue while zones of

rough water with elevated SAR backscatter are in light blue. Where the river

flows into the south-east prevailing wind, elevated SAR backscatter is

EVIACIIE. 1.ttt ettt et b e et b e st e bt e et e beeeareens 124
Figure 6-18 Sentinel-2 SAR image (VV polarisation) acquired over Lake Murray in

August 2019. Zones of calm water are shown as dark blue while zones of

rough water characterised by elevated SAR backscatter are in light blue........ 124
Figure 6-19 Cryosat-2 descending LRM pass over Lake Murray acquired on

13 June 2012 during a period of median inundation. The background image
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is a false colour Landsat TMS5 image acquired on 29 March 2009 during

similar inundation levels. Specular returns are highlighted with a red cross. .. 125
Figure 6-20 The altimetric WSE profile derived for the coverage shown in Figure 6-19.

Hooking during the water transition is characterised by two halves of

hooking hyperbolae, identified over the open water zones, where the

altimeter switched from tracking bright targets on the northern shoreline to

bright targets on the southern shoreline at approximately the midpoint of the

WALET TFANSTEION. ..eiitietieiite ettt ettt ettt ettt e et e bt e st e et eesiteebeeseeeeneeas 126
Figure 6-21 Cryosat-2 ascending LRM pass over Lake Murray acquired on

7 March 2011 during a period of high inundation. The background image is

a false colour Landsat TMS5 image acquired 4 April 2011. Specular returns

are highlighted with a red Cross. .......cccoeciieriiieiciieeeeeee e 127
Figure 6-22 The altimetric WSE profile for the coverage shown in Figure 6-21. A

quasi-specular specular sequence leading into the lake through a predicted

calm water zone demonstrates consistency in derived WSE estimates.

Through the open water zones, the derived WSEs exhibit increased noise

with no evidence of systematic hooking. Quasi-specular waveforms located

towards the centre of the lake likely originate from a small calm water zone

n close proxXimity t0 the PasS. ...cc.eeeccveeeiiieeiieecie et e 127
Figure 6-23 SARAL/AIltiKa ascending pass 0677 cycle 24 acquired on 20 June 2015.

The waveforms identified within the red circle are those that are used by the

WATeR altimetry retracking process for the averaged lake WSE. The

background image is a Landsat OLI8 false colour image acquired on

25JanUAry 2015, oot ee e e raee s 129
Figure 6-24 The WSE profile derived using the Threshold Retracker for the coverage

shown in Figure 6-23. For the lake crossing there are two parts to the WSE

profile. The northern zone has a low backscatter coefficient, indicating

increased surface roughness, and the southern zone has a high backscatter

coefficient, indicating a specular reflecting surface. Only the waveforms

circled in red can be confirmed as being unaffected by waveform saturation

and originating from a calm water reflector without significant hooking

CONEAMNINALION. ...ttt ettt ettt et et et e bt e e bt e sbeeesbeesbeesabeesbeeenbeesbeesateenaeeens 129
Figure 6-25 A SARAL/AltiKa saturated waveform consisting of a single peak

saturated at count 1250 extending over four gates. .........cccoevveveiverieniieniennenne 131
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Figure 6-26 A SARAL/AltiKa saturated multi-peaked waveform consisting of an

initial peak saturated at count 1250 extending over two gates and a

secondary peak terminating at count 1249, ...........cccoviviiiiiiii e,

Figure 6-27 SARAL cycle 001 from ascending pass 0677 on 6 April 2013 as an
overlay on a Landsat LCS8 false colour image acquired in February 2014

under similar inundation conditions. The locations of the saturated

SARAL/AltiKa waveforms are highlighted. ...........c.ccoooviiiiiiniiii

Figure 6-28 The derived WSE profile from the altimetry pass shown in Figure 6-27
highlighting WSEs derived from saturated waveforms as well as the

location and WSE of non-saturated specular waveforms. The number of

gates affected in the saturated waveforms is also shown............cccoeveeenneennne.

Figure 7-1 Satellite altimeter passes over the study area. Validation is undertaken using
Envisat and SARAL passes 0004 and 0677, as well as Envisat pass 0004
(new orbit). WATeR retracking validation sites are ARM218, ARM307,
ARM332 and Vataiva Lake. In-situ gauge locations are shown in Figure 3-

L ettt sttt b ettt eaees

Figure 7-2 Fly river water WSE time series derived from the FLY17 in-situ gauge at
Manda, located in the approximate centre of the study area. Relatively
cloud-free Landsat images have been identified and their capture date and
associated river WSE at the time of capture identified on the plot. The WSE
range has been broken into high, median and low flow conditions, as
identified by the dotted red lines, with image scenes assigned to the different
flow ranges as a function of river level elevation at the time of capture. The
plot shows that the majority of the expected inundation range is covered by
the imagery. Extreme low flow conditions occur infrequently during

extended drier-than-average periods, including during El Nifio climatic

(G5 111 T PPN

Figure 7-3 Landsat OLI8 22 September 2015—extreme low flow primary footprint

classification image (EI Niflo conditions).........cccceeevvieerieeerireeieeeiieeeiee e

Figure 7-4 Landsat ETM7 28 October 2002—Ilow flow primary footprint classification

Figure 7-5 Landsat TMS5 19 January 2007—median flow primary footprint

ClassifiCation TMAZE.......cccveieruieeeiieecie et eeee e eree e et e e e saa e e areeeasee e
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Figure 7-6 Landsat TMS5 19 January 2007—median flow primary footprint

ClasSIfICAtION IMAZE. .....cccveeruieeiieiieeieeite et erite ettt e eteeteesaeeteeseteebeessaeenseens

Figure 7-7 Landsat TMS5 29 March 2009—Envisat and SARAL pass 0677 and

Cryosat-2 high flow footprint classification image. ..........ccccceeeevveercreeerreennee.

Figure 7-8 Landsat TMS 4 April 201 1—Envisat and SARAL pass 0004 and Envisat

pass 0004 (new orbit) high flow footprint classification image. .....................

Figure 7-9 Hydroweb WSE time series for the 6.854°S and 140.914°E crossing of
Envisat pass 0004 of the Fly River (Theia, 2020). The WSE in the plot is

the orthometric height relative to the EGM96 geoid. ..........cccceoevieniniineennen.

Figure 7-10 The crossing of the Fly River by Envisat descending pass 0004 at 6.854°S
and 140.914°E, located at ARM332 on the Fly River. The crossing is at a
250-m-wide section of the river with orientation towards the south-east.

Displayed is cycle 24 acquired on 3 February 2004 with a Landsat TM5

false colour background image acquired 12 February 2004..............ccceeueenneee

Figure 7-11 Transformation of the FLY17 in-situ gauge WSE time series for the
Envisat pass 0004 crossing of the Fly River to create the ARM332 virtual
gauge. The transformation is achieved by applying an overall elevation and
temporal shift such that the resulting RMSE between the two data sets is

minimised. The transformation resulted in an RMSE of 37.6 cm on

comparison of the two data Sets. .......c.ccecvveeiriiieeiiieeieeeee e

Figure 7-12 The Hydroweb WSE profile derived from Envisat RA-2 at ARM332 on
the Fly River along with the ARM332 virtual gauge WSE profile. The

approximate overbank elevation is shown as the dashed line. ........................

Figure 7-13 Waveform locations for Envisat RA-2 data for descending pass 0004 cycle
46 acquired on 14 March 2006. High-powered quasi-specular waveforms

are evident over a zone where river levels are high, and the floodplain
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Figure 7-14 Waveform locations for Envisat RA-2 data for descending pass 0004 cycle
32 acquired on 9 November 2004. Multi-peaked waveforms with a

dominant peak towards the end of the waveform peak sequence are evident

over a zone where river levels were low, and the floodplain exposed. ...........

Figure 7-15 The WATeR WSE profile derived from Envisat RA-2 for descending pass
0004 at ARM332 on the Fly River, using the methodology developed for
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this study along with the ARM332 virtual gauge WSE time series. The

approximate overbank elevation is shown as the dashed line. .............cccoc....... 148
Figure 7-16 WATeR and Hydroweb WSE profiles derived from Envisat RA-2 data for

descending pass 0004 at ARM332 for the 2002 El Nifio. Relatively good

agreement between the surveyed WSE on 26 September 2002 (shown as the

vertical red line) and the WATeR altimetric WSE on 1 October 2002

validates the WATeR retracking methodology for low flow conditions.......... 149
Figure 7-17 Envisat RA-2 and SARAL/AItiKa waveform locations for ascending pass

0677, located between ARM305 and ARM311 on the Fly River. There are

three crossings of the river with channel width ranging from 200 to 250 m.

The river is oriented towards the south-east for crossings 1 and 3 and to the

west for crossing 2. Displayed is cycle 30 acquired on 23 September 2004

with a Landsat TMS5 false colour background image acquired

19 January 2007, ....coooiiieiie ettt e 151
Figure 7-18 Transformation of the FLY17 WSE record from the in-situ gauge at

Manda Village for the Envisat pass 0677 crossings of the Fly River between

ARM305 to ARM311. The transformation is achieved by applying an

overall elevation and temporal shift such that the resulting RMSE between

the two data sets is minimised. The transformation resulted in an RMSE of

10.0 cm in a comparison of the two data sets, which is consistent with the

estimated uncertainty of the river slope as a function of stage height. ............. 152

Figure 7-19 Envisat RA-2 cycles from ascending pass 0677 acquired between

11 July 2002 and 7 October 2010. ......cccvereeriieieeiieieeie et 153
Figure 7-20 SARAL/AltiKa cycles acquired between 6 April 2013 and 30 April 2016.
Cycles that drifted from the theoretical track have been omitted. .................... 153

Figure 7-21 The composite WSE time series derived from Envisat RA-2 and
SARAL/AItiKa using the WATeR retracking methodology for the 14 years
from 2002 to 2016 for the three pass 0677 crossings of the Fly River. The
derived RMSE based on comparison with the virtual gauge was 10.0 cm
and 14.9 cm for Envisat RA-2 and SARAL/AltiKa respectively. Consistent
extraction of valid WSEs at high-to-low flows is demonstrated for both
Envisat RA-2 and SARAL/AItiKa. The ability to extract valid WSEs during

periods of extreme low water is demonstrated for Envisat RA-2 during the
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El Nifio of 2002 and low water conditions evident in 2004 and 2006 and for

SARAL/AItiKa during the E1 Nifio 0f 2015. ....ccooiiiiiiiiniiniiieniceceeeee

Figure 7-22 Envisat descending pass 0004 crossing the Fly River at 7.583°S and
141.330°E located at ARM218 on the Fly River. Cycles acquired between
October 2010 and March 2012 are identified, along with the location of the
theoretical track and the FLY 15 in-situ gauge. The background is a Landsat
TMS5 image acquired 12 February 2004 during a period of median

floodplain INUNAAtION. .......eeeeiiieeiiiecieececee e e

Figure 7-23 An aerial photograph of Obo Station at ARM218 on the Fly River,
acquired on 6 September 2012. The roughness of the water surface
upstream of Obo Station compared with the downstream zone, where the
majority of cycles are located, indicates that there is low likelihood of

hooking from locations over the main stem to specular reflectors within the

FlOOAPIAIN. ..ottt

Figure 7-24 The FLY 15 in-situ WSE record along with the single survey calibration
WSE for the validation period. The average overbank elevation indicates
that the floodplain is likely to be inundated for a significant proportion of
the time. Altimetric data were acquired over the full range of stage heights

excluding the extreme low water events associated with El Nifio climatic
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Figure 7-25 The WATeR WSE derived from Envisat RA-2 pass 0004 (new orbit)
crossing of the Fly River at ARM218 and the FLY15 in-situ gauge WSE
record. The data cover the significantly high water events that were evident

in April 2011 as well as relatively low levels that were evident in September

Figure 7-26 Envisat descending pass 0004 crossing the Fly River in the upper reaches
of the middle Fly at ARM410 where average river width is 300 m; at the
crossing site it drops to around 200-250 m. In-situ gauge FLY 10 is located

at ARM435, approximately 45 km upstream.........coceeeeveeeeieeeeieeeeiee e

Figure 7-27 The ARM410 virtual gauge, WSE survey measurements and the derived
altimetry WSE time series from Envisat RA-2 descending pass 0004
crossing the Fly River at ARM410. While lacking the short-term variability
of the in-situ gauge, the altimetry WSE time series successfully identifies

the major changes in WSE as well as the average river level rise (black
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dotted line in the time series) observed between 2000 and 2010. The derived
WSE time series also correctly identifies the low water events that occurred

in 2002, 2004 and 2006 with WSE time series consistent with those derived

N Figures 7-15 and 7-21. ...coouiiiiie et e

Figure 7-28 Vataiva Lake at high inundation with the location of Envisat pass 0677
and the River & Lake WSE locations. The background image is a false

colour Landsat TM5 image captured on 29 March 2009...........cccccccvveeenveennnee.

Figure 7-29 Vataiva Lake at median inundation with the location of Envisat pass 0677
and the River & Lake WSE locations. The northern sites of the WSE cluster

are within a linked but separate lake system. The background image is a

false colour Landsat TMS5 image captured on 19 January 2007.......................

Figure 7-30 The River & Lake WSE profile derived from Envisat RA-2 ascending pass
0677 at Vataiva Lake along with the Vataiva Lake virtual gauge WSE time
series, which was derived from the FLY 15 main stem in-situ gauge. Dotted

lines indicate periods in which cycles were omitted from the River & Lake
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Figure 7-31 Envisat cycles from ascending pass 0677 acquired between 11 July 2002
and 7 October 2010 over Vataiva Lake. All 85 Envisat cycles are processed.
The background is an ETM7 false colour image acquired on 28 March 2000

during a period of high floodplain inundation. ...........cccccceeeveiieinciieiniie e,

Figure 7-32 SARAL cycles acquired between 6 April 2013 and 30 April 2016. Cycles

that drifted from the theoretical track, as well as one rain-affected cycle,

have been omitted. A total of 27 cycles are processed in these analyses. .......

Figure 7-33 The combined Envisat RA-2 and SARAL/AltiKa WSE time series derived
using the WATeR altimetry retracking process. The Envisat RA-2 cycles
recorded at high water levels from May 2003, April 2004, April 2005 and
January 2006, that were omitted from the River & Lake time series, have
been retracked in these analyses. Dotted lines indicate cycles where the

SARAL/AltiKa altimeter has drifted from the theoretical track and does not

pass over Vataiva Lake. ......cccoeviiriiiiiiiieicecee e

Figure 7-34 Envisat descending pass 0004 (new orbit) crossing over Lake Murray. The
satellite passes over three inlets of Lake Murray with the lateral cycle spread

being approximately 6 km for the 15 acquired cycles. The background is a
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Landsat TMS false colour image acquired on 29 March 2009 during a

period of high iINUNAation. ...........coecuiiiiiiiiiiiee e

Figure 7-35 Waveform locations (shown as red dots) for the waveforms used in the

WATeR altimetry retracking of the 15 Envisat RA-2 cycles over Lake
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Figure 7-36 Envisat RA-2 descending pass 0004 (new orbit) cycle 111 acquired on

21 January 2012. Altimetry footprint classifications are highlighted..............

Figure 7-37 WSE profile for Envisat RA-2 descending pass 0004 (new orbit) cycle
111 acquired on 21 January 2012 over Lake Murray. Significant hooking
hyperbolae are evident in the WSE profile derived using the Threshold
Retracker. The hyperbolae were used to derive WSE estimates in the
WATeR altimetry retracking process and, although the waveform locations

within Figure 7-35 are not highlighted, these hooked waveforms contributed

to a valid WSE estimate located at the land—water interface.........cceeeeeeeenennn...

Figure 7-38 WATeR WSE profiles for each of the 15 cycles crossing Lake Murray
acquired by Envisat RA-2 on descending pass 0004 (new orbit) between

October 2010 and March 2012, ... e eeeeeeeeeeeeeeeeens

Figure 7-39 WSE profiles for Envisat RA-2 descending pass 0004 (new orbit) for cycle
97 acquired 27 November 2011 over Lake Murray. The WSE record has
been derived using geoid models EGM96, PNG (Kearsley) and EGM2008.

Figure 7-40 The WATeR altimetry WSE time series for the three crossings of Lake
Murray acquired by Envisat RA-2 on descending pass 0004 (new orbit).
There is evidence of high correlation between the derived WSEs for most
cycles and the potential to detect the timing and magnitude of lake fluxes.
The FLY15 WSE from the in-situ gauge at Obo shows relatively high
correlation with the derived Lake Murray WSE time series; however, it was

not used for any retracking validation as no in-situ reference data were

available within Lake Murray to derive a reliable virtual gauge. ....................
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Figure 7-43 Cryosat-2 SIRAL WSE profiles through the Fly River floodplain for data
acquired between 2012 and 2017 covering the extremes of the floodplain
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ABSTRACT

To manage the pressure that population growth, human impact and climate change is having
on the allocation of, and access to, water there is an increasing need to monitor the world’s
water resources, independent of infrastructure and inter-government policies. Traditionally
the realm of the hydrologist, this task has relied on the deployment of in-situ gauges and
instruments. Recent focus has been on the capabilities of satellite-based technologies to
augment the existing hydrology in-situ network with the aim of replacing it with a global

water level monitoring tool for inland rivers, lakes and wetlands.

This research has focussed on the satellite altimetry coverage of the middle Fly River
floodplain as well as Lake Murray—both located in the Western Province of Papua New
Guinea. The Fly River floodplain is a mine-impacted environment and monitoring of water
level change through the various floodplain and wetland entities is required into the future.
More than for other similar environments throughout the world there will become an
increasing need to support Fly River local communities with information regarding predicted
changes to inundation that may have impacts on their communities and subsistence

livelihood.

The current state-of-the-art satellite altimetry analysis methodologies over heterogeneous
inland waters do not meet the accuracy and reliability requirements for water surface
measurement. This is particularly relevant for the relatively small river and lake systems that
contribute to a typical complex floodplain or wetland system. Methodologies developed in
this study enable routine, accurate and reliable extraction of water surface elevations from
nadir-looking pulse-limited radar altimeters over heterogeneous inland waters. This is
achieved by deconstructing the shape and form of the recorded waveform and correlating
that form against external inputs so that the environmental factors that have affected the
shape and form of the waveform are understood and can be addressed. The external inputs
comprise a range of supporting data, including information derived from satellite imagery
as well as in-situ water level observations. A process of waveform footprint classification is
developed with assessment of footprint inundation extent based on image analysis from both
multi-spectral and synthetic aperture radar (SAR) imagery. The methodology is extended to
include a full definition of the landform cover type as well as prediction capabilities for oft-

nadir calm water detection.

A significant advancement over conventional processes is that waveforms, and the

associated water surface elevations, are assessed based on an analysis of the waveform and
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adjacent waveforms as well as the nature of the altimetry footprint rather than solely on
statistical agreement of the derived water surface elevation with that derived from adjacent
waveforms. This facilitates the retention of water level estimates over relatively small water
bodies, where multiple, statistically consistent, estimates would not be practical. The
processes developed in this research offer a methodology for the extraction of reliable water
surface estimates, in both a temporal and spatial context, over heterogeneous inland waters.
An optimised adaptive threshold retracker, the Waveform Adaptive Threshold Retracker, is
developed as part of this study with methodology and workflow detailed in the thesis.
Methods for the accurate identification of waveforms impacted by hooking and other sources
of contamination are developed, along with tools for the rectification of impacts and

estimation of likely contamination magnitude.

Optimised waveform retracking using the adaptive retracking methodology and workflow is
validated at Envisat Radar Altimeter 2 (RA-2) and Satellite with Argos and AltiKa
(SARAL/AItiKa) crossings of the Fly River and achieved by comparison of the altimetric
time series with in-situ gauge data. Validation is also undertaken for floodplain sites where
verified virtual in-situ gauges have been established for validation of both Envisat RA-2 and
SARAL/AltiKa-derived elevations. This comparison has been undertaken for the 10 years
of Envisat RA-2 data acquisitions and the pre-drifting phase cycles of SARAL/AltiKa data.
Elevation profiles from Envisat RA-2, SARAL/AltiKa and Cryosat-2 SAR Interferometer
Radar Altimeter (SIRAL) altimeters have been derived across both the Fly River floodplain
and Lake Murray and used to assess the proposed retracking methodologies for the
derivation of floodplain gradients and differential elevations between various floodplain

water bodies.

The methodologies developed offer potential for the reprocessing of a significant archive of
data from nadir-looking pulse-limited radar altimeters as well as supporting analyses of data
from currently operational altimeters into the future. The work undertaken in this study has
facilitated tangible improvements in the quality and quantity of water level estimates across

complex inland water environments.
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