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SUMMARY

Satellite altimetry has proven a valuable resource of information on river and lake levels where in situ
data are sparse or non-existent. In this study several new methods for obtaining stable inland water
levels from CryoSat-2 Synthetic Aperture Radar (SAR) altimetry are presented and evaluated. In addition,
the possible benefits from combining physical and empirical retrackers are investigated.

The retracking methods evaluated in this paper include the physical SAR Altimetry MOde Studies and
Applications (SAMOSA3) model, a traditional subwaveform threshold retracker, the proposed Multiple
Waveform Persistent Peak (MWaPP) retracker, and a method combining the physical and empirical
retrackers. Using a physical SAR waveform retracker over inland water has not been attempted before
but shows great promise in this study.

The evaluation is performed for two medium-sized lakes (Lake Vanern in Sweden and Lake Okeechobee
in Florida), and in the Amazon River in Brazil. Comparing with in situ data shows that using the SAMOSA3
retracker generally provides the lowest root-mean-squared-errors (RMSE), closely followed by the
MWaPP retracker. For the empirical retrackers, the RMSE values obtained when comparing with in situ
data in Lake Vdnern and Lake Okeechobee are in the order of 2-5cm for well-behaved waveforms.
Combining the physical and empirical retrackers did not offer significantly improved mean track stan-
dard deviations or RMSEs. Based on these studies, it is suggested that future SAR derived water levels
are obtained using the SAMOSA3 retracker whenever information about other physical properties apart
from range is desired. Otherwise we suggest using the empirical MWaPP retracker described in this
paper, which is both easy to implement, computationally efficient, and gives a height estimate for even
the most contaminated waveforms.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

demonstrated in several studies, with purposes such as discharge
modelling and flood warning (Neal et al., 2009; Biancamaria

In recent years the availability of in situ lake and river levels has
declined (Brakenridge et al., 2012), which is very unfortunate in a
time with increasing focus on climate change and concern about
freshwater resources. Satellite altimetry offers regular and global
information about river and lake levels independent of infrastruc-
ture and governmental politics, which can greatly benefit the fields
of hydrology, climate change detection, and flood/drought
forecasting.

Satellite altimetry has been used for monitoring purposes of
inland waters for more than 20 years, and is accepted as an impor-
tant source of global inland water levels with a unique monitoring
capability (Berry, 2006). The usefulness of satellite radar altimetry
data both in near real-time and long-term applications has been
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et al., 2011; Michailovsky et al., 2013). In addition to the scientific
and practical advantages, satellite altimetry also provides a way of
overcoming the difficulty of transboundary river management,
which is often hindered by local governments considering their
hydrological measurements as sensitive. Some studies have
focused on lakes (Birkett, 1994; Cretaux and Birkett, 2006; Song
et al., 2014; Schwatke et al., 2015a), while others have focused
on rivers (Koblinsky et al., 1993; Birkett, 1998; Berry et al., 2005;
da Silva et al., 2010; Jarihani et al., 2013; Maillard et al., 2015;
Schwatke et al., 2015a), or wetlands (Zakharova et al., 2014). For
a selection of relevant papers, the key results with regards to
retracking method and obtained RMSE (root-mean-square-error)
compared to in situ gauge data have been included in Table 1.
Results over rivers vary much more (with averages in the
decimetre range) due to several factors, such as a higher risk of
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Table 1

235

Overview of a selection of papers on inland water altimetry relevant to the current study (this paper has been added for completeness). Key results are identified by code: (1) Used
retrackers (2) RMSE from comparison with in situ gauges. For some of the earlier studies the used retracker was not stated in the manuscript, which is here marked as “Not listed”.
Studies without comparison with in situ gauges at virtual stations (VS) have been left out.

Study

Mission(s)

Study area

Key results — 1: Retrackers 2: Obtained RMSEs

Koblinsky et al.
(1993)
Birkett (1995)

Birkett (1998)

Birkinshaw et al.

(2010)

da Silva et al. (2010)

Jarihani et al. (2013)

Michailovsky et al.
(2012)

Yi et al. (2013)

Schwatke et al.
(2015a)

Nielsen et al. (2015b)

Maillard et al. (2015)

Villadsen et al.
(current study)

Geosat (1986-1989)

TOPEX/Poseidon (T/P)

/P

Envisat and ERS-2

Envisat and ERS-2

Jason-2, Envisat, T/P, GFO,
and Jason-1

Envisat

Jason-1 and Envisat

Envisat and SARAL

CryoSat-2 SAR and Envisat

Envisat and SARAL

CryoSat-2

Four locations on the Amazon River

Lake Ontario (18,960 km?), Lake Michigan

(58,000 km?), and Lake Superior (82,100 km?)

One location on the Paraguay River and several on

the Amazon River

Mekong River (widths >0.4 km)

Five VS in The Negro River and Madeira River
(widths of 0.2-1.7 km). 20 VS in the Amazon basin

Lake Eildon, Australia (138 km?) and Lake Argyle,
Australia (1000 km?)

20 VS in the Zambezi River, Africa

Lake Baikal, Siberia (31,722 km?)

The Great Lakes: Lake Superior (82,100 km?), Lake
Huron (59,570 km?), Lake Michigan (58,000 km?),

Lake Eerie (25,744 km?), Lake Ontario (18,960 km?).

9 VS in the Amazon

In situ and altimetry data compared for two lakes:
Vinern (Sweden, 5650 km?) and Lake Okeechobee
(Florida, 1900 km?)

Sao Francisco River, Brazil. Satellite altimetry and
in situ gauges were compared for 16 locations

Lake Vinern (5650 km?), Lake Okeechobee
(1891 km?), Amazon River near Obidos (width of

1.
. 20-120cm

. T/P GDR data
. 3-5cm

N o= N = N

—_

Not listed

. Not listed
. Paraguay River:

10.7-13.5cm. Amazon River:
19-75cm

. Not listed

2. Envisat: 44-65 cm

ERS-2: 46-76 cm

. Ice-1 and Ice-2
. Negro/Madeira

Rivers: ~34cm (Envisat) and
~108 cm (ERS-2). Amazon River: ~48 cm (Envisat)
and ~79 cm (ERS-2)

. Ice-1/Ice-3 (Jason-2), Ice-1/Ice-2 (Envisat), Ocean

retracker (T/P, GFO, Jason-1)

. Lake Eildon: 28 cm/32 cm (Jason-2). Lake Argyle:

42 cm/138 cm (Envisat), 150 cm (T/P), 89 cm (GFO),
112 cm (Jason-1)

. Not listed
. ~58 cm (24-106 cm) when adjusting the obtained

amplitude from altimetry

. Envisat: Ice-1 and a 50% Threshold Retracker (TR)

Jason-1: Ice-1 and ocean (MLE4 type)

. Envisat: 9.5cm (Ice-1) and 12.1 cm (TR) Jason-1:

10.7 cm (ocean) and 9.7 cm (TR)

. Ice-1 and Brown retrackers
. Lakes: ~4.27 (2.92-5.34) cm for Envisat and ~ 3.83

(2.42-5.04) cm for SARAL. Amazon: ~32.3 (8.3-
58.8) cm for Envisat, ~17.5 (7.8-31.8) cm for SARAL

. Ice-1 (Envisat) and NPPR (CryoSat-2). CryoSat-2 SAR

data were retracked using several empirical retrack-
ers. The NPPR method proved to be the most stable
of them all

. Lake Vdnern: 5cm (CryoSat-2) and 9 cm (Envisat).

Lake Okeechobee: 8 cm

(Envisat)

(CryoSat-2) and 4cm

. lce-1
. Envisat: ~66.8 (15.7-163.3) cm. SARAL: ~46.9 (2.2-

134 cm)

. NPPR, MWaPP, and SAMOSA3
. Lake Vdnern: 10.9 (5.1) cm for NPPR, 5.0 (3.8) cm for

2.2 km)

MWaPP, and 3.5 cm for SAMOSA3. Lake Okeechobee:
61.8 (2.4)cm for NPPR, 12.6 (2.4) cm for MWaPP,
and 2.1cm for SAMOSA3. Amazon River: 33.3
(14.7) cm for NPPR, 38.5 (15.0) cm for MWaPP, and
15.3 cm for SAMOSA3

contamination from land signals caused by topography or the
shape of the river, quality of in situ data, distance between virtual
stations (VS) and river gauges, as well as a lower number of obser-
vations due to river widths. In Maillard et al. (2015) they found
that the surrounding surface type was the most important factor
for obtaining time series with low RMSEs over rivers, as the signals
retrieved by the altimeter over dense vegetation were very differ-
ent from the signals acquired directly over the water body.

With the launch of CryoSat-2 began a new era with its Synthetic
Aperture Radar (SAR) altimeter. CryoSat-2 is the first altimetric
mission to provide data with an along-track footprint size of just
300 m. With the reduced antenna footprint comes many advan-
tages, especially for smaller water bodies, as the degree of contam-
ination from land signals is significantly reduced in the along-track
direction. Previous studies using CryoSat-2 data over inland water
are scarce but include Tourian et al. (2015), where they used

several remote sensing methods to monitor the desiccation of Lake
Urmia in Iran - here amongst Low Resolution Mode (LRM) data
from the CryoSat-2 mission. In Nielsen et al. (2015b) lake levels
were estimated for three small (8-40 km?) lakes in Denmark using
CryoSat-2 SAR mode data, and they found an along-track precision
of only 2-3 cm. Another study from Kleinherenbrink et al. (2015)
used SAR Interferometric (SARIn) data to monitor lake level
changes on the Tibetan Plateau and Tian Shan. A challenge with
CryoSat-2 is the geodetic orbit (ESA and Mullard Space Science
Laboratory — University College London, 2012), which makes mon-
itoring of inland water difficult. However, due to the 30-day sub-
cycles, capturing seasonal signals in a time series is still possible
if the water body is of a sufficient size. The ability to retrieve sea-
sonal signals from CryoSat-2 data comparable to those from Envi-
sat has previously been shown in the Ganges-Brahmaputra basin
(Villadsen et al., 2015).
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Several projects already provide historical inland water levels
from altimetry through web databases, such as the European Space
Agency (ESA) River&Lake project (http://earth.esa.int/riverandlake,
Berry et al. (2005)), the Global Reservoir and Lake Monitor
(http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/,
Birkett et al. (2011)), the HYDROWEB database (http://www.legos.
obs-mip.fr/soa/hydrologie/hydroweb/, Crétaux et al. (2011)), and
the Database for Hydrological Time Series of Inland Waters
(DAHITI) database (http://dahiti.dgfi.tum.de/en, Schwatke et al.
(2015b)). Of these four databases, DAHITI is the only one that pro-
vides heights from CryoSat-2 data. At DTU Space at the Technical
University of Denmark a new data product has recently been
developed that at the time of writing provides water level time
series from CryoSat-2 for around 100 lakes around the world
(http://altwater.dtu.space, Nielsen et al. (2015a)).

The quality of height estimates obtained from satellite altimetry
can be improved with waveform retracking, where a correction is
added to the initial range estimate obtained from the approximate
two-way travel time of the pulse, which for CryoSat-2 is defined as
the centre of the recorded range window. In this study the aim is to
investigate the possibility of obtaining better heights by using sev-
eral new retracking approaches, as retracking of inland water
waveforms is still a maturing field. In total, there are three objec-
tives of this manuscript: (1) To present the newly developed
empirical Multiple Waveform Persistent Peak (MWaPP) retracker,
which tries to remedy the erroneous heights obtained when
specular surfaces in the measurement footprint contaminate the
waveform - an effect known as snagging. The MWaPP retracker
takes adjacent waveforms into account before choosing the loca-
tion of the subwaveform to be retracked. (2) To test the abilities
of the physical SAMOSA3 retracker over inland water. Up until
now, SAR waveforms over inland water have been retracked using
empirical retrackers only, apart from the study by Kleinherenbrink
et al. (2014), where the cross-correlation between the observed
waveforms and a simulated waveform was used to estimate the
retracking correction. In this study it is shown that it is possible
to retrack a large part of the waveforms with the SAMOSA3 (SAR
Altimetry MOde Studies and Applications) retracker, which accom-
modates both ocean-like and specular waveforms. (3) In addition,
this study investigates the possible benefits of combining empirical
and physical retrackers.

2. Data
2.1. CryoSat-2 20 Hz SAR waveforms

CryoSat-2 was launched by ESA on the 8th of April 2010 to
monitor variations in the cryosphere, i.e. the marine ice cover
and continental ice sheets. The primary payload on-board
CryoSat-2 is the Synthetic Aperture Interferometric Radar Altime-
ter (SIRAL), which is a state-of-the-art altimeter working in three
different measurement modes depending on a geographical mode
mask (Wingham et al., 2006). As this study has been part of the
European Union’s 7th Framework Programme project Land and

Table 2

Magnitudes of the different geophysical corrections applied for inland water altimetry
as listed in The CryoSat Product Handbook (ESA and Mullard Space Science Laboratory
- University College London, 2012).

Correction Range of correction
Dry troposphere 1.7-25m

Wet troposphere 0-50 cm
Ionosphere 6-12 cm

Ocean loading tide -2 to+2cm

Solid Earth tide —30 to +30 cm
Geocentric polar tide -2 to+2cm

Ocean Take Up from Sentinel-3 (LOTUS), the focus of the work pre-
sented in this paper has been on SAR mode, which is also the mode
that the Sentinel-3 Ku/C Radar Altimeter (SRAL) altimeter on the
upcoming Sentinel-3 mission will operate in. ESA provides
CryoSat-2 data in Level 1 (L1) and Level 2 (L2) modes. L1 contains
the orbit information and the echoes received by the altimeter, also
called waveforms. L2 contains the geophysical corrections (see list
of applied corrections in Table 2) as well as a height estimate. The
basis for our data processing is the 20 Hz L1b datasets, which we
retracked using three different retrackers (explained in Section 3),
and the L2 datasets provided by ESA.

The general mission specifications of CryoSat-2 are shown in
Table 3. The reduced footprint area for SAR is significantly smaller
compared to conventional LRM altimetry. The long repeat period of
369 days should also be noted as it makes monitoring inland water
slightly more difficult compared to traditional missions such as
Envisat, which has a repeat period of 35 days. The orbit configura-
tion of CryoSat-2 results in a much higher ground track density, but
brings with it a decreased temporal resolution. More information
about the CryoSat-2 mission can be found in ESA and Mullard
Space Science Laboratory - University College London (2012),
and a longer explanation of SAR altimetry is found in Raney
(1998), where SAR altimetry was first proposed and described as
Delay/Doppler altimetry.

2.2. Water mask: Global Lakes and Wetlands Database (GLWD)

Waveforms retrieved over the study areas presented in Sec-
tion 2.3 are extracted using the water masks GLWD-1 and
GLWD-2, which are products from the Global Lakes and Wetlands
Database (Lehner and Doll, 2004). The masks were derived from a
variety of existing maps, data and information by the World Wild-
life Fund (WWF) and the Center for Environmental Systems
Research, University of Kassel, Germany. The product is available
on global scale (1:1 to 1:3 million resolution), and can be down-
loaded as a shapefile from the WWF website (https://www.world
wildlife.org/pages/global-lakes-and-wetlands-database). The Level
1 product consists of the 3067 largest lakes and the 654 largest
reservoirs worldwide. Level 2 comprises permanent water bodies
with surfaces areas down to 0.1 km?, excluding the water bodies
contained in GLWD-1.

2.3. Study areas

This section briefly describes the chosen study areas and the
availability of in situ data. The choice of study regions was limited
by the availability of SAR data from CryoSat-2 (CryoSat-2 only
operates in SAR mode over certain areas), the existence of in situ
data, and the presence of acquired ocean-like waveforms. The
SAMOSA3 model assumes a completely homogeneous surface
within the measurement footprint, which is not always necessary
in order to obtain an ocean type waveform, but the shape of the

Table 3
Satellite and altimeter specifications for the CryoSat-2 mission (ESA and Mullard
Space Science Laboratory - University College London, 2012).

Mission specifications CryoSat-2 SAR (SIRAL)

Mission length April 2010 -
Frequency 13.575 GHz (Ku)
Bandwidth 320 MHz
Footprint size along-track 300 m

Footprint size across-track 7.7 km
Footprint area 4.9 km? for SAR
Altitude 717 km
Inclination 92°

Latitudinal limit 88°

Repeat period 369 days (30 day sub-cycle)
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acquired waveforms might be affected by the degree of hetero-
geneity of the underlying surface. In addition, when extracting
time series from CryoSat-2 over rivers and lakes, the chosen water
body has to have a certain length in the East-West direction in
order to make it possible to utilize the orbit sub-cycles and thereby
obtain a seasonal signal by using water levels from several tracks.

2.3.1. Lake Vinern

Lake Vdnern is the largest lake in Sweden and in the European
Union with an area of 5650 km? (Seppl, 2005) and is divided into
two basins as seen in Fig. 5(a). The eastern basin is the larger, dee-
per one, and contains most of the inlets (Dave et al., 2015). The
average depth of the lake is 27 m with a maximum depth of
106 m. Although there are some topographic variations around
the lake, the highest point that is within reach of satellite footprint
is Kinnekulle (270 m above sea level) on the south-eastern border.
The northern drainage basin is dominated by forest, whereas the
southern regions mostly consist of agriculture. The shoreline is
generally irregular and complex. Sandy beaches and dunes, rocks,
flat-rock pine forest, and bilberry spruce forest cover the islands
and skerries in the archipelago. With winter temperatures below
0 °C, Lake Vdnern might be ice-covered in certain areas, and during
long and cold winters, the entire lake surface will freeze over, how-
ever, this is not taken into account in this study and heights are
retrieved and compared to in situ data for all seasons.

Daily gauge data for Lake Vdnern are available from the Swedish
Meteorological and Hydrological Institute (SMHI, http://www.
smhi.se/klimatdata/hydrologi/) and are referenced to the Swedish
height system Riket héjdsystem 1900 (RH 00).

2.3.2. Lake Okeechobee

Lake Okeechobee (see Fig. 5(b)) is the largest freshwater lake in
Florida with an area of 1900 km?. For its size it is very shallow with
an average depth of only 2.7 m (Beaver et al., 2013). Lake Okee-
chobee is a part of the Kissimmee-Okeechobee-Everglades ecosys-
tem (Dyer and Garza, 2004), and is mainly surrounded by
wetlands. Due to the shallow depths compared to surface area,
Lake Okeechobee is very sensitive to tropical storms and precipita-
tion in general.

In situ data from Okeechobee were obtained from the National
Water Information System (http://waterdata.usgs.gov/nwis), and
are relative to National Geodetic Vertical Datum of 1929 (NGVD
29). The daily water levels are means of 14 gauges placed in and
around the rim of the lake.

2.4. Amazon River near Obidos

The Amazon River is the largest river in the world with respect
to discharge and has a dry season width of several kilometres -
sometimes as much as 48 km in the wet season. The properties
and width of the Amazon River provides a good testing ground
for the method developed in this study, since most types of wave-
forms will be present here. The stretch chosen for this study sur-
rounds a gauge station in Obidos, Brazil, as seen in Fig. 5(c). In
this region, the northern bank of the Amazon River is constrained
by higher grounds, whereas the southern banks are much lower
and often flooded (Rudorff et al., 2014). Daily water levels were
obtained through the The Observation Service SO HYBAM website
(http://www.ore-hybam.org, Cochonneau et al. (2006)).

3. Methods

This section briefly describes the basic theory of satellite
altimetry, the waveform retracking methods used, the steps of
the algorithm developed in this study for combining physical and

empirical retrackers, and the general data handling, such as the ini-
tial classification of waveforms and the minimization of the bias
that is observed when combining retrackers.

It all begins with the satellite radar altimeter emitting a micro-
wave pulse towards the surface of the Earth. At the surface the
pulse is reflected back into space where it is received by the altime-
ter. The returned power echo is called a waveform and the shape of
the retrieved waveform is related to the complexity of the entire
illuminated surface within the measurement footprint. In general,
waveforms retrieved over small, calm inland waters will have a
single strong peak due to concentrated power returns, and those
obtained over large, rough waters will have ocean-like shapes with
a steep leading edge and a slowly decaying trailing edge. Lastly,
waveforms retrieved over inhomogeneous terrain will have a very
complicated shape with multiple peaks.

Based on the retrieved echo the time of the arrival of the reflec-
tion from the ground can be determined; this is done by measuring
the two-way travel time of the microwave pulse. The height of the
surface (H) above the geoid can be determined as given in Eq. (1).

H= Halt - Hrange — INgeoid (1)

The surface height, H, depends on the altitude of the satellite
above the reference ellipsoid, (Hq), and the range (Hygng), which
is the distance between the satellite and the sensed surface below.
Nygeoia is the geoid height above the reference ellipsoid, which is
subtracted in order to reference the water level to the geoid, since
this is a more appropriate reference for inland water bodies. All
retracked heights presented in this study were transferred from
the WGS84 ellipsoid to the EGMO8 geoid (Pavlis et al., 2012).

Hiange 1s found by retracking the waveform received by the
altimeter, i.e. finding the point in time when the signal from the
surface directly beneath the satellite (also called nadir) was
received. The range to the retracked bin in the waveform is calcu-
lated as follows,

Cc
Hrange = i WD + Hietrack + ngm (2)

where c is the speed of light, WD is the window delay in seconds
relative to the central range bin (see Fig. 1), Hyeqqcr is the retracking
correction, which depends on the chosen retracking routine, and
Hge, is the sum of the applied geophysical corrections. The wave-
form received by the altimeter consists of a number of bins, each
containing a power value corresponding to a certain distance from
the satellite. An example of a SAR waveform is shown in Fig. 1. The
CryoSat-2 SAR waveforms consist of 128 bins with a bin width of
23.42 cm, which corresponds to a range window of ~30 m.

Retracked point —

<« Central range bin

Power

2.7 m

|
|
|
|
|
I
|

Range

Fig. 1. Example of SAR mode CryoSat-2 waveform showing the central range bin
and the retracking point.
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Precise estimation of the retracking correction is especially
important over topographic surfaces, where the on-board tracking
system struggles with maintaining the reflection from nadir in the
central range bin, since this is predicted from the position of the
previous waveforms (Gommenginger et al, 2011). As seen in
Fig. 1, the heights estimate is very sensitive to retracking. More
details on the retrackers chosen for this study can be found in
the following subsections.

3.1. Snagging

One of the biggest issues with satellite altimetry over non-
homogenous surfaces such as land and inland water is off-
ranging, also called hooking or snagging (Fetterer et al., 2013;
Armitage and Davidson, 2014). Snagging and hooking occurs when
the on-board tracking system is dominated by specular surfaces
that are located off-nadir, which leads to incorrect height esti-
mates. Specular surfaces are most often shallow or calm water
bodies, which reflects the signal from the altimeter without the
scattering caused by rougher surfaces. The presence of these calm
waters is often seen near the shore of lakes, or in areas prone to
flooding.

Hooking occurs in the along-track direction when a bright tar-
get in front of the nadir location leads to a parabolic profile in
the waveforms as the satellite flies over the specular surface. The
parabolic shape appears because the radar pulse propagates with
a circular wavefront, and the target enters and leaves the measure-
ment footprint (Gomez-Enri et al., 2010; Quartly, 2010). The hyper-
bolas caused by the hooking effect are only visible in LRM, where
the large, circular footprint allows for off-ranging in both the
along- and across-track directions. The hooking effect can easily
be corrected for by fitting curves to the along-track hyperbolas,
even over rivers (da Silva et al, 2010; Maillard et al., 2015;
Schwatke et al., 2015a).

For SAR altimetry hooking issues are negligible due to the smal-
ler footprint, which is achieved by the Doppler processing and has
an along-track size of just ~300 m. Only across-track off-ranging,
called snagging, will cause these range errors. Unfortunately, there
are no hyperbolic curves to be identified, fitted, and subsequently
removed. The positive effect of the higher across-track resolution
on snagging occurrences in SAR altimetry was also shown in
Thibaut et al. (2014), where they investigated coastal waveforms.
In general, the SAR altimeter waveforms will be much more
affected by land signals if the track lies parallel to the coastline
compared to a perpendicular target angle due to the dimensions
of the measurement footprint.

3.2. Empirical retrackers

The two empirical retrackers presented here use a simple
threshold approach on a subwaveform to estimate the epoch. The
two methods differ in the way that the subwaveform is extracted;
the Narrow Primary Peak Retracker (NPPR) focuses only on the cur-
rent waveform, whereas the Multiple Waveform Persistent Peak
(MWaPP) retracker developed for this study takes adjacent wave-
forms into account.

3.2.1. The Narrow Primary Peak Retracker (NPPR)

When using the NPPR method the subwaveform is extracted by
identifying the bins where the primary peak begins and ends. This
is done by looking at the evolution of the power in the reflected
waveform as described in Jain et al. (2015), Vignudelli et al.
(2010) and Bao et al. (2009). Once the subwaveform has been
extracted the retracking point is determined as the point were
the subwaveform exceeds a chosen threshold. Finally, the algo-
rithm finds the decimal range bin where the waveform exceeds

the threshold using linear interpolation between the two adjacent
bins. The chosen threshold should depend on the underlying
surface, with lower thresholds (~50% for SAR) for ocean and ice
sheets, and higher thresholds for ice leads and inland water. For
this study a threshold of 80% to determine the retracking point is
used, which has previously been done in Nielsen et al. (2015b)
and Villadsen et al. (2015).

3.2.2. The Multiple Waveform Perstistent Peak (MWaPP) retracker

For this study the new MWaPP retracker was developed, which
looks at adjacent waveforms in order to determine the best sub-
waveform for retracking. In this way it is possible to identify per-
sistent peaks, which are expected to represent the underlying
water body of interest. Looking at neighbouring waveforms can
help alleviate snagging issues, where a waveform is dominated
by reflections from points off-nadir. The method presented here
does not average waveforms, but simply tries to determine the
bins in the waveform where the reflection from the water surface
at nadir is most likely found. Since the range to the water body at
nadir should be the same in all waveforms, off-nadir echoes will
not dominate the averaged waveform. The proposed retracking
method consists of several steps, which are illustrated in Fig. 2.

For each waveform acquired above the water body, the heights
corresponding to all bins are determined according to Eq. (1). This
yields N,, x N height estimates, where N,, is the number of wave-
forms in the track and N is the number of bins in each waveform.
Thus, a height is estimated for each k=1:128 and p =1:N,, for
CryoSat-2 SAR mode waveforms.

H"(p, k) = Hat(p) — 5 WD + Wy (ko — K) — Heeo(P) ~ Ngwa(P). ~ (3)

where Hy, is the satellite altitude, c is the speed of light, WD is the
window delay, w, is the bin width (0.2342 m for CryoSat-2 SAR
mode waveforms), ko is the nominal range bin number (64 for
CryoSat-2 SAR), Hg, is the sum of the applied geophysical correc-
tions, and Ngiq is the geoid correction.

The surface height span of all waveforms within each track is
determined as min(H"):max(H"') and the waveforms are oversam-
pled to 1 cm height intervals using linear interpolation to derive
the interpolated waveforms Wi,”‘. This allows for aligning the
waveforms with respect to the obtained surface height instead of
bin number.

For each WL"[, the average of the current and the four nearest
waveforms is calculated. Since the height of the water body at
nadir should be the same for all observations, an average of wave-
forms is not dominated by off-nadir echoes and can be used to
determine the subwaveform, which holds the nadir reflection.
The five waveforms will be different from each other due to off-
nadir contamination caused by varying surface cover or
topography.

min(p+2,Nw) )
ave int
W= > W, (4)

max(p-2,1)

For each of these averaged waveforms, W;", the first peak that
exceeds 20% of the maximum power is flagged. This is assumed to
represent the water level common to all five waveforms. In the
original L1B waveforms, the peak closest to the flagged peak from
the averaged waveform is found, and a subwaveform consisting of
the three previous and following bins around this peak is
extracted. The off-centre-of-gravity (OCOG) amplitude (Vignudelli
et al., 2010), A, is then calculated for the extracted subwaveform,
which consists of N bins of which all but 7 are zero. The point
where the subwaveform exceeds 80% of A is marked as the
retracking point.
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Fig. 2. Flowchart describing the MWaPP method.
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To illustrate the benefits of the MWaPP retracker, some inter-
mediate results for an ascending track crossing Lake Okeechobee
in Florida on December 29th, 2010, are shown in Fig. 3. The map
in Fig. 3(a) shows the location of a specific waveform and high-
lights the adjacent waveforms. As seen from the retracked heights
in Fig. 3(b) the standard NPPR retracker fails to determine the lead-
ing edge of the nadir reflection and instead retracks the echo com-
ing from an off-nadir bright target located near the coast. As seen,
the MWaPP retracker is able to determine a much more stable
water level. Fig. 3(c) shows how the leading edges of the lake sur-
face reflection are not aligned when the waveforms are referenced
to bin number. However, when oversampling the waveforms and
referencing them to surface height, a persistent leading edge
appears around a height of 4-5m and it becomes possible to
extract the correct subwaveform.

3.3. The physical SAMOSA3 retracker

SAR altimeter waveforms are different from waveforms from
conventional altimetry in the way that the power waveform is
much more focused with a steeper leading edge and a faster decay-
ing trailing edge. The SAMOSA (SAR Altimetry MOde Studies and
Applications) project has developed new theoretical models neces-
sary to retrack SAR mode waveforms in order to build on the the-
oretical knowledge and practical experience needed for the
CryoSat-2 and Sentinel-3 missions (Jain, 2015; Dinardo et al.,
2013). Information on the details of the development of the
SAMOSA processing model can be found in Ray et al. (2015),
Dinardo et al. (2013). The current model, which is used for this
study, is the third version and therefore called SAMOSAS3.

The SAMOSA3 model used for this study exists in two modes
(Jain et al., 2014); the standard mode for ocean waveforms (here-
after called SAMOSA3-0), and a mode adapted for lead type wave-
forms where the trailing edge is a lot steeper due to a more
specular surface reflection (hereafter called SAMOSA3-L). Since

inland water, like leads, can cause very specular waveforms,
SAMOSA3-L is included in this study. The retracking correction is
estimated in both modes. In ocean mode the significant wave
height can be estimated and for the lead mode the roughness can
be estimated. For this study only the ability of the SAMOSA3
retracker to fit the epoch (retracking point) is interesting, but it
is worth noting the ability of the retracker to fit other parameters
as well, as these might be useful for other studies.

In this study, it was found that the SAMOSA3 retrackers only
provide more precise height estimates if the correlation between
the fitted waveform and the observed waveform was higher than
0.99 in the ten bins closest to the estimated epoch. In many cases
(~40%) the SAMOSA3-L model fits the same waveforms that can be
fitted with the SAMOSA3-0 model, and sometimes the SAMOSA3-L
fit will even be better. Waveforms that were classified as ocean-
like were therefore fitted with both the SAMOSA3-O and the
SAMOSA3-L model. If both the SAMOSA3-0 and the SAMOSA3-L
models provided fits with correlations higher than 99%, the
retracking correction belonging to the model with the lowest
sum of errors in the 10 closest bins of the epoch was chosen. This
approach was chosen since the correlation did not always reveal
the best fit.

Some examples of the ability of the two SAMOSA3 models to fit
the CryoSat-2 waveforms are shown in Fig. 4. The results from an
ocean-like waveform are shown in the graph to the left and the
corresponding results are shown for a specular waveform to the
right. Both SAMOSA3 models fit the ocean-like waveform, with
correlations of 99.6% and 99.8% for the SAMOSA3-O and the
SAMOSA3-L, respectively. The two fits for the specular example
in Fig. 4 had correlations of 72.7% and 99.6% for SAMOSA3-0 and
SAMOSA3-L, respectively.

3.4. Data handling

The data handling consisted of several steps, as multiple
retrackers will be used for the retracking procedure where the
physical and empirical retrackers are combined, which requires
some extra precautions.
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Fig. 3. An ascending track over Lake Okeechobee in Florida, December 29th, 2010. (a) Part of the track with the current observation (blue) and its adjacent points (red)
highlighted, (b) the retracked heights obtained from both the NPPR retracker (blue) and the proposed MWaPP retracker (yellow), (c) the current (solid) and the four adjacent
(dashed) waveforms along with the subwaveforms and retracking points obtained with the NPPR retracker (blue) and the proposed MWaPP retracker (yellow), and (d) the

aligned and oversampled current (solid), adjacent (dashed), and averaged waveforms (yellow). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. The fits of SAMOSA3-0 and SAMOSA3-L for an ocean-like (left) and a specular (right) waveform retrieved over Lake Okeechobee, Florida. The estimated epochs for each
retracking method are also shown for comparison on the retrieved waveform.
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. The data are masked with the GLWD described in Section 2.2.

2. Waveforms that seem appropriate to retrack using the physical
retrackers are isolated by waveform classification. The wave-
forms are divided into 12 classes based on the shape of the
power echoes using a Naive Bayes classifier. The Naive Bayes
classifier was set up using a training set of approximately
6000 waveforms over inland water. This training set consist of
most waveform types and was used for all three study regions.

3. All waveforms are retracked using the NPPR retracker and the
proposed MWaPP retracker. Suitable waveforms are retracked
using the SAMOSAS3 retrackers depending on the classification
results, and heights for which the correlation between the
observed and the modelled waveform is higher than 99% are
accepted.

4. The worst outliers are removed by discarding all observations
more than two standard deviations from the track mean - the
outlier detection was performed twice as this was found to be
most effective without removing too many observations. Tracks
with fewer than six observations left were excluded from the
study.

5. For the retracking procedure where the physical and empirical
retrackers are combined, an offset is introduced due to the dif-
ferent retracking routines. To reduce this offset and obtain a
seamless transition when switching between retrackers, the
bias between them are minimized using a neural network
approach as done in Idris (2014). The neural network is able
to identify and model highly complex relationships between
functions. Firstly, the neural network is trained by supplying
it with input and output datasets. In this study the input data
are the retracked heights obtained with the SAMOSA3 retrack-
ers, and the output values are the results from the empirical
retrackers (either the NPPR or the MWaPP retracker). The neu-
ral network then tries to minimize the difference between these
two datasets. For each study region, the training set consists of
30% of the entire dataset. This method does not modify any
retracking parameters, but simply adjusts the heights from
the physical SAMOSA-3 model according to the model obtained
through the neural network. More detailed information on the
use of neural networks can be found in Beale et al. (2015).

In the end, there will be five water level datasets:

(a) NPPR: Heights obtained using only the NPPR retracker.

(b) MWaPP: Heights obtained using only the proposed empiri-
cal retracker.

(c) Combined (NPPR): Heights obtained using a combination of
the SAMOSA3 and the NPPR retracker. The bias was mini-
mized using the NPPR heights for the training set.

(d) Combined (MWaPP): Heights obtained using a combination
of the SAMOSA3 and the proposed MWaPP retracker. The
bias was minimized using the MWaPP heights for the train-
ing set.

(e) SAMOSA3-0: Heights obtained using only the results from
the traditional SAMOSA3 model for ocean-like waveforms.

6. For each track a mean is calculated, which is to be used for time

series.

Due to the slope of the Amazon River, the track means used to
derive the time series were detrended in the zonal direction similar
to Villadsen et al. (2015) using the retracked heights derived in this
study. The slope of the Amazon was estimated to be around 1 m
per degree longitude by fitting a linear polynomial to the height
estimates as a function of longitude.

For Lake Vdnern and Lake Okeechobee the track means obtained
from the various retracking methods were compared with in situ
data. The offsets between the retracked data and the in situ data
were removed prior to creating the time series by adjusting the
level of the retracked datasets so the time series had the same

mean values as the in situ data. As such, the accuracy of the alti-
metric heights will not be discussed. Instead, the evaluation com-
prised of a comparison of range precisions and RMSEs.

When range precision is mentioned in this study we are refer-
ring to the precision of the mean (as in Nielsen et al. (2015b)),
i.e. the mean standard deviation of each track crossing the study
area in question.

4. Results
4.1. Waveform classification

The spatial distributions of the retrackers used for Lake Vdnern,
Lake Okeechobee, and the Amazon River are shown in Fig. 5. The
results reveal that all three types of retrackers (SAMOSA3-O,
SAMOSA3-L, and empirical) are seen in each study area. The
degrees to which they are used, however, depend on the character-
istics of the water body.

In Lake Vdnern, which is the largest lake in this study, the
SAMOSA3-0 retracker is the most commonly used retracker in
the central parts of the lake and is used for 32.9% of all waveforms
retrieved over the lake. For some of the ocean-like waveforms the
SAMOSA3-L retracker provides a better fit, and especially in the
south borders of the western part of the lake the SAMOSA3-L
retracker is used to fit more specular waveforms near the shore.
In 51% of the cases the empirical retracker is chosen, especially
in the vicinity of the shore where the waveforms get more complex
due to contamination from land signals. For Lake Okeechobee the
same pattern is seen with slightly more waveforms retracked with
the lead adaptation of the SAMOSAS3 retracker.

The distribution of assigned classes is slightly different in the
Amazon River (see Fig. 5(c) with a larger number of empirically
retracked waveforms. This agrees well with our expectations, as
the Amazon River is smaller in size and has a channel pattern that
is more complex compared to the regular shapes of the lakes. All of
these characteristics are bound to produce more waveforms that
are either noisy or specular, which the SAMOSA3-O model will
not be able to fit. It is also seen that the specular waveforms are
found in the narrow parts of the Amazon and its tributaries,
whereas the SAMOSA3-O model is mostly used for waveforms
retrieved over the wider stretches.

4.2. Comparison of retracking methods

To compare the different retracking methods some examples of
the results for a couple of tracks crossing Lake Vdnern and the
Amazon River are shown in Figs. 6 and 7, respectively. Looking at
the detailed plot in Fig. 6(c) it is clearly seen that the results from
the MWaPP retracker are less noisy, such as the heights retrieved
around 58.86°N. There are of course exceptions to this, and the
sudden decrease in surface height around 58.58°N looks unnatural
and must be a retracking error. However, in general the MWaPP
approach appears to provide the best results.

The example over the Amazon River in Fig. 7 shows that the two
pure empirical retrackers give similar results for most waveforms.
It was observed that the results from the combined method varies
a lot regardless of the size of the training set used for the neural
network.

4.3. Standard deviations of overpasses

The mean standard deviations, for all tracks for each study area
are given in Tables 4 and 5 for all observations and observations
where both SAMOSA3-0 and SAMOSA3-L could have been used,
respectively. The latter comparison was done to see how well the
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Fig. 5. Classification results over the three different study areas. Distributions as
well as percentages showing where and how frequently the different retrackers
were used.

SAMOSA3-0 retracker performs compared to the empirical
retrackers. The standard deviations are a measure of the range pre-
cision and is mostly affected by the location of the track with

respect to the shore of the lake/river and the number of observa-
tions within each track. Higher standard deviations are usually
seen for overpasses close the coastline or in data acquired over
heterogeneous surfaces, where a high number of waveforms
within the track might be contaminated.

From Table 4 it is seen that the MWaPP retracker has the lowest
standard deviation of 9.1 cm over Lake Vdnern, which is to be
expected since this method will alleviate some snagging cases that
a simple outlier removal method will not detect. The combined
method where the MWaPP retracker has been used also performs
well with a mean standard deviation of 9.8 cm. The performance
of the NPPR retracker is not as good with standard deviations
around 15-16 cm for both the purely empirical and the combined
datasets. For comparison the results from the ESA L2 product have
been included. As seen from the results, the L2 product from ESA
does not provide stable heights over inland water and other
retrackers should be used. In general the standard deviations are
expected to decrease with increasing size of the water body (due
to the higher chance of the underlying surface being homoge-
neous), which is what we see for the MWaPP methods.

Table 5 shows the track standard deviations only including
retracked heights obtained from waveforms that could be fitted
with both SAMOSA3 retrackers, which leaves us with only the
well-behaved waveforms. Looking at only these waveforms allows
for a fair comparison of the various retrackers, and as expected the
range precision increases in general for all retracking methods.
Comparing precisions between study areas becomes somewhat
misleading, as the number of remaining observations for the smal-
ler water bodies is very low (e.g. 2 SAMOSAS3 fits per Amazon track).
One should therefore only compare values for the same study area.

For Lake Vdnern we see that the highest precisions are obtained
when using just the SAMOSA3-O retracker, which is what we
would expect considering the size of the lake.

For Lake Okeechobee and the Amazon River we also get the
lowest standard deviations when using only the SAMOSA3-O
retracker. It should be noted that for all methods apart from the
ESA L2 product, the precision only varies within one centimetre
(1.1 cm for Lake Vdnern, 0.5 cm for Lake Okeechobee, and 0.6 cm
for the Amazon River). Although the biases between the physical
and empirical retrackers were minimized using a neural network
there still appears to be some excess noise in these datasets com-
pared to those that are obtained purely from empirical retrackers.

4.4. Time series

The time series obtained for the three study areas are shown in
Fig. 8(a)-(c). The available in situ water levels have been included
for comparison and the corresponding RMSEs are given in Table 6.

The time series for Lake Vdnern in Fig. 8(a) shows a complicated
pattern, which is captured well with satellite altimetry. The water
level time series Lake Vdnern cannot be resolved by a simple sine
or cosine function, and varies less than a metre for the entire time
period. The lowest RMSEs are obtained with the SAMOSA3-0O
retracker, but it should be noted that the SAMOSA3-0 dataset only
include results from the well-behaved waveforms. Comparing the
RMSEs obtained from the NPPR and MWaPP methods for only
these observations reveal similar performances.

When using all observations to derive time series data the RMSEs
are slightly higher. The results from the MWaPP retracker give an
RMSE around 5 cm, whereas the NPPR method has an RMSE around
11 cm. The RMSE values show that combining the physical and
empirical retrackers do not offer more accurate time series data.

The time series over Okeechobee reveals that the mean values
from MWaPP and the combined method with MWaPP values are
almost identical. In fact, the mean absolute difference is only half
a centimetre. Looking at the RMSE values we see the same thing



H. Villadsen et al./Journal of Hydrology 537 (2016) 234-247

Lake Vanern, Sweden
T

243

(a)

Retracked heights [m]

T |
—NPPR -

- - -Combined (NPPR)
——MWaPP
- Combined (MWaPP)-|

MVV&./ W J ;/, N

| I 1 J

58.5

Track location

58.7 58.9 59

Latitude

| - - -Combined (NPPR)

Corpbined (MyVaPP)

| 1

E
[2}
z
K=
Q
=
kel
g
g ——NPPR
b
44.8
& MWaPP
44.7
58.81 58.82

1 1 1 1
58.85 58.86 58.87 58.89

Latitude

58.83 58.84 58.88

Fig. 6. (a) Comparison of retracking methods over Lake Vdnern for a track on October 31st, 2011. (b) Track location across the lake. Highlighted (blue) points mark the
observations shown in the detailed plot of (a) in (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Track location

Amazon River (Obidos), Brazil

2 5.45 T T T

——NPPR

- = - Combined (NPPR) /

H 54 —— MWaPP N\ a
~ = -~ Combined (MWaPP) i = !

Retracked heights [m]

Il Il Il 1 |

5.15

-55.56 -55.5 -55.45 -55.4 -1.99

Lon

-1.985

-1.975 -1.97 -1.965 -1.96 -1.955

Latitude

-1.98

Fig. 7. Comparison of retracking methods over the Amazon River for a track crossing the river on October 2nd, 2012.

Table 4

Mean track standard deviations for the different methods for all available observations. Mean number of available observations per track is written in square brackets. Best results

are highlighted in bold font.

Retracking method Lake Vdnern

Lake Okeechobee Amazon River (Obidos)

NPPR 15.3 cm [109]
MWaPP 9.1 cm [110]
Combined (SAMOSA3 + NPPR) 15.9 cm [109]
Combined (SAMOSA3 + MWaPP) 9.8 cm [110]
ESA L2 53.9cm [107]

39.2 cm [98] 29.9cm [16]
13.4 cm [98] 29.0cm [16]
40.1 cm [98] 30.0 cm [16]
13.9 cm [99] 29.5cm [16]
78.8 cm [95] 82.6 cm [16]

as in Lake Vdnern, i.e. that the MWaPP retracker provides heights
that follow the in situ levels much closer than the NPPR method.
Again, the SAMOSA3-0 retracker agrees the best with in situ data
(2.1 cm), but with the corresponding RMSEs for NPPR and MWaPP
are almost as low (2.4 cm)

For the Amazon River, the MWaPP retracker performs slightly
worse than the NPPR method with RMSEs around 38-39 cm and
33 cm, respectively. The RMSE is more than halved when including
only well-behaved waveforms for which the SAMOSA3-0 retracker
works (~15 cm).
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Table 5
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Mean track standard deviations for the different methods for waveforms where both SAMOSA3 retrackers have correlations higher than 99%. Mean number of available
observations per track is written in square brackets. Best results are highlighted in bold font.

Retracking method Lake Vdnern

Lake Okeechobee Amazon River (Obidos)

NPPR 5.3 cm [28]
MWaPP 5.2 cm [28]
Combined (SAMOSA3 + NPPR) 4.7 cm [28]
Combined (SAMOSA3 + MWaPP) 4.7 cm [28]
SAMOSA3-0 4.2 cm [26]
ESA L2 9.6 cm [28]

4.4 cm [34] 3.2cm [3]
4.3 cm [34] 3.5cm [3]
4.4 cm [35] 2.8cm [3]
4.3 cm [34] 3.3cm [3]
3.9cm [32] 3.4cm [3]
9.9 cm [34] 4.8 cm [3]
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Fig. 8. Time series for the three different study areas derived from retracked heights and compared with in situ data.

5. Discussion

In general the studies presented here show great results from
all retrackers, but it is clear that the MWaPP retracker is able to
retrieve heights from complex waveforms that would, if using
other retrackers, result in erroneous height estimates. The method

has a very low computational cost compared to the SAMOSA3
model, and although the results from the SAMOSA3-0 retracker
are better, i.e. have higher precisions and lower RMSEs, it is debat-
able whether or not the time consuming implementation/fitting
and high number of discarded waveforms is worth the gain in
precision.
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Table 6

RMSEs between retracked heights and in situ water levels for Lake Vdnern and Lake Okeechobee. The numbers in the parentheses are the same statistics but only including the
observations where the SAMOSA3-O retracker could be used. Total number of available mean water levels is written in square brackets.

Retracking method Lake Vdnern Lake Okeechobee Amazon River (Obidos)
NPPR 10.9 cm [86] (5.1 cm [70]) 61.8 cm [55] (2.4 cm [43]) 33.3 cm [66] (14.7 cm [41])
MWaPP 5.0 cm [86] (3.8 cm [70]) 12.6 cm [55] (2.4 cm [43]) 38.5cm [66] (15.0 cm [41])
Combined (SAMOSA3 + NPPR) 10.9 cm [86] 61.6 cm [55] 33.2 cm [66]

Combined (SAMOSA3 + MWaPP) 5.1 cm [86] 12.3 cm [55] 38.3 cm [66]

SAMOSA3-0 3.5cm [70] 2.1 cm [43] 15.3 cm [41]

ESA L2 47.0 cm [86] 121.9 cm [55] 88.8 cm [66]

Compared to the studies summarized in Table 1 the results for
Lake Vdnern and Lake Okeechobee are very encouraging. The low-
est RMSE of 2.1 cm obtained from the SAMOSA3-0 retracker over
Lake Okeechobee is especially impressive considering the geodetic
orbit of the CryoSat-2 satellite and the size of Lake Okeechobee
compared to the other study regions presented in Table 1. How-
ever, it should be noted that the results from the SAMOSA3-0
retracker are only obtained for well-behaved waveforms. There-
fore, the RMSEs from the MWaPP retracker of 4.9cm and
12.6 cm for Lake Vdnern and Okeechobee, respectively, are more
comparable to the values listed in Table 1.

There is no doubt that the SAMOSA3 retracker provides very
stable water levels. The benefit of using the SAMOSA3 retracker
is however concealed in regions like inland water where compli-
cated waveforms are repeatedly encountered and an empirical
retracker is needed as well. Trying to avoid the offset between
the physical and empirical retrackers by adjusting the 80% thresh-
old level for the empirical retrackers was unsuccessful. Therefore,
in this study the offset is reduced using a neural network. From
the results presented here, combining the physical and empirical
retrackers does not seem to offer a higher level of precision or
agreement with in situ data compared to using purely empirical
retrackers. Indeed, the results presented here indicate that the bias
issues that are introduced when combining retrackers mask the
potential benefits of combining retrackers. Many of the outliers
causing the higher RMSE of the NPPR dataset could of course have
been avoided by using more sophisticated outlier detection meth-
ods, such as done in Nielsen et al. (2015b), but the MWaPP method
presented in this study allows for retrieval of a higher number of
useful heights, which is preferred in data sparse regions, such as
narrow rivers or places with few useable height estimates.

There are many errors sources for inland water altimetry, and it
is hard to expect RMSEs lower than 2-3 cm. The geophysical correc-
tions available over inland water are associated with several limita-
tions (Fernandes et al., 2014), especially over smaller lakes and
rivers. Comparing with in situ data also provides a source of error,
as there might be a time lag between the time of the two water level
measurements. In this study, daily gauge data were used, which
could introduce some error depending on the rate at which the
water level changes. The location of the gauge station also impacts
the results, e.g. in case of strong winds, where water might be
retained in certain areas of the lake, or if the river morphology
differs from place to place, causing higher water levels in some
areas, and lower in others. The orbit determination error is assumed
to be less than 1 cm as according to Jayles et al. (2015). With all
these potential error sources in mind, the results obtained in this
and previous studies are not expected to improve further for lakes,
but with sophisticated retracking and data editing, lower RMSEs
might be obtainable for rivers. For Lake Vdnern, freezing in winter
might cause erroneous height estimates, which was not taken into
account in this study. Apart from relatively large discrepancies
between retracked and in situ data during the winter 2010/2011,
which could be due to ice-cover during a cold winter, freezing of
the lake does not seem to affect the presented results. After looking
at historical temperature data from Karlstad just north of Lake

Vnern, it was witnessed that the air temperature often drops below
zero in the period December-March, during which period eparts of
the lake might be covered with ice. When data from these months
are removed from the analysis, we obtain slightly lower RMSEs for
the MWaPP and SAMOSA-O retrackers of 4.0 cm and 3.3 cm, respec-
tively. For the NPPR method, removing the winter data resulted in
an RMSE of 12.4, i.e. a slight increase.

6. Conclusions and outlook

In this study we presented a number of novel methods for
retracking CryoSat-2 SAR waveforms over inland water, especially
the new way of taking adjacent waveforms into account during
retracking to find the subwaveform that is most likely to hold the
echo from the water body at nadir. We also presented a combined
method that uses an empirical retracker as well as the SAMOSA3
model with retracking offsets minimized using a neural network
approach.

The results showed that the SAMOSA3 model outperformed the
other retrackers. However, the results were not much better than
those obtained using the empirical MWaPP retracker presented
in this study. When combining the physical and empirical retrack-
ers, the higher precision of the SAMOSA3 model is concealed by the
retracking offsets even after these were minimized using a neural
network. Due to these findings we suggest using the proposed
MWaPP developed for this study in regions where most waveforms
cannot be retracked by the SAMOSA3 model. In bigger lakes with a
high number of observations it could prove more beneficial to use
the SAMOSAS3 retrackers, especially if information on significant
wave height or roughness is desirable, and simply discard wave-
forms where an acceptable fit is not obtainable.

To further improve precisions and RMSEs, we also suggest using
more sophisticated methods for outlier detection and determina-
tion of robust mean water levels such as described in Nielsen
et al. (2015b). Finally, it should be noted that the methods derived
here are used on CryoSat-2 data, but should be easily applicable to
any SAR data (such as from the upcoming Sentinel-3 mission) with
only a few simple adjustments of the many parameters in the
SAMOSA3 model. Sentinel-3 and its SRAL SAR altimeter will
improve the possibilities for inland water monitoring even further
with the repeat orbit of 27 days.
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