HESS-2014-278 - Review response (14 February 2015)
Note for editor:

Thank you for taking the time to assess our paper. As previously, we have addressed all comments by both
reviewers. We note that only minor typographical corrections were requested by Referee #1 (R.
Romanowicz), who is satisfied that the manuscript is improved sufficiently and is now at a “good”
standard in terms of scientific significance and quality, and presentational quality. Referee #2
(anonymous) requested more clarifications corrections — we have been through and addressed each of
these in turn.

There appears to be some general disagreement surrounding the transferability of the work presented in
the paper — in the initial review round, Romanowicz requested (supported in the editorial summary) that
the transferability to other rivers worldwide be explored. Following these suggestions, we added
substantial discussion to section 4.4 (Implications for SWOT) and produced a new figure (15), which uses
equation 6 (estimated error in Q given slope) to illustrate the likely implications on discharge for rivers
worldwide for which published values of width and slope are available. Although this paper presents a
case-study, we feel that these additions have substantially increased the significance of the work as
presented. The paper represents early research into the hydraulic implications of SWOT measurements
but, clearly, much more work is required — particularly once SWOT is launched. This will be a good
reference point for this work.

Referee #2 appears to disagree with this. In response to his/her comments, we have now placed greater
emphasis on the caveats regarding interpretation of error calculations in relation to other rivers: in
particular, we state “note that other sources of error are excluded but may be significant; without full
assessment of each river, figures should be used with caution” and “further work is required for a range of
additional rivers with a variety of characteristics, particularly those with a high spatial and temporal
variability in surface water slope and channel discharge”. We feel that these emphasised caveats are
sufficient to lead readers to a balanced interpretation of the results presented in relation to other rivers.

The second issue of note is with regard the errors in surface water elevation and the use of averaging
which, according to Referee #2, leads to fairly obvious conclusion regarding the reduction in error.
However, there appears to be some misinterpretation by the Referee, perhaps because the presentation
in the paper could have been clearer. It is important to note that 2D spatially-correlated errors were
included (including long-wave length errors caused by issues such as satellite roll) — to these were added
spatially random “noise” errors. The cross-sectional averaging will only deal with the latter with any
reliability (and it assumes no bias, as stated). It is not clear whether cross-section averaging would lead to
reduced overall error, as may be expected — but we have shown in this case that it does. We have added
clarifications regarding this issue and again note that further work is required for other rivers.

All the other issues raised are relatively minor clarifications, which we have addressed in full.
Sincerely,

M. Wilson on behalf of all coauthors.



Referee #1: Renata Romanowicz (Report #2: Submitted on 28 Dec 2014)
Comments and responses:

The authors have addressed all my comments in a satisfactory manner. Some technical corrections are
required in the newly added text. It has been written in a rather sloppy way. For example, in the line 727
should be ... the subject of other ..., in line 729 should be ... measurements in a ...., line 735 should be ...and
obtained an effective ...

e Thank you for your comments. We are happy to see that we have addressed your previous
concerns satisfactorily — we feel that the manuscript has improved considerably as a result and we
note also that you have now rated the scientific significance, scientific quality and presentation
quality as good.

e Regarding the technical corrections noted here — thank you for picking these up. We have been
through all newly added text again to correct these. Specifically for these examples given: line 727
is corrected to “are the subject of other” (“of” added”); line 729 — changed “into” to “in”; line 735
— corrected “and” to “an”.

Anonymous Referee #2 (Report #1: Submitted on 18 Dec 2014)
Comments and responses:

Paper was improved concerning clarity but some recommendations were not followed or fully applied. The
conclusions are only for the two rivers they show and cannot be generalized. On these two rivers, the
authors should provide more details in order that the readers can understand their method and finally
share the results.

e Thank you for your additional comments — they have helped to greatly improve the manuscript.
We tried to incorporate all previous suggestions, in conjunction with the suggestions from the
other reviewer and editor. This necessitates a balancing act which may not always by satisfactory.
However, we have continued to adjust the manuscript in line with your suggestions here.

e Regarding generalization of the conclusions: we disagree that our results are not transferable to
other rivers, with some caveats which are already clearly stated. Results are most transferrable to
large, lowland rivers (which generally have low spatial and temporal variability) — this is stated at
the end of the conclusions with a note concerning the need for additional work on rivers with high
spatial and temporal variability. Referee #1 requested an assessment of the likely transferability of
results to other rivers and, accordingly, we used published widths and slopes to provide an initial
assessment for a range of rivers (based on Eq. 6, which characterizes error in discharge) — but, we
state clearly “Note that other sources of error are excluded but may be significant” (caption,
Figure 15). To this we now add: “without full assessment of each river, figures should be used with
caution”. Thus, we present an initial characterization of the likely errors in discharge estimates



resulting directly from SWOT measurements of surface water for two challenging rivers — but
state clearly the need for additional work regarding other errors. We feel that the caveats we
state are sufficient to lead readers to a balanced interpretation of the results presented in relation
to other rivers.

Regarding the details of the rivers: in section 2.1 (“Virtual mission”), details of the mainstem
Amazon river (Solimdes) are provided, but details of the Purus were missing. We have adjusted
this section accordingly and incorporate additional details:

“In the study site, peak channel discharge of the Amazon is around 120,000 m?>/s, and the channel
width varies between approximately 2 and 5 km. Close to its confluence with the Amazon, the
Purus is characterized by extremely low water surface slopes (less than 1 cm/km) and substantial
backwater effects from the main channel. Peak channel discharge is around 18,000 m>/s, with
channel width varying between 0.6 and 1.7 km.”

Figure 2 explains the steps followed by the authors but some details are still missing or not clear.

This figure was included following the suggestion of Referee #1 and is a schematic overview of the
methods/ processing used, to aid readers follow the descriptions in the text and with the notation
used. All steps are included in this figure, but it is not possible to include all details of methods.
Where additional details were requested in this review, these have been added to the main text.

In the introduction, one paragraph was added about discharge estimates techniques: this paragraph

contains some statements that can be discussed and is rather confusing and out of the scope. For instance,

the high discharges (when floodplains are flooded) are poorly estimated using rating curves but the paper

does not deal with these high discharges (same for vegetated channels ou very unsteady flows). | think

that, for flows inside one single channel, gauging stations (if adequately monitored) can be accurate. So, |

propose to cancel this paragraph or completely change it.

This paragraph was added in response to the editor’s request to “discuss the domains and limit of
application of the new method in comparison to classical ones”. It is not out of scope, since the
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paper is about discharge estimation and rating curves can be considered the “classical” approach.
It is followed by the introduction to the use of remote sensing to obtain discharge estimates. We
have adjusted the paragraph to acknowledge the poor estimation of flow using rating curves
during out of bank flow. The issues of unsteady flows/ vegetated channels is already mentioned.

We have included a mention of the high accuracy possible in single, simple channels.

Page 2 line 164-165: river gauges are not one dimensional: they refer either to one point or to one cross

section.



e They are usually spatially one-dimensional (either at one point or representing a full channel
cross-section) — no variability across or along channel is included. The text has been modified with
this clarification.

Page 5 line 305: the word « rectangular » should be added in front of channel cross sections. It explains
why the channel depth inside one cross section is single.

e Corrected

Page 5 lines 325-334: | cannot understand if across the channel, the water elevation was kept constant or
not. In other words, how was performed the interpolation to a the 2-D grid ? This point should be linked to
the averaging over one cross section in order to obtain the values [SWOT XS]. Without noise, are we
exactly obtaining the same initial 1D value?

e Yes, it was kept constant, except where cross-sections coincided (in which case, the mean was
taken). A nearest-neighbor approach was then used for interpolation. Without noise, the value
obtained from a cross-section would be exactly the same as the 1D value for situations where
cross-sections do not overlap (i.e. straight sections of channel); where cross-sections over-lap,
there will be small differences in the value obtained. The paragraph has been modified to make
the procedure used clearer:

“1D channel water elevations were first mapped onto channel cross-sections perpendicular to the
channel centerline. Across each cross-section, the elevation value of the channel center was
maintained; however, where two or more cross-sections coincided (within 100 m), the arithmetic
mean of each was used. The resulting set of cross-sections were then interpolated onto a 2D
regular grid using a nearest-neighbor method at a spatial resolution of 100 m”

Another connected point is the added random noise. Because of resampling, the structure fo the noise
along a cross section is not clear particularly if the length of this cross section is about 500 m. To be
perfectly clear, more explanation and eventually examples of applications should be provided. (figure 7
should be one of these examples but the figure is particularly unclear, details did not really appear and
what means “cycle 18 overpass 6”). Moreover, the question of the future real structure of the error for
SWAT remains open (but out of the scope of the paper of course)

e Structure of noise along a cross-section: we are not certain how or why this is not clear. As stated
the total error variance as applied was correct (i.e. matching the SWOT design requirements error
spectrum). From the resulting SWOT images of water elevation, cross-sections were taken across
the full channel width — the underlying resolution of these cross sections was determined by the
image resolution (i.e. 100 m). The mean elevation value was then calculated to reduce the error.



To aid clarity, an example cross-section has been added to Figure 7 (a)

To clarify issues of what cycles/ overpasses refer to, the following sentence has been added to
Section 4.1 (penultimate paragraph):

“Over the 22-month simulation period, there were a total of 29 orbit cycles (of 22 days each and
including 6 overpasses of the domain — see Fig. 3a) providing, in total, 174 images of hsworogs).”

The caption for Figure 6 has also been adjusted to make it clearer what “cycle 18 overpass 6”
means in the following, connected figure: “...for cycle 18 (at high water), for each of the 6
overpasses during the 22 day cycle”

Page 6, lines 428-438: the reach-length discharge is calculated from eq.5 but w and y are not fully defined:
what are the channel width and the river depth of one reach ? | can propose several answers but the paper
is mute about that.

Good point — this is not calculation at a single location, which is one of the problems with
remotely sensed methods of discharge estimation (although SWOT will reduce the length of the
reach lengths required). Although equation 5 is directly from LeFavour and Alsdorf (2005), we
have clarified that:

“w is the reach-averaged channel width, y is the reach-averaged river depth and S is the overall
water surface slope”

Page 6 line 454 : a percentage error calculation. | understand the average of the absolute value of the
difference of discharges divided by the mean discharge provided as percentage. Is it exact? If it is exact, in
table 2, the values of discharges in m3/s and the % do not agree. An equation (same as for E) would have
been clearer.

Tables 1 and 2 are not directly comparable, since Table 1 gives model discharge summaries along
channel at high and low water, whereas Table 2 provides average errors calculated from SWOT
estimates of discharge vs. hp.e estimates of discharge, at all locations for all overpasses.
Therefore, you cannot use the reach-length discharges in Table 1 to calculate the % error based
from discharge RMS error.

Percentages using the RMS error in hydrographs (as presented in Figure 12) divided by the mean
discharge calculated from hy.e; images (i.e. at the same spatio-temporal sampling, but without
the addition of error). This is the coefficient of variation of the RMSE.

We agree that this could have been more clearly presented and we have expanded the
description in Section 3.4. As suggested, we have now included equations.



Page 7 line 545 : « assuming no bias » was added. | think it should be clarified to what the authors refer.

e Modified to “assuming no bias in the estimation of water surface elevation”

More over, the conclusion seems obvious : if we have several estimates, the average will be a better
estimate than only one value if the error is randomly distributed. Here, this question is related to the
structure of the noise.

e Generally, yes, given random errors it is clear that averaging will lead to a better estimate,
assuming no bias. However, in this paper we are dealing with spatially-correlated errors, so it is
not that straightforward — averaging won’t necessarily translate into a better estimate, depending
on the underlying correlation lengths of the error vs. the length of averaging. In the conclusions
we have added the following note:

“It should be noted that the errors added to water surfaces to simulate SWOT measurements of
water elevation were spatially-correlated at multiple scales (according to the SWOT design
requirements error spectrum and incorporating long-wavelength errors for each orbit), with
added random noise on a per-pixel basis. While averaging along cross-sections will effectively
reduce the random noise component (assuming no bias), it was not immediately apparent how
spatially-correlated error would affect the estimation of discharge. Results here indicate that, at
this scale, these errors do not greatly impact discharge accuracy - although similar assessments of
other rivers is needed.”

We also added the following notes:

Section 3.2 (on obtaining SWOT observations): “We thereby obtained water surface elevation
measurements for the Amazon mainstem as may be observed by SWOT, incorporating both
spatially-correlated and spatially-random errors.”

Section 3.3 (on calculation of slope and discharge): “Note that, while this [cross-section averaging]
may effectively reduce the random errors present, due to the inclusion of spatially-correlated
errors in the SWOT water elevations, this process may not necessarily lead to an improved
estimate of discharge.”

The implication for discharge estimation and how it relates to channel width and surface water
slope is not obvious. We also compare the reach length estimates to the instantaneous channel
discharge at a cross-section (directly from the model) (Figure 14) and illustrate up to around 18%
error, resulting primarily from reach-length averaging.

Page 9 line 568: the SWOT requirements were calculated with the same method used by the authors: thus,
the agreement between both is not surprising and cannot be considered as a result of the authors’work.



e The statement is included for comparison and to illustrate the improvement gained through cross-
section averaging. To make the distinction clear, “As expected from the methods used” has been
added to the start of the statement of slope result without cross-section averaging.

Page 12: the difference between Q[TRUE] and Q[MODEL] is (maybe) linked to the use of LISFLOOD and the
structure of the one 1-D model. Then, the percentages should be put forward with caution.

e Agreed, given we don’t actually know the truth and can only estimate it, even our best attempt
will unlikely match reality exactly — but, of course, we can never know. The following caveat has
been added:

“However, the figures should be used with caution since errors may also be related to the
structure of the 1D hydraulic model rather than resulting from differences with the true channel
discharge at a location”.

The general point remains though — by averaging along a reach, discharge at a cross-section
becomes increasingly approximate.

Pages 13 and 14: | cannot understand how the percentage error shown in Figure 15 is obtained. Without a
clear explanation, the added paragraphs should be cancelled.

e See notes above.

Page 15 lines 810-811: the results are not directly transferable. The reasons to extend the authors’results
to other large lowland rivers should be provided.

e This is a matter of debate, although you are correct that we do not know this for certain. The
sentence has been removed. We already addressed reasons for extending the work to other rivers
— this provides additional scope for readers, although figures are provided with caution (quite
rightly) and additional work is needed to assess them.
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Abstract. The Surface Water and Ocean Topography
(SWOT) mission, scheduled for launch in 2020, will pro-
vide a step-change improvement in the measurement of ter-
restrial surface water storage and dynamics. In particular,
it will provide the first, routine two-dimensional measure-
ments of water surface elevations. In this paper, we aimed
to (i) characterize and illustrate in two-dimensions the er-
rors which may be found in SWOT swath measurements
of terrestrial surface water, (ii) simulate the spatio-temporal
sampling scheme of SWOT for the Amazon, and (iii) as-
sess the impact of each of these on estimates of water sur-
face slope and river discharge which may be obtained from
SWOT imagery. We based our analysis on a “virtual mis-
sion” for a ~260 km reach of the central Amazon (Solimdes)
River, using a hydraulic model to provide water surface el-
evations according to SWOT spatio-temporal sampling to
which errors were added based on a two-dimension height
error spectrum derived from the SWOT design requirements.
We thereby obtained water surface elevation measurements
for the Amazon mainstem as may be observed by SWOT. Us-
ing these measurements, we derived estimates of river slope
and discharge and compared them to those obtained directly
from the hydraulic model. We found that cross-channel and
along-reach averaging of SWOT measurements using reach
lengths of greater than 4 km for the Solimdes and 7.5 km
for Purus reduced the effect of systematic height errors, en-
abling discharge to be reproduced accurately from the wa-
ter height, assuming known bathymetry and friction. Us-
ing cross-section averaging and 20 km reach lengths, results
show Nash-Sutcliffe model efficiency values of 0.99 for the
Solimodes and 0.88 for the Purus, with 2.6% and 19.1% aver-
age overall error in discharge, respectively. We extend the re-

sults to other rivers worldwide and infer that SWOT-derived
discharge estimates may be more accurate for rivers with
larger channel widths (permitting a greater level of cross-
section averaging and the use of shorter reach lengths) and
higher water surface slopes (reducing the proportional im-
pact of slope errors on discharge calculation).

1 Introduction

The hydrological cycle is of fundamental importance to life
and society and river gauges have long formed a basis our hy-
drological understanding, often providing real-time measure-
ment capabilities of river stage or discharge and information
for water management and flood warning. Yet existing in-
situ gauge networks are unevenly distributed globally, with a
distinct lack of measurements obtained in developing coun-
tries, particularly for areas with low population (Vorosmarty
et al., 2001; Shiklomanov et al., 2002). In addition, gauging
stations are highly variable in their accuracy and are under
threat. The United States has around 7,000 stream gauges
but, even so, more than 20% of basins are not gauged ade-
quately (USGS, 1998), contributing to an insufficient knowl-
edge of available national water resources (NSTC, 2004).
Over the latter half of the 20th century, increasing numbers
of gauging stations in the United States with 30 or more years
of record were discontinued each year; in the mid-1990s,
this represented about 4% of the long-record stations being
discontinued (USGS, 1998). The situation globally is sub-
stantially worse than in the United States, with much of the
globally significant discharge occurring in sparsely gauged
catchments (Alsdorf et al., 2003). The gauge density in the
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Amazon, expressed as number of gauges per unit discharge,
is around 4 orders of magnitude less than what is typical
in the eastern United States (Alsdorf et al., 2007b). World-
wide, Fekete and Vorosmarty (2007) indicate that the amount
of data available through the Global Runoff Data Centre
(GRDC) is in sharp decline, and now stands at less than 600
discharge monitoring stations, down from a peak of around
5,000 in 1980.

In order to obtain estimates of discharge from gauge
measurements of river stage, a rating curve is usually con-
structed for each station. This relates observed water level
to discharge estimated from flow measurements and river
cross-sectional area collected previously across the chan-
nel for a range of different stages. Rating—eurvesWhile

flows inside simple channels may be estimated accurately
using rating curves, they are widely acknowledged to be
a limited method to estimate discharge (e.g. Clarke et al.,
2000; Domeneghetti et al., 2012)since—they—include—errors
» particularly during periods of flooding where out-of-bank
flow_is poorly represented. Sources of error include (i)

inaccuracies in measurements of river flow and stage used

in rating curve construction, errors—resulting—from—(ii) the

necessary interpolation or extrapolation of the rating curve
to the measured stage, and errors—from—any—(ili) unsteady
flow conditions or seasonal variations in roughness through
changes to vegetation or other conditions (Di Baldassarre
and Montanari, 2009). Improvements to discharge measure-
ments in rating curve construction are now possible us-
ing Acoustic Doppler Current Profiler (ADCP) (for exam-
ple, see Oberg and Mueller, 2007);—-however,—. However,
the primary challenge remains: multiple measurements are
required throughout the hydrograph in order to obtain ac-
curate estimates, which may be expensive, time-consuming
or impractical, particularly for remote sites. High—In
particular, high discharge during flood events -in-particular;
may be poorly estimated ;—due to errors in extrapelation
{biBaldassarre-and-Claps; 2040)resulting fromrating curve

extrapolation (Di Baldassarre and Claps, 2010) , which is
necessary due to limited opportunities or the increased dif-

ficulty and hazard of obtaining measurements during high
flows.

Remote sensing has been shown to be a valuable addi-
tion to ground-based gauges, with the added benefit of being
able to reduce data access issues in international river basins,
which contribute to greater than 50% of global surface flows
(Wolf et al., 1999) and where obtaining information about
upstream flows can be politically challenging (e.g. Hossain
et al., 2007). Satellite altimetry, in particular, has been used
extensively to obtain water elevations of inland river and lake
systems, including data from ERS, TOPEX/POSEIDON, En-
visat and Jason 1 and 2 (e.g. Berry et al., 2005; Birkett, 1998).
For example, Birkett et al. (2002) used TOPEX/POSEIDON
altimetry data to analyze surface water dynamics along the
Amazon River and characterized the spatially and tempo-
rally variable surface-water gradient as between 1.5 cm/km
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downstream to 4.0 cm/km upstream. Satellite altimetry has
also been used to estimate river discharge. Birkinshaw et al.
(2012) estimated discharge for the Mekong and Ob Rivers
using ENVISAT altimetry over 50 km river reaches, based
on the Manning’s resistance formulation of Bjerklie et al.
(2003), and were able to obtain Nash-Sutcliffe efficiency
values of 0.86 to 0.90. Papa et al. (2012) used Jason-2 al-
timetry data to estimate flux from the Ganga-Brahmaputra
Rivers, based on in-situ rating curves relating water-elevation
to discharge, and obtained errors of 6.5% and 13% for the
Brahmaptura and Ganga rivers, respectively.

A limitation of profiling satellite altimetry for the analy-
sis of river hydrology is that the nadir viewing geometry and
narrow field of view leads to an incomplete coverage and a
long revisit time. Currently operational satellite altimeters in-
clude the Ocean Surface Topography Mission (OSTM) on
the Jason-2 platform (Lambin et al., 2010) which, as with
its predecessors Jason-1 and Topex/Poseidon, has an orbital
repeat-time of around 10 days and a ground track spacing of
315 km at the equator (Seyler et al., 2013). For rivers in the
Amazon basin, the OSTM altimeter has been found by Seyler
et al. (2013) to have a mean Root Mean Square (RMS)-error
Error (RMSE) of +0.31 m for rivers over 400 m wide. Us-
ing two parallel tracks to calculate water-surface slope, as
is needed for the estimation of instantaneous discharge in the
absence of in-situ rating curves, this RMS-error RMSE would
lead to a maximum water-surface slope error of around 2 mm
per kilometer (calculated using 2 x 0.31 m / 315 km). How-
ever, this represents an average slope over a large river dis-
tance and does not reflect the likely spatial variability or cur-
vature in the water-surface due to a coarse spatial resolution.
Although ascending and descending tracks may be combined
to represent better this variability, errors in the estimate of
water-surface slope and, hence, discharge would increase. In
addition, to calculate water-surface slope, temporal interpo-
lation of data in different tracks is needed, increasing errors
particularly for smaller rivers with higher temporal variabil-
ity or during periods of highly variable flow, such as flood
events.

These limitations mean that, for the majority of rivers,
satellite altimetry does not provide sufficient detail to cap-
ture the full spatial or temporal complexity of river hydrol-
ogy. Profiling altimetry was shown by Alsdorf et al. (2007b)
to miss entirely 32% of rivers in a global database, compared
to only 1% of rivers being missed by an imager (based on the
Terra 16-day repeat cycle, 120 km swath, ~98° inclination
and sun-synchronous orbit).

In common with river gauges, measurements obtained
by profiling altimetry are usually spatially one-dimensional
cross-section), meaning that no information on water sur-
face area or two-dimensional patterns in water surface slope
are provided. However, Synthetic Aperture Radar (SAR) in-
terferometry work by Alsdorf et al. (2007a) has shown that
water flow is both spatially and temporally complex, requir-
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ing two-dimensional, multi-temporal measurements to cap-
ture sufficiently. This means that our current, operational re- 22
mote sensing has a limited capability for an important com-
ponent of the water surface (Alsdorf et al., 2007b). Remote
sensing has been used with some success to characterize hy-
draulic variables including surface water area and elevation,
water slope and temporal changes. However, none of the ex- 2a
isting technologies are able to provide each commensurately,

as needed to model accurately the water cycle (Alsdorf et al.,
2007b).

The forthcoming Surface Water and Ocean Topography
(SWOT) mission (Durand et al., 2010) aims to overcome 2ss
existing limitations in remote sensing by using a swath-
altimetry approach to measure surface water elevation in
two-dimensions, providing both surface water area and ele-
vation simultaneously. Such measurements may allow water
surface slopes to be derived instantaneously and, therefore, 2«0
potentially could provide estimates of river and floodplain
discharge. The main objective of the work presented in this
paper was to investigate the hydraulic implications of poten-
tial measurement errors in SWOT imagery (independently to
other potential errors) for a reach of the mainstem Amazon
River and one of its tributaries.

245

2 The Surface Water and Ocean Topography mission

Recommended for launch by the National Research Coun-
cil Decadal Survey (NRC, 2007), SWOT will provide a sub- 25
stantial improvement in the availability of data on terrestrial
surface water storage and dynamics, achieving near-global
water elevation measurements in large rivers and their large
floodplains. The SWOT sensor is a Ka-band radar interfer-
ometer which will allow mapping of surface water extent 2ss
and elevation at a spatial resolution of around 70-250 m, at
centimetric vertical precision when averaged over targets of
interest, every 2-11 days depending on the latitude (Durand
et al., 2010; Rodriguez, 2014). Thus, SWOT will provide the
first, routine two-dimensional measurements of water surface zeo
elevation, allowing the analysis of floodplain hydrodynam-
ics and the estimation of river discharge. While SWOT will
not replace a ground-based river gauge network, it will allow
large ungauged rivers to be sampled and increase the level of
detail and availability in river flow estimates. In addition, the 2s
two-dimensional measurements of surface water provided by
SWOT will allow the detailed observation of floodplain and
wetland hydrodynamics (Durand et al., 2010).

The approach used by SWOT is similar to that of LeFavour
and Alsdorf (2005) and Kiel et al. (2006), who used Shuttle 270
Radar Topography Mission (SRTM) elevation data of the wa-
ter surface to obtain slopes of the Amazon and Ohio rivers
and, subsequently, to estimate channel discharge. However,
for the Amazon, LeFavour and Alsdorf (2005) found verti-
cal errors 5.51 m in water surface elevations from C-band 275
SRTM data, meaning that a long reach length of 733 km

was required to reduce errors in derived water surface slopes
to 1.5 cm/km for the accurate estimation of channel dis-
charge (6.2% error at Manacapuru; 7.6% at Itapeua). For
SWOT, the science requirements are for a vertical precision
of 10 cm in measurements of water surface elevation and
derived water surface slopes with errors of no more than
1 cm/km when averaged over a 10 km reach length (Ro-
driguez, 2014). For comparison, using the simple method
of LeFavour and Alsdorf (2005) to determine an appropri-
ate reach length (20 /Sy, where o denotes the vertical pre-
cision of the measurements and S,;, denotes the minimum
slope required), indicates that, using the SWOT vertical pre-
cision of 10 cm, to achieve water surface slope errors of no
more than 1 cm/km, reach lengths of 20 km may be required;
for 1.5 cm/km, reach lengths of 13.3 km. However, this sim-
ple method may be overly conservative and does not take
into account the potential for averaging over channel cross-
sections. In this paper, we explore the implications of the
SWOT science-requirements on the derivation of water sur-
face slope and subsequent estimation of channel discharge.

2.1 Virtual mission

We used a “virtual mission” study of two-dimensional ob-
servations of water surface elevation as may be obtained by
SWOQOT, for the estimation of discharge on a ~260 km reach
of the central Amazon River (Solimdes) and one of its trib-
utaries (Purus) in Brazil (Fig. 1a). The Amazon is a globally
significant river, carrying around 20% of total global conti-
nental runoff (Richey et al., 1989) with a monomodal flood
pulse passing annually down the river. The middle reaches
of the Amazon are characterized by very low water surface
slopes of between 1 and 3 cm/km and significant backwa-

ter effects (Meade et al., 1991);—-with-peak—<channel-low—in
the-study-site- In the study site, peak channel discharge of
the Amazon is around 120,000 m*/s—Fhis-, and the channel
width varies between approximately 2 and 5 km. Close to its
confluence with the Amazon, the Purus is characterized by
substantial backwater effects from the main channel. Peak
channel discharge is around 18,000 m%/s, with channel width
varying between 0.6 and 1.7 km.

The combination of low water surface slope combined
with high discharge in these rivers makes the estimation of
discharge from SWOT challenging since surface water slope
errors may have a proportionately large impact. Here, we as-
sessed the likely accuracy which may be possible, assuming
knowledge of other factors such as channel geometry. Specif-
ically, we aimed to: (i) characterize and illustrate in two-
dimensions the errors which may be found in SWOT swath
altimetry measurements of terrestrial surface water; (ii) sim-
ulate the spatio-temporal sampling scheme of SWOT for the
Amazon; and (iii) assess the impact of each on estimates of
water surface slope and river discharge which may be ob-
tained from SWOT imagery. Note that, presently, the per-
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formance of the SWOT instrument in the case of flooded
vegetation is unknown, thus throughout this paper the words
“floodplain” and “wetland” reference those conditions of aazs
clear view of the sky without any flooded vegetation.

We utilized the hydrodynamic model of Wilson et al.
(2007) and Trigg et al. (2009) for the same reach of the Ama-
zon. We used this model to generate water surface elevation
“truth” images for a 22-month period comprising more than sz
a full flood cycle (Fig. 1b-c). These “truth” images were then
temporally sampled to match the orbital characteristics of
SWOT, and 2D errors as defined by the SWOT design re-
quirements were added. Thus, we obtained estimates of sur-
face water heights as may be observed by SWOT. From both s
the “truth” images and the simulated SWOT observations,
estimates of river slope and discharge were then derived. A
schematic summary of the virtual mission and methods used
is shown in Fig. 2, with details provided in the following sec-
tion. 340

3 Methods

3.1 Generation of water surface “truth” images from s
hydrodynamic modeling

In order to generate water elevation “truth” images, the hy-
drodynamic model code LISFLOOD-FP (Bates and De Roo,
2000) was used. LISFLOOD-FP consists of a 1D represen-
tation of the river channel which comprises of a series of
channel cross-sections and a 2D floodplain representation.
The formulation of LISFLOOD-FP used here was the one-
dimensional diffusive wave formulation of Trigg et al. (2009)
for channel flow (floodplain flow was excluded), allowing
complex channel bathymetry and back propagation of flow.
A detailed series of rectangular channel cross-sections were
used (124 for the Solimdes and 48 for the Purus), with an av-
erage along-channel spacing of 2.4 km and each representing
the average bed-elevation for that location. Channel flow was
implemented in the form:

55

360

0 0A
aij i ()
n2P4/3Q2 8y 365
0= 1073 [395] =0 2)

where () is the volumetric flow rate in the channel, A the
cross-sectional area of the flow, P is the wetted perimeter
(approximated by channel width), n is the Manning friction s7o
coefficient, Sy is the channel bed slope, ¢ is the lateral flow
into and out of the channel, y is the channel depth, x is the
distance along the river and ¢ is time (Trigg et al., 2009).
Note that Sy is written here so as to be greater than zero
in the usual case where the bed elevation decreases in the ss

downstream direction. The diffusion term, [0y/0z], allows
channel flow to respond to both the channel bed slope and the
water surface slope. This diffusive wave approximation of
the full 1D Saint Venant equations is solved using an implicit
Newton-Raphson scheme.

In order to create “truth” images of water surface el-
evation (hytrug)), 1D channel water elevations were first
mapped onto channel cross-sections perpendicular to the
channel centerline. Across each cross-section, the elevation
value of the channel center was maintained; however, where
two or more cross-sections coincided (within 100 m), the

arithmetic mean of each was used. The resulting set of
cross-sections were then interpolated onto a 2D regular grid

using a nearest-neighbor method at a spatial resolution of
100 m. This was selected to approximately match the design
requirements of SWOT as specified by Rodriguez (2014),
although resolution will vary across the swath. While this
method excluded potential minor cross-channel variation in
water surface elevation, variation along-channel was incor-
porated fully, including any backwater effects.

Upstream boundary conditions (channel discharge) for the
Solimdes (Fig. 1b) and Purus (Fig. 1c) were derived from
rating curves and river stage measurements at in-situ gauges
at Itapeua and Aruma (Fig. 1a), respectively, using data pro-
vided by the Agéncia Nacional de Aguas (ANA), Brazil, for
the period 1 June 1995 to 31 March 1997. River stage mea-
sured at Manacapuru was used as the downstream boundary
condition. The model developed allowed the inclusion of a
detailed river bathymetry (Fig. 1d), obtained in a field survey
by Wilson et al. (2007) and described in detail by Trigg et al.
(2009). In the study reach, the Solimdes varies in width from
around 1.6 km to 5.6 km, with minimum bed elevation be-
tween -26.5 and 8.0 m (vertical datum: EGM96); the width
of the Purus varies from 0.6 to 1.7 km, with minimum bed
elevation between -9.8 and 9.5 m. Friction parameters for the
model were obtained through a calibration based on the min-
imization of RMS-error-RMSE calculated from river levels
from four gauging stations internal to the model domain and
model water surface elevation obtained at a temporal resolu-
tion of 12 hours (Trigg et al., 2009).

3.2 Obtaining SWOT observations

Water surface elevations obtained from LISFLOOD-FP were
used as “truth” onto which SWOT sampling and errors could
be added, thereby allowing us to assess their hydraulic im-
plications. Water surfaces were obtained from the model ac-
cording to the SWOT spatio-temporal sampling scheme from
an orbit with 78° inclination, 22 day repeat, 97 km altitude,
and 140 km swath width. The reach length was sufficient to
be covered by 6 swaths in total in each 22 day cycle (3 as-
cending, 3 descending), with each ground location being ob-
served 2 or 3 times (Fig. 3a). Since the site is close to the
equator, this represents the minimum frequency in sampling
which may be obtained by SWOT.
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Figure 1. Study area: (a) location of site in the central Amazon, Brazil; (b) Solimdes and (c) Purus inflow hydrographs; and (d) SRTM
elevation fused with river bathymetry used in the hydraulic model.

Onto the water surface images, errors were added
[ LISFLOOD-FP, ID diffusive wave |

B based on a two-dimension height error spectrum de-
+ . . . .
S i i l rived from the SWOT design requirements (Fig. 3b). 2D
5 2 1D water 1D water 1D channel spatially-correlated SWOT errors were generated by inverse
(=Rt : . N .
2 lsurfaFe Sugface slope discharge a0 Fourier transform of the design requirements error spectrum
g clevations [MODEL] Qrnov) (Rodriguez, 2014). Separate error fields each at 500 m spa-
& \|/ tial resolution (resolution limited by computational power)
i Spatio-t 1 sampli ; i
I\I’Ig‘gﬂné " sbeaodel outont to SWOT were generated for each overpass in order to include long-
wavelength errors. Error fields were then resampled to model
= a5 resolution (100 m), adding random noise in order to ensure
) SWOT Inverse Fourier transform of SWOT that the total error variance (spectral, integral of the design
Z 9 “truth” design error requirements .
2 . requirements error spectrum) was correct.
= 1mages . .
o s h g L We thereby obtained water surface elevation measure-
S5 [TRUE] SWOT observation images, /swor ops) .
g2 ments for the Amazon mainstem as may be observed
g °© Cross-sectional s by SWOT, incorporating both spatially-correlated and
S Serlels spatially-random errors. Using these measurements, we de-
— - - rived estimates of river slope and discharge and compared
| Estimation of slope using reach-length averaging | . . .
° T T ] them to those obtained directly from the hydraulic model.
o . .
Sy IDwater Width, w For completeness, we also compared discharge computed di-
= surface S [TRUE] N [SWOT OBS] N [SWOT XS]  Depth, y :
5 s slopes Friciion. » 395 Tectly from the model output, i.e. the water surface slope
=] ’ . . . .
g g y l J / prior to adding slope errors. This allowed us to characterize
*g = | Estimation of channel discharge | the error in water surface slope and discharge estimates from
—_— < . .
8 1D chamel v v v both the SWOT spatio-temporal sampling scheme and from
discharges < [TRUE] Q swor ons) Q sworxs) the instrument measurement error.

Figure 2. Schematic diagram of the methods used in this paper.
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(b) 2D SWOT science requirements height error spectrum.

3.3 Calculation of slope and discharge from water sur-

face elevations 445

Initially, single-pixel SWOT water surface elevation mea-
surements (hiswoross;) were extracted along the chan-
nel centerline and used to calculate water surface slope
(Stswor oBsy)- Note that the water surface slope is mathemat-
ically equal to the sum of the bed slope (Sp) and downstream
changes in water depth [0y/0x]:

Jy
ox
S was derived by along-reach averaging through the fitting

of 1D polynomials using least square estimation to moving
windows placed on the surface water heights:

S =5y— (3) 450

2 zh—kzh kzh
Sa? — kz?

where £ is the number of data points included in the mov-
ing window and z is the distance of the water elevation
observation, h, along the channel; the negative sign con-
strains the slopes to be greater than zero in the usual case o

S = (4) 455

Swath altimetry measurements of the mainstem Amazon River

when h is decreasing in the downstream direction. The size
of the moving windows used ranged from 0.5 km up to
20 km, with larger windows leading to greater along-channel
smoothing of the data. This process was then repeated us-
ing cross-section averages of SWOT water elevation mea-
surements (hisworxs)), extracted by taking the arithmetic
mean of pixels across-channel in a direction perpendicular to

the channel centerline. Note that, while this may effectivel
reduce the random errors present, due to the inclusion of
spatially-correlated errors in the SWOT water elevations, this

rocess may not necessarily lead to an improved estimate
of discharge. Siswor xs) Was then-ealeulated-calculated from

hiswar xs1.in the same way as Siswor ops). For comparison
and to assess accuracy of derived estimates of (), true slope
(Srrrugy) was also calculated using water surface elevation
“truth” images (hytrug)) using Eq. (4).

For each water surface slope (SisworoBs], S[SWOT XS]
Sitrug)) at each reach-length, discharge along the length of
the channel was derived, following the method of LeFavour
and Alsdorf (2005):

1
Q= —wy’?5'? )

where w is the reach-averaged channel width, y is the
reach-averaged river depth and S is the overall water surface
slope. In this paper, we assume that channel friction, width
and bed elevation are known. Thus, the focus here is on the
impact of errors in observations of water surface elevation
and the derived estimates of water surface slope on the es-
timation of discharge. Errors in ) were approximated using
first-order error propagation, via a Taylor series expansion:

1 _og

99 s—*Q*

35 (6)

oQ ™

Note that we have here isolated the uncertainty in () that
derives from S. Hydrographs of discharge over time for given
points on the channel were then extracted, with the tempo-
ral frequency of these determined by the SWOT sampling
scheme. Thus, for most locations on the channel, two values
of () were available in each 22-day cycle.

3.4 Accuracy assessment of SWOT derived discharge

In addition to the discharge error approximation (oq)
calculated in Eq. (6), hydrographs of channel dis-
charge obtained using along-reach averaging (Q[swor oBs])
and with added cross-section averaging (Qswor xs])
were directly compared to hydrographs obtained us-
ing the “true” water surface elevation (Q[Trug))using—a

- Nash Swtclifs el
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was calculated for each hydrograph using:

Table 1. Summary of along-channel variability in modelled water
surface slope and channel discharge at low and high water.

T 2 T T -
B > -1 (Qfrrug) — Qfpreny) > i1 (Qfrrug — (legepy) Slope

ERMSE =1

(N

where Q‘ETRUE] is the “observed” channel discharge derived
from “true” water surface elevations at time tand-, Q[prgp; is
channel discharge derived from SWOT observations (either
Qswor oBs] or Qswor xs))—Vaties-of-, and 7' is the number

of data in the timeseries. RMSE was then expressed as a

500

- -1
Virse = RMSE - (Qrmeum) - ®

Finally, the Nash-Sutcliffe model efficiency coefficient
(Nash and Sutcliffe, 1970) was calculated using:

505

T 2
- Zt:l ( FTRUE] B QFPREDI)

E=1 . ©)
. —
Zt:l (Q[LTRUE] - Q[LTRUE]>

510

where values of F range between —oo and 1.0, with 1.0
indicating a perfect match between Qrrug; and Qprep] and
values less than zero indicating that the mean of Q[rrug;
is a better predictor of true channel discharge than Qprep)
(Legates and McCabe, 1999). Generally, values of F be- o
tween 0.0 and 1.0 are considered as acceptable levels of per-
formance (Moriasi et al., 2007).

4 Results and discussion 520
4.1 Model output and generation of SWOT images

The LISFLOOD-FP model was run for the full 22-month pe-
riod between 1 June 1995 and 31 March 1997, taking around sz
82 hours to complete on a dual-processor compute server.
The Manning’s friction coefficient, n, used was 0.032 for the
Solimdes and 0.034 for the Purus, obtained from model cal-
ibration by Trigg et al. (2009). The overall reet-mean-square
error-RMSE of the model ranged between 0.1 and 0.9 m sz
(please see Trigg et al., 2009, for details). Model validation
consisted of a comparison of model water levels with an inde-
pendent set of satellite altimetry data, with RMS-error RMSE
found to be 1.26 m and 1.42 m for the Solimdes and Purus
rivers, respectively (Trigg et al., 2009). 535
1D channel profiles outputs from the LISFLOOD-FP
model are shown in Fig. 4 for low water (September 15,

2
T t t T
Zt:l (Q[TRUE] - Q[TRUE]) WVVWVVWW\%thargC

Water Minimum Maximum Mean Star}derd

level deviation

Low 0.15 9.57 1.37 1.53

'g (cm/km)  High 0.69 7.43 2.19 0.95
Low 19,765 32,068 26,346  2,137.9

« (m%s) High 69,918 116,030 99,783  9,372.3
Slope Low -0.12 4.99 0.5 1.02

é’ (cm/km)  High 0.17 3.01 0.52 0.35
& Discharge Low -2,649 5314 958 1,276.4
(m%s) High 6,665 19276 13,466  2,958.9

1995) and high water (June 21, 1996), including the wa-
ter surface elevation, water surface slope and channel dis-
charge, and are summarised in Table 1. There was substan-
tial along-channel variation in water surface slope and chan-
nel discharge for the both the Solimdes and the Purus at low
and high water. This along-channel variability may make the
accurate estimation of discharge using reach-averaged esti-
mates of slope a considerably greater challenge.

Fig. 5 indicates water elevation at the upstream and down-
stream ends of the Solimdes and Purus reaches and aver-
age water surface slopes throughout the 22-month simula-
tion period. Generally, water surface slope is lowest during
the falling limb of the hydrograph and highest during the ris-
ing limb. Average water surface slope for the Solimdes rose
quickly to its maximum level of 2.9 cm/km during the low
water period (September to November, 1995), immediately
after the river level at the upstream end of the channel started
to rise. The maximum water surface slope in the Purus of
1.29 cm/km occurred during the low water period (October,
1995), when backwater effects from the main Solimdes chan-
nel were less important.

As detailed in Section 3.2, “truth” images of water sur-
face elevation, hytrug], were generated from LISFLOOD-FP
according to the SWOT spatio-temporal sampling scheme
and 2D errors were then added to these according to the
2D SWOT science requirements height error spectrum, pro-
viding SWOT images of water surface height observations,

hiswor ops])- Over the 22-month simulation period, there
were a total of 29 orbit cycles (of 22 days each and includin
6 overpasses of the domain - see Fig. 3a) providing, in total,

174 images of h . An example set of six overpasses
from a SWOT orbit cycle at high water (cycle 18) is shown

in Fig. 6, illustrating the extent of channel which may be ob-
served. Note that here we are focused on the main channels
and have not attempted to map water elevations in the for-
est floodplain. A detailed inset image of the Purus/ Solimdes
confluence for cycle 18, overpass 6 is shown in Fig. 7, illus-
trating the image of h(swor oss) alongside the corresponding
image of Arrug; and 2D SWOT height errors.

Values of SWOT water surface height observations were
extracted from images of hswor oss) along the channel cen-
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terline and, in addition, averages of channel cross-sections average, errors in water surface height observations were re-
taken perpendicular to the channel centerline were calculated sss duced (assuming no bias in the estimation of water surface
(hiswor xs)), plotted against distance downstream for high elevation).

water (cycle 18) in Fig. 8. In these profiles, the tighter clus-

tering of the cross-section averages to the true channel wa-

ter elevation profile indicates that by taking a cross-section
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4.2 Water surface slopes

Fig. 9 illustrates along-channel water surface slope as cal-
culated using hyswor xs; for high water (cycle 18, overpass
6), using reach-lengths between 5 and 20 km. As the length
of averaging increased, errors in Siswor xs) reduced substan-
tially when compared to Sytrug). Overall error in the estima-
tion of water surface slope decreased quickly with increas-
ing reach-lengths (Fig. 10): for the Solimoes, without av-
eraging across channel (Siswor oss]) and with a short reach
lengths of 0.5 km, errors in slope were high at 86.4 cm/km. ss0
These errors dropped quickly as more data were included in
the estimation of slope, reducing to 0.33 cm/km at 20 km.
Averaging across channel in addition to along reach lengths
(Siswor xs)) led to a further drop in errors, with 0.09 cm/km
error at 20 km reach lengths. Slope errors were similar for sss
the Purus without cross-section averaging (91.0 cm/km at
0.5 km; 0.31 at 20 km), and were moderately higher than
the Solimdes with cross-section averaging (0.13 cm/km at
20 km) due to the narrower channel width (Table 2). The
science-requirement for the SWOT sensor is that river slopes sso
are measured with errors less than 1 cm per km when av-
eraged for 10 km reach length (Rodriguez, 2014). For-As
expected from the methods used, for both the Solim&es and
Purus, without cross-section averaging (Siswor oBsj), reach-
lengths of ~10 km were required to achieve this level of ses

575

accuracy; with cross-section averaging (Siswor xs]) accura-
cies better than 1 cm/km were achieved using shorter reach
lengths of ~4 km and ~5 km for the Solimdes and Purus,
respectively. For 10 km reach lengths, incorporating cross-
section averaging, water slope errors of 0.26 and 0.37 cm
per km, respectively, were achieved.

4.3 Channel discharge

In Fig. 11, along-channel discharge estimates for high water
(cycle 18, overpass 6) are shown for Qswor xs] using reach
lengths between 5 and 20 km. As with errors in slope, as
reach lengths increased, the errors in estimated discharge de-
creased. The LISFLOOD-FP modeled discharge (QmopgL])
is also shown for reference. Note that ()trug; is different to
QmopeL since it does not take into account the full diffu-
sive wave approximation of the Saint Venant equations (Sec-
tion 3.1) and is a reach length average rather than an instan-
taneous discharge for a particular location.

Using reach lengths of 20 km, full discharge hydrographs
were constructed for Qswor xs) for several locations along
the Solimdes and Purus channels, and are compared to hy-
drographs for Qtrug; and Qpmoper) in Fig. 12. Qswor xs)
matched well Qrrrug; throughout the 22-month hydrograph,
including both rising and falling flood wave. As with slope
errors, the error in estimated discharge dropped quickly as
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Figure 9. Slope errors: the effect of averaging along channel using reach lengths between 5 and 20 km for the (a) Solimdes and (b) Purus
rivers. Plots show cycle 18 (high water), overpass 6.
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Figure 10. The effect of reach-length averaging on errors in the

water surface slope estimation for (a) the Solimdes and (b) the Purus

rivers.
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Figure 11. Discharge estimates accounting for slope errors but neglecting width, depth, and friction errors for reach lengths between 5 and
20 km for the (a) Solimdes and (b) Purus rivers. Plots show cycle 18 (high water), overpass 6.

the length of reach length averaging increased (Fig. 13). 6w
Without averaging water surface elevations across channel
(Qiswor oss))s errors (CV) were 48.5% of the mean Solimdes
discharge at 5 km reach lengths, reducing to 9.7% at 20 km.
Averaging across channel in addition to along reach lengths
(Qrswor xs7) led to a further drop in errors, with 22.2% error ess
at a reach lengths of 5 km, reducing to 2.6% at 20 km. Dis-
charge errors for the Purus without cross-section averaging
were 130.9% of the mean Purus discharge at 5 km, reducing
to 35.1% at 20 km; with cross-section averaging errors were
76.0% at 5 km, reducing to 19.1% at 20 km. Discharge errors s«
are summarised in Table 2.

Nash-Sutcliffe efficiency coefficient (£) values for with
increasing reach length averaging are shown in Fig. 13c. On
the Solimdes, for Qswor oss], &£ was -1.92 at reach lengths
of 5 km, increasing to 0.89 at 20 km; for Qswor xs], £ was e4s
0.46 at 5 km, increasing to 0.99 at 20 km. For the Purus, val-
ues of £ were lower: for Qswor ops], £ was -8.17 at reach
lengths of 5 km, increasing to 0.57 at 20 km; for Qswor xs],
FE was -1.34 at 5 km, increasing to 0.88 at 20 km. Negative
values of the Nash-Sutcliffe efficiency coefficient indicate eso
that the prediction of discharge is no better than the mean
value of the observations: consequently, using cross-section
averaging, reach lengths of ~4 km were required to achieve
positive values of E (indicating “acceptable” levels of accu-
racy) for the Solimdes; for the Purus, ~7.5 km reach lengths ess
were required. High values of ¥ (>0.8) were achieved with
reach lengths greater than ~7.5 km for the Solimdes and
~17.5 km for the Purus, indicating high accuracy in the esti-
mation of discharge.

The above accuracy assessment of SWOT-derived dis- sso
charge compares estimates obtained using SWOT observa-
tions of water elevation to those obtained using “true” water
surface elevations, based on the channel discharge approxi-

mation in Eq. (5), which does not take into account the full
diffusive wave approximation of the Saint Venant equations
shown in (1) and (2). To characterize error introduced by
Eq. (5), Qrrrur] and Qswor) were also compared using £
to channel discharge obtained directly from LISFLOOD-FP,
using Qmoper; in place of Qrrrugg in Eq. (9) (Fig. 14). Thus,
we were able to characterize errors in estimates of channel
discharge introduced directly by errors in SWOT observa-
tions, as well as errors introduced by the calculation of )
using reach length averaging of the water surface in the cal-
culation of water surface slope. Errors in Q[rrug; were low
with a minimum error of 2,418 m3/s (3.5%, E = 0.99) for the
Solimdes at a reach length of 0.75 km, and 486 m3/s (6.8%,
E = 0.99) for the Purus at a reach length of 3 km. How-
ever, as the reach length used increased, the errors in Q[rrug;
also increased. At reach lengths of 20 km, errors for the
Solimdes were 5,690 m’/s (8.3%, E = 0.87) and 1,238 m?/s
(18.1%, F = 0.89) for the Purus. This increase in error with
reach length is a primarily a result of the reach length av-
eraging used for the calculation of water surface slope in
Eq. (4), as compared to the instantaneous discharge obtained
at a single cross-section from the LISFLOOD-FP model out-

put. Fhese-However, the figures should be used with caution
since errors may also be related to the structure of the 1D
hydraulic model rather than resulting from differences with
the true channel discharge at a location. Irrespective of this,

results illustrate that there may be an optimal reach length
for the estimation of instantaneous discharge, beyond which
further averaging will lead to reductions in the accuracy of
estimated discharge. For the Solimdes, using cross-section
averaging (Qswor xs]), maximum accuracy occurred using
reach lengths of 12.5 km (6,258 m?/s error, 9.1%, E = 0.89),
beyond which accuracy decreased slightly. For comparison,
at this reach length, errors in Qrrug; Were 4.7%, indicating
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Figure 12. Reconstruction of channel discharge hydrographs from cross-section averaged SWOT observations (Qswor xs)) for the Solimdes
and Purus channels using 20 km reach lengths, compared to discharge obtained using water elevation “truth” images (Q[rrug)) and the
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that around 4.4% of the error was contributed from SWOT
height errors with the remainder resulting from the method
used to calculate discharge.

720

4.4 TImplications for SWOT

These results indicate that discharge may be obtained accu-
rately from SWOT measurements on large, lowland rivers,
assuming sufficient knowledge of channel bathymetry and 7
frictional properties. The error in discharge of 2.6% for the
Solimdes using cross-channel averaging and 20 km reach
lengths compares favorably with the error of ~6-8% obtained
by LeFavour and Alsdorf (2005) for the same section of river
using SRTM data and 733 km reach lengths. When compar- 73
ing against instantaneous discharge obtained directly from
model output, errors were moderately higher with accuracies
of 9.1% obtained at reach lengths of 12.5 km. This suggests
that SWOT data will provide both an improvement in accu-
racy of discharge estimates and a substantial increase in the 7ss
level of along-channel detail. Since SWOT will provide 2D
measurements of surface water, we were able to use cross-
channel averaging to substantially improve accuracy due to
the improved representation of channel water surface eleva-
tions and subsequent reductions in water surface slope errors. 740
For the Purus, accuracy in discharge estimates was lower,
which is likely to have been in large part due to the nar-
rower width of the river leading to a reduction in averaging of
height errors and consequently higher slope errors, combined
with the very low water surface slopes on the river leading to 7s
a proportionately higher impact of slope errors when calcu-
lating discharge.
Examples—of-otherThe results presented here may be
extended to other large rivers which may be observable by
SWOT are-shown—in—via Eq. (6). In Fig. 15-—Here;rivers 7o
surface-slopes—obtainedfrom—published-sourees—The—, the
percentage error in calculated discharge, @), resulting from
errors in SWOT derived water surface slope are indicated for

selected rivers, with approximate widths and water surface 7ss

slopes obtained from published sources. These errors were
derived from Eq. (6) using 10 km reach lengths to estimate

water surface slopeand-, incorporating the effects of cross-
channel averaging of water surface elevation. Nete-that;-as
As channel width increases, error in discharge decreases 7o
since greater averaging of water surface elevation is possi-
ble (water surface elevation errors will decrease by 1/+/n,
where n is the number of pixels being averaged (Rodriguez,
2014)); as water surface slope decreases, error in discharge
increases since water surface slope errors become propor- 7es
tionately more important according to Eq. (6). From this, we
can infer that discharge estimates may be more accurate for
rivers with: (i) larger channel widths which permit a greater
level of cross-section averaging and the use of shorter reach
lengths; and (ii) higher water surface slopes, since ;—frem
Eg—6);-the relative error in discharge decreases as slope in-

creases. Conversely, discharge estimation accuracy is likely
to be lowest for narrow rivers with low slopes, although fur-
ther research is required to quantify errors for rivers at this
scale.

It is important to note that the errors presented here
represent-onty-only represent the contribution to overall er-
ror in reach-averaged discharge which may be added by
SWOT observations of water surface elevation. Other errors 5

such-as-those-contributed-by-friction-or-bathymetry-errors;-of
resulting-from-along-channel-variability-in-discharge;-are ex-
cluded but may be significant and further research is required
to characterize their contribution —(e.g. errors contributed

by friction or bathymetry, or resulting from along-channel
variability in discharge). Other than surface water slope and

elevation, parameters required in the estimation of discharge
(i.e. channel width, roughness and bed elevation or chan-
nel depth) are the subject of other recent studies. For ex-
ample, Durand et al. (2008) used data assimilation of syn-
thetic SWOT measurements inte-in a hydraulic model to es-
timate river bathymetric slope and depth for the same river
reach as presented in this paper, obtaining RMS-errors RMSE
of 0.3 cm/km and 0.56 m, respectively. Similarly, Yoon
et al. (2012) estimated river bathymetry for the Ohio River,
United States, obtaining an RMS-errer-RMSE of 0.52 m and
obtained-and-an effective reach-averaged river roughness to
within 1% of the true value. Finally, Durand et al. (2014)
illustrates the use of a Bayesian algorithm to estimate river
bathymetry and roughness based on observations of river h
and S with high accuracy for the River Severn, United King-
dom, and the subsequent estimation of channel discharge.
When compared to gauge estimates of discharge, Durand
et al. (2014) obtained an accuracy of 10% in discharge es-
timation for in-bank flows, assuming known lateral inflows,
decreasing to 36% without this assumption. The work pre-
sented in this paper builds on these studies in that it is the
first to directly assess the implications of errors in surface
water slope derived from SWOT observations of water ele-
vation on the estimation of discharge, independent of other
factors.

As with other studies, the error analysis presented here ex-
cluded layover and vegetation effects, as may be found in
wetlands and floodplains, or along the edges of rivers. These
effects are likely to be greatest for narrower rivers with bank
vegetation. In addition, research presented here did not in-
corporate effects of the temporal sampling scheme on the ac-
curacy of hydrograph estimation. For large rivers with dis-
charge which changes relatively slowly, such as the Ama-
zon and its sub-basins, errors introduced by SWOT tempo-
ral sampling are likely to be minimal. However, for smaller
rivers with higher discharge variability, this sampling may be
significant. Further research is required in this area, although
it is likely that there will be an optimum level of width, slope
and discharge variability for discharge estimation.
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5 Conclusions

775

In this paper, we used a “virtual mission” study of two-
dimensional water surface elevations which may be obtained
by SWOT for a reach of the central Amazon River in Brazil

and investigated the implications of errors in such measure-
ments on the estimation of water surface slope and channel
discharge. The following remarks can be made following our
work:
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1. Using 1D polynomials with least squares estimation fit- s

ted to water elevations obtained from channel center-
lines, the SWOT design requirement of slope errors less
than 1 cm per km when averaged for 10 km (Rodriguez,
2014) was achieved for both the Solimdes and Purus

Rivers. 835

2. Shorter reach lengths (~4 km and ~5 km for the
Solimdes and Purus, respectively) were required to
achieve the design level of accuracy when additionally
averaging SWOT water surface height estimates across-
channel; for 10 km reach lengths, higher accuracies
were achieved (water slope errors of 0.26 and 0.37 cm

per km for the Solimdes and Purus, respectively). This ”

indicates that the accuracy of water surface slopes esti-
mates will be higher for rivers with wider channels, par-
ticularly those several times wider than the ~70-250 m
nominal spatial resolution (Durand et al., 2010; Ro-
driguez, 2014).

3. SWOT data are promising for the estimation of Amazo-
nian river discharge, with low errors in estimates (9.1%
for instantaneous estimates, or 2.6% for reach-averaged
discharge estimates). Discharge hydrographs could be
re-constructed accurately from SWOT imagery based
on the specified temporal sampling scheme (Figure 3
Rodriguez, 2014) although, for rivers with a higher dis-
charge variability, temporal sampling is likely to be a
significant source of error for hydrograph estimation.

4. A high proportion of the errors found in the instanta- 4;

neous estimates derived from the method used to cal-
culate discharge from water surface slopes, rather than
from SWOT errors, suggesting that improvements to the
estimation of discharge may be possible.

860

It_should be noted that the errors_added to water
surfaces to simulate SWOT measurements of water elevation

were spatially-correlated at multiple scales (accordin

to the SWOT design requirements error spectrum and .

added random noise on a per-pixel basis. While averaging
along cross-sections will effectively reduce the random noise
component (assuming no_bias), it was_not immediately

apparent how spatially-correlated error would affect the en

estimation of discharge. Results here indicate that, at this
scale, these errors do not greatly impact discharge accuracy -

although similar assessments of other rivers is needed.
Overall, these findings indicate that forthcoming SWOT

imagery shows considerable promise for the hydraulic char-°
acterization of large rivers such as the Amazon, although fur-
ther work is required for a range of additional rivers with a
variety of characteristics, particularly those with a high spa-

tial and temporal variability in surface water slope and chan- 4,

nel discharge. Hewever,forlargelowlandriversthe results
firect] ferable.

845

? 850

Itshould-alse-benoted-that;-A final note of caution: in this
paper, we assumed knowledge of channel friction, width and
bed elevation in the calculation of discharge, and-exeluded

since our aim was to_characterize the impact of SWOT
observations and their associated errors_independently of
these issues. We also excluded the potential effects of vegeta-
tion on errors in SWOT surface water heights. Further work
is needed to assess the relative importance of each of these
factors on the estimation of channel discharge.
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