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Abstract. Satellite altimetry has been designed for sea level
monitoring over open ocean areas. However,—since—some
years, this technology is also used for observing inland wa-
ter-Jevels-of-lakes-and-rivers:-However, for some years, this
technology has also been used to retrieve water levels from
reservoirs, wetlands and in general any inland water body, al-
though the radar altimetry technique has been especially ap-
plied to rivers and lakes. In this paper, a new approach for the
estimation of inland water level time series is described. It is
used for the computation of time series of rivers and lakes
available through the web service ‘Database for Hydrologi-
cal Time Series over Inland Water’ (DAHITI). The-method-is
based-on-aKalman-filter-approach-incorporating-multi-mis-
Jason-t-Jason-2-Topex/Poscidon—and-SARAL AHICA-are
usedThe new method is based on an extended outlier rejec-
tion and a Kalman filter approach incorporating cross-cal-
ibrated multi-mission altimeter data from Envisat, ERS-2,
Jason-1, Jason-2, Topex/Poseidon, and SARAL/AltiKa, in-
cluding their uncertainties. The paper presents water level
time series for a variety of lakes and rivers in North and
South America featuring different characteristics such as
shape, lake extent, river width, and data coverage. A com-
prehensive validation is performed by comparisons with in
situ gauge data and results from external inland altimeter

45

databases. The new approach yields RMS differences with
respect to in situ data between 4 cm and 3836 cm for lakes
and 428 cm and 439114 cm for rivers, respectively. For most
study cases, more accurate height information than from
available—otherother available altimeter data bases can be
achieved.

Keywords. Satellite Altimetry; Inland Water; Kalman Fil-
ter; DAHITI; Envisat; ERS-2; Topex/Poseidon; Jason-1;
Jason-2; SARAL/AltiKa

1 Introduction

Since the 1990s, monitoring and modelling the water cycle of
the system Earth have become a very important task
and Stewart, 2010). In particular, the knowledge of regional
changes of water storage in rivers and lakes is fundamen-
tal for the risk assessment of natural disasters such as the
droughts and floods which have been increasing over the last
few decades (Guha-Sapir and Vos| 2011). Despite the grow-
ing importance of measurements, the number of in situ sta-
tions monitoring river discharge is globally declining. The
number of river discharge time series provided by the Global
Runoff Data Center (GRDC) decreased from about 7,300
to 1,000 stations between 1978 and 2013
Data Center, 2013). In order to make a statement about the
development of water level gauging stations an equivalent
database such as the GRDC is required. In general, in situ
water level data are managed by federal institutions which
make data access very difficult. However, many remote sens-
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ing satellites have been launched in the last few years mea-
suring parameters relevant for the investigation of the water
cycle, e.g. precipitation, water level, and gravity.

One-ofAmong these remote sensing techniques is satel-
lite altimetry. Besides its main design goal of measuring wa-
ter-level-heightswater levels in the ocean, satellite altimetry
can also be used for deriving waterlevel-heightswater lev-
els of inland water bodies, i.e. lakes, reservoirs, rivers, and
wetlands (e.g. Birkett| 1995, |Crétaux and Birkett| 2006, and
Crétaux et al|2011). The advantage of satellite altimetry is its
global availability, which allows for estimation of water level
time series even in remote areas without local infrastructure.
Satellite altimetry can provide water level time series longer
thenthan two decades.

tor-not-all-water-bodies—can-be-captured-However, because

its measurement geometry provides observations along spe-
cific ground tracks touching water bodies is by chance.
Thereby, big water bodies have a higher probability to
be passed than smaller ones. In addition, because of a
repeat orbit configuration the temporal resolution is lim-
ited to 35 (EnvisatERS-2, Envisat, SARAL/AItiKa) or 10
(FopexHasoenTopex/Poseidon, Jason-1, Jason-2) days when
only single altimeter missions are used. Thus, the combina-
tion of different altimeter systems plays a key role in increas-
ing the temporal and spatial resolution as well as the length
of the time series. Satellite altimetry has to cope with differ-
ent problems over inland water which are mainly caused by
the large pulse-limited footprint of radar altimeters. For al-
timeter missions using Ku-band such as Envisat, the resulting
footprint varies between 2 km over the ocean and up to 16 km
over the land (Chelton et al.,2001). Even for SARAL/AItiKa,
measuring in Ka-band, the footprint size still-isis still about 8
km (Schwatke et al., [2015). The majority of problems in the
field of inland satellite altimetry are the result of land con-
tamination. This effect is twefeldtwo-fold: on the one hand
the contamination of the radar echo leads to degraded range
quality or even to unusable data sets, on the other hand so-
called ‘hooking’ or ‘off-nadir’ effects occur. The second ef-
fect arises from off-nadir radar returns when the satellite is
still/already over land but receives the main reflection from
the off-nadir water areas. This leads to longer ranges visible
in a parabolic shape of the resulting height sequence. This ef-
fect can be-easily corrected by fitting curves ento the resulting
waterlevel heightswater levels (da Silva et al. 2010, [Maillard
et al.|2015). For each land-water transition a parabola can be
fitted to the measurements that can be used to correct the off-
nadir effect. In this paper, the off-nadir data are discarded
since for all targets enough reliable nadir-measurements are
available. The first effect is more challenging. The contami-
nation of radar measurements by land causes a degeneration
of ocean-like waveform shapes (Brown, [1977). The-affected

waveforms—are-more-peaky—and-reliable-heights—cannot-be
derived-using-ocean-waveformretrackersThe affected wave-

forms do not have typical brown-like shapes and cannot be
retracked by using ocean waveform retrackers (MLE (Chal-
lenor and Srokosz, [1989), NASA 3 (Martin et al.| [1983)), etc).
Therefore, additional retracking has-tecan be applied with re-
bust-retracking algorithms such as OCOG (Wingham et al.
1986), Improved Threshold (Hwang et al.| [2006), etc. in-or-
der-to-achieve-reliable-heights:which are more robust with
respect to the geometry of the waveforms and can achieve re-
liable heights. The choice of retracker depends on the quality
of existing altimeter measurements which varies between in-
vestigated inland water bodies because of their extent, shape
or ambient topography.
and-rivers-by-differentgroups-during-the last-years. The poten-
tial of satellite altimetry for the estimation of water level
time series and for understanding the terrestrial water cy-
cle was shown by Birkett| (1995), Crétaux and Birkett (2006)
and |Crétaux et al.|(2011). In most studies, only single satel-
lite tracks were used for the computation of water level time
series. The most popular study areas were the Great Lakes
(Ponchaut and Cazenave| (1998) used Topex/Poseidon) and
the Amazon basin. For the latter, investigations were based
on different missions: e.g. Topex/Poseidon (de Oliveira Cam-
pos et al, 2001} |Zakharova et al. 2006), Topex/Jason-
1/Jason-2 (Seyler et al., 2013) and ERS-2/Envisat (da Silva
et al.l, 2010). In addition to these individual investigations
four global databases have been developed that provide the
international community water level time series over inland.
The different processing strategies of these four databases are
described as follows.

The Hydroweb databasefﬂl was developed by the Labora-
toire d’Etudes en Géophysique et Océanographie Spatiales
(LEGOS). For the estimation of water level time series over
lakes and rivers, a multi-mission approach using satellite
altimeter data of Topex/Poseidon, ERS-1, ERS-2, Envisat,
Jason-1, and GFO is applied. The physical heights are esti-
mated in a track-wise manner and are corrected by the slope
of the geoid or mean lake level and by range biases with re-
spect to Topex/Poseidon. The final time series are computed
by merging the altimeter data on a monthly basis. The ap-
plied approaches used-are published in [Crétaux et al.| (2011)
and|da Silva et al.|(2010).

The River & Lakes database®'®|was developed by the Eu-
ropean Space Agency and the De Montfort University (ESA-
DMU). It provides track-wise time series derived from Jason-
2 and Envisat for a variety of inland waters. For each track
crossing the water body of interest a single time series is
processed. The methodology for the estimation uses an ex-

http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/
IBhttp://tethys.eaprs.cse.dmu.ac.uk/RiverLake/shared/main
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pert system which is based on neural networks (Berry et al.
1997). 215

The Global Reservoir and Lake Monitor (GRLMJ™| is
maintained by the Foreign Agricultural Service of the United
States Department of Agriculture (USDA). FimeseriesWater
level time series of lakes and reservoirs are estimated by us-
ing a segment of one single altimeter track over the investi- 220
gated target. The time series are composed of data from con-
secutive altimeter missions measured along the same ground
track. A combination of contemporaneous missions is not
performed. The method for the estimation of water level time
series is described in [Birkett et al.| (2011)). 225

The Database for Hydrological Time Series over Inland
Water (DAHITI) | was launched by the Deutsches Geoditis-
ches Forschungsinstitut (DGFI, now DGFI-TUM) in 2013.
Currently, DAHITI provides about 250 time series of rivers,
lakes, reservoirs, and wetlands. The methodology for the es- 23
timation of water level time series in DAHITI is based on
an extended outlier rejection and a Kalman filter approach
described in detail in the article at hand.

In contrast to the methods already published in the liter-
ature, our approach is based on a rigorous combination of 2
a variety of altimeter missions. In addition, extended out-
lier detection is applied and optional waveform retracking
is implemented. Moreover, the processing contains a full er-
ror propagatlon and prov1des accuracies for each hel ght mea-
surement 5 SeUSS ¢ ¢

eakenmteaeeetm Furthermore correlatlons between altlme—
ter measurements are considered in order to achieve more
reliable errors for each water level height. The current paper
provides detailed information on the estimation of water level 25
time series and performs a comprehensive validation by com-
paring the results with in situ gauging data and time series
from other databases (EEGOSHydroweb, ESA-DMURiver

& Lakes, and GRLM).

The article is structured as follows: In Section2lthe altime- 250
ter data that serve as input for the Kalmanfilterapproach-as
well-as-the preprocessing-of the-dataprocessing are described.

In Section [3] the methodology for the estimation of water
level time series from satellite altimeter data using a Kalman
filter approach is explained. Section [4] starts with the intro- s
duction of the validation areas and data before the resulting
water level time series and validation results are presented.

The-paperfinishes—with-a—conclusion-The paper concludes

with a summary of the results and outlook.

260

2 Altimeter Data and preproeessingHeight Estimation

“Onttp://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/
“http://dahiti.dgfi.tum.de

In this paper, altimeter measurements from Topex, Jason-
1, Jason-2, ERS-2, Envisat, and SARAL/AlKAAItiKa are

used depending on the data coverage for the inland wa-
ter bedybodies under investigation. In principle, data from
Geosat, ERS-1, HY-2A, IceSAT, and Cryosat-2 can be used.
However, these missions are neglected in the current in-
vestigations for a number of reasons, i.e. lack of data over
land, non/long-repeat cycle, bad data quality, or missing
waveform information. The applied missions can be sepa-
rated into two groups according to their orbit characteristics.
Topex/Poseidon was launched in 1992 into an orbit with a
repeat cycle of 9.9156 days and a track separation at the
equator of about 300 km. The mission was followed by its
successors, Jason-1 and Jason-2. These three altimeter satel-
lites can be used for estimating continuous time series over
more than two decades. The second group starts with ERS-
2 (launched in 1995), followed by Envisat and SARAL/A}-
tiKAAltiKa. The orbit of these missions is defined by a re-
peat cycle of 35 days and a track separation of about 80 km
at the equator. The data are available for almost two decades
with a data gap between 10/2010 (end of Envisat core mis-
sion) and 03/2013 (launcf of SARAL/AItiKa). due-to-the
of SARAL/AKKAThe data for Envisat on its drifting orbit
(10/2010-04/2012) are not used. ERS-1 is not yet ready for
use in DAHITI but will be integrated in the near future. This
will enable extensions of the time series back to 1991.

For the estimation of waterlevel-heightswater levels, Sen-
sor Geophysical Data Records (SGDR) altimeter products
are used which provide +Hzand-high-frequent ranges as well
as altimeter waveforms. The altimeter waveforms allow-fer
s individual retracking in order to achieve more reliable al-
timeter ranges, especially for smaller inland water bodies.
Table [T] shows a list of the altimeter missions used and pro-
vides information about the product, cycle length, frequency,
erossalong-track distance between altimeter measurements
on the ground, time period, and mean range bias with respect
to Topex.

Depending on the investigated inland water body the orig-
inal ocean ranges in the SGDR are very often corrupted. Es-
pecially over small lakes and rivers the altimeter waveforms
do not exhibit the typical ocean-like shape because of land
contamination. Land-contaminated altimeter waveforms are
usually more peaky and noisy which leads to flat-patched,
quasi-specular and complex waveforms (Berry et al.l [2005)).
The quality of the ranges can be improved by retracking
these waveforms. In this study, the ‘Improved Threshold Re-
tracker’ (Hwang et al.l 2006) with a threshold of 10% is
applied if additional retracking is necessary. In general, all
altimeter measurements of smaller lakes and rivers are re-
tracked if the ocean product does not lead to reliable time se-
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Table 1: List of all altimeter missions used in this study together with their main characteristics.

Mission ‘ Product ‘ Cycle length ‘ Data rate ‘ Along-track distance ‘ Time period ‘ Mean range bias ‘
Envisat' SGDR (v2.1) 35d 18 Hz ~374 m 2002 - 2010 450.8 + 7.9 mm
Envisat (EM)' SGDR (v2.1) 35d 18 Hz ~374 m 2010 - 2011 4412 + 2.6 mm
ERS-2! SGDR (REAPER) | 35d 18 Hz ~374 m 1995 - 2007 71.2 + 6.9 mm
Jason-1?3 SGDR-C 9.9156 d 20 Hz ~294 m 2002 - 2009 973 + 1.3 mm
Jason-1 (EM)?? SGDR-C 9.9156d 20 Hz ~294 m 2009 - 2012 97.2 + 2.6 mm
Jason-1 (GM)** SGDR-C 9.9156d 20 Hz ~294 m 2012 - 2013 103.1 + 1.7 mm
Jason-223* SGDR-D 9.9156 d 20 Hz ~294 m 2008 - active | -4.7 + 1.0 mm
Poseidon?? ALT SDR (L1B) 9.9156d 10 Hz ~620 m 1992 - 2002 -1.1 £7.2mm
Topex?? ALT SDR (L1B) 9.9156 d 10 Hz ~620 m 1992 - 2002 -0.2 4+ 1.2 mm
Topex (EM)?3 ALT SDR (L1B) 9.9156d 10 Hz ~620 m 2002 - 2005 -0.0 + 2.5 mm
SARAL/AIJ- SGDR-T (patch 2) 35d 40 Hz ~173 m 2013 - active -67.5 £ 1.7 mm
HKAAltKa®

operated by: 'ESA, 2NASA, >*CNES, *EUMETSAT, *ISRO

ries because of land contamination. Testing different thresh- s
olds for the retracking of altimeter measurements showed
that a threshold of 10 % gives slightly better results for
smaller lakes and rivers. In our implementation of the ‘Im-
proved Threshold Retracker’ the first sub-waveform is al-
ways chosen. Nor do we use a reference height for choos- as
ing the sub-waveform such as the last range over ocean as
described in (Hwang et al., [2006) since this is difficult in
the case of small lakes and rivers. This algorithm is very ro-
bust and delivers ranges for all surface types—Fhey which
are more reliable than the original ranges over small inland a1
waters. However, over open water (i.e. larger lakes) the re-
sulting ranges are less precise than ranges derived from re-
tracking algorithms for ocean applications. It is known that
switching retracking algorithms along a single satellite track
leads to height offsets (Crétaux et al., 2009). To avoid those a1
offsets, all altimeter measurements of an investigated inland
water body are retracked with the same algorithm.

In order to convert the range measurements (original or
retracked) to waterJevel-heightswater levels serving as in-
put for our Kalman filter approach numerous preprocessing sz
steps are necessary. Eq. [[|summarizes the height computation
from altimeter products (orbit height hs,; and (retracked) al-

identical geophysical corrections for all missions and over
the whole time period in order to avoid inconsistencies in
the resulting multi-mission time series. To correct the wet
(Ahwet) and dry (Ahg,y) tropospheric delay, products of
ECMWEF for Vienna Mapping Function 1 (VMF1) (Boehm
et al., 2009) are used. The ionospheric delay Ah;,y, is cor-
rected by using the NOAA Ionospheric Climatology 2009
(NIC09) (Scharroo and Smith, 2010) model. The solid Earth
tide and pole tide corrections (Ahetige,ARpiiqe) are applied
according to the IERS Conventions 2003 (McCarthy and Pe-
tit, |2004)). Finally, each single altimeter measurement is cor-
rected for its radial error Ah,.,q in order to account for inter-
mission-range biases-is-corrected. Radial errors are derived
from a global multi-mission crossover analysis as described
by Bosch et al.| (2014). They are computed with the ocean
products. Radial errors were interpolated over land to pro-
vide range bias corrections for each altimeter measurement
over land. This approach works quite well as long as the
ocean product is used for the computation of inland water
levels. However, as soon as retracking is involved additional
retracker offsets will occur. In order to minimize the relative
offsets between different altimeter tracks, we use the same
retracker for all measurements over one target. That mini-

timeter range 7,;¢). These processing steps have to be per-
formed for each individual altimeter measurement. The de-
rived normal heights A, ormqr serve as input for the Kalman s2s
filterDAHITI approach described in Section 3}

hsat = rare—

Ahyet — Ahgry — Ahiono—

Ahetide — ARptide— .
Ahpag — N (1)

hnormal

First, the range has to be corrected for geophysical ef-
fects. For this purpose, the models and eenventionscorrec-
tions given in Table |Z| are applied. It is important to apply

mizes the inter-mission biases which are shown later for se-
lected results in Section @ and allow us to use different
altimeter missions as a single virtual altimeter system. The
average values of the applied range errors are given in Ta-
ble [I] for each altimeter mission. All data used in this study
(the altimeter data as well as all corrections) are extracted
from OpenAD the open altimeter data-basedatabase of
DGFI-TUM. More information on OpenADB is given in
Section[3.1] The quality of extracted geophysical corrections
is checked and altimeter measurements are rejected if they
do not comply with-certain-threshoelds:with the valid ranges
given in the mission handbooks.

“Shttp://openadb.dgfi.tum.de
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Table 2: List of applied models and geophysical corrections

Correction ‘ Source/Model ‘ Reference

Wet troposphere ECMWEF (2.5° x 2.0°) for Vienna Mapping Functions 1 (VMF1) Boehm et al.| (2009

Dry troposphere ECMWEF (2.5° x 2.0°) for Vienna Mapping Functions 1 (VMF1) Boehm et al.[(2009
Ionosphere NOAA Ionosphere Climatology 2009 (NIC09) Scharroo and Smith (]2010
Solid earth tide IERS Convention 2003 McCarthy and Petit| (2004
Pole tide IERS Convention 2003 McCarthy and Petit| (2004,
Range Bias MMXO14 Bosch et al.|(2014

Geoid EIGEN-6C3stat Forste et al.| (2012

For the computation of water level time series within the s7s
Kalman filter approach normal heights h,,,.mq; are used as
input data whereas altimetry provides ellipsoidal heights.
However, ellipsoidal heights are purely geometrical and do
not allow us to predict where the water will flow. We compute
normal heights by subtracting a (quasi-)geoid model (V) ss0
from the ellipsoidal heights. For this purpose, the EIGEN-
6¢3stat model is used which supplements
the EGM2008 geoid model with additional GOCE gravity
data. Fhe-derived-waterlevels-arc-assamed-to-be-constant-overlakes
since in general, the water is in balance with gravity and hydrody- sss

3 Kalmen FilterDAHITI Approach

In order to use altimeter measurements from different tracks
and missions a consistent and reliable combination strategy
is important. The irregular spaced observations from differ- 3%
ent locations must be merged into one time series per target
and the optimal combination of measurements with different
uncertainties must be ensured. This requirement is fulfilled
by our DAHITI approach which is based on an extended out-
lier rejection and a Kalman filter for the estimation of water

level time series. %Hequﬂemeﬂ&ls%&kﬁﬂed—by—a&almaﬂﬁker

The processing strategy for the estimation of water level
time series over inland waters using a—Kalman—filterthe
DAHITI approach is separated into three steps: preprocess-
ing, Kalman filtering and postprocessing (cf. Fig:Figure E[)
The preprocessing step includes all necessary tasks for the s
preparation of the input altimeter heights such as waveform
retracking, applying range corrections, calculation of standard
dewaaen&(SDs)ﬁf heights errors, and I‘C]CCthIl of outliers.

estimating—water—levels—for-each-grid-peintIn the Kalman

filtering step, the computation of the water levels of the in-
vestigated water body is performed. In this paper, we apply
Kalman filtering in a single location centred on the investi-
gated water body and obtain one computed water level for
each epoch. However, there is also an option for performing
Kalman filtering on a grid which can be used for investiga-
tion of the surface variability of larger lakes.

In the postprocessing step, all waterlevel-heightswater lev-
els from the previous step are merged to form a single wa-
ter level time series referring to one reference location if the
Kalman filtering was performed on a grid. Subsequent outlier
detection is-conduetedcan be conducted if necessary. The fi-

nal time series is stored in the—Databasefor Hydrologieal
Time-Series-of Inland-Water" (DAHITDDAHITI, accessible

via the website.

3.1 Preprocessing

The Open Altimeter Database (OpenADB) holds satellite al-
timeter data and derived high-level products. OpenADB pro-
vides satellite altimeter data, geophysical corrections, mod-
els, etc. which are also accessible via the website. All infor-
mation is stored in separate parameter files named Multi- Ver-
sion-Altimetry (MVA) and can be individually combined to

achleve water helghts MpenADBsateHﬁ%alm%daewafe

the}r—mdméualrp&rpes% The data sets from OpenADB used

for this study and the methodology used to derive individual
water-level-heightswater levels are described in Section@

In addition to the normal heights of the water levels the
Kalman filter requires information on the quality of each
measurement. This information is used for the weighting of
the individual data sets as well as for the error estimation
of water level products. Because of lackingthe lack of ab-
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Figure 1: Processing strategy for the computation of water
level time series for inland waters in DAHITI in three main
steps: preprocessing, Kalman filtering, and postprocessing.

solute accuracy, the precision of the heights is computed by
analysing the along-track scatter of the measurements.

For-this-purpose-a-standard-deviation-for-cach-water-level ass
i B -' cl --' cttd i cl HE cl

S hen.l ) < locati |
the-shore-For this purpose, an ‘absolute deviation around the

median’ (ADM) is estimated by using a sliding box along
the altimeter track. The size of the sliding box varies for «7s
large lakes (4-3.5km), small lakes/large rivers (+-1.5km) and

smaller rivers (+0.5km). The definition of the sliding box
in kilometres instead of number of points allows consis-
tent handling of missions with different data rates (10 Hz,
20 Hz, or 40 Hz) and ensures correct inter-mission weight-
ing. The ADM is calculated by estimating a median of the
water heights within the box. Then the median height is sub-
tracted from the current water height and the absolute value
of the difference is used as the ‘error’ of the altimeter mea-
surement. Compared with estimated standard deviations, the
ADM method is more robust against corrupted water heights
and topography near shores and leads to more reliable errors
as long as more than half of the altimeter measurements are
over water.
terta-can-be-selected-for-track-wisc-outhier-detection: Before
Kalman filtering is performed various user-defined outlier re-
jections can be applied. Inaccurate waterlevel-heightswa-
ter levels must be rejected before Kalman filtering; precise
ones are used for the estimation of the resulting waterlevel
heightswater levels. The following outlier criteria can be ap-
plied in the preprocessing step.

Latitude thresholds

Water height thresholds

Height error (ADM) threshold

Backscatter coefficient (Sigma0) thresholds

Along-track outlier test (SVR)

It is important to note that the criteria for the outlier detec-
tion are very flexible and the optimal configuration strongly
depends on the investigated water body. As a consequence,
the parameters for outlier rejection vary with the study areas.
First, three outlier criteria (latitude thresholds, water height
thresholds and height error threshold) are applied. Different
ean-be-seleeted: The backscatter coefficients of altimeter mea-
surements provide information about the reflectance of the
surface. This information can be used to reject altimeter mea-
surements affected by ice. Moreover, outlier detection with
Support Vector Regression (SVR) (Smola and Scholkopfl
2004) is implemented. This method applies linear regression
to each altimeter track to reject altimeter measurements that
do not represent the flat water level of the inland water target.
SVR is similar to common regression but is more flexible and
robust. SVR is an advancement of the Support Vector Ma-
chine (SVM) (Boser et al,[1992)) which is used as a classifi-
cation algorithm for applications such as pattern recognition
and machine learning. Depending on the mathematical prob-
lem, the kernel for the regression varies. One can use linear,
polynomial or radial base functions (Smola and Scholkopf],
I@' In our case, SVR is applied on single altimeter tracks
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over an inland water body using a linear kernel and zero-
slope constraint-is-applied. Based on the constant represent-
ing the flat water level, an interval is defined which separates sax
into valid and invalid data. Fig-Figure El shows an example
of an altimeter track (Envisat, Pass 80, Cycle 007) crossing
a-takel.ake Erie with an island in the middle. Blue dots indi-
cate valid measurements, red dots indicate rejected data that
exceed the standard-deviationADM threshold of 5 cm (black sss
dotted line), and green dots mean outliers detected by SVR
(with rejection interval of $0£5 cm). The threshold of the
SVR should be in the order of the noise of high-frequent
altimeter measurements. One can see that all heights influ-

enced by land contamination are detected as outliers and the s«
remaining heights represent a flat surface.

I hat the criteria for the_cutlierdetscti

3.2 Kalman Filtering

Fhe—Kalman ﬁghgm’g *]S ﬂ]’% most H.Bfmaﬂlt ftefl " Ehi

PAHITEKalman filtering is the central part of the computa- s
tion of water level time series in DAHITI. It updates a model
by measurement data of different accuracies and predicts the
current state to the next time epoch [1960). In con-
trast to the common least-squares adjustment the Kalman fil-
ter works recursively and the number of input observations ss
per processing step is significantly reduced because of its se-
quential integration. This also enables real-time applicability.
Tt-deseribesThe Kalman filter performs the estimation of
water level time series from the track-wise input heights
—The-combination-of-theby combining time-dependent in- sss
put data available at irregular intervals and —in the case of
larger lakes— at different locations is-realized-by-a-Kalman-filter
approach. Different modified Kalman filter approaches have
been used for geodetic applications (e.g.Yang and Gao|2006,
[Eicker et al|2014] and [Gruber et al|2014) In principle, this seo
algorithm realizes a sequential least squares adjustment by
taking into account the accuracies of the input data as well as
the deterministic and stochastic behaviour of the system and
produces a statistically optimal estimate of the water level
time series. 565

3.2.1 Update Interval

The Kalman filter uses input observations to update the cur-
rent state of the system and predict the model of the following sz
time epoch. This is performed in a continuous loop consist-
ing of two steps (an update and a prediction step) running
consecutively for every period of time t. InAt the begin-
ning , an initialization is necessary in order to set the starting
conditions. The work flow is illustrated in F%Figure@ The s7
time increment of the Kalman filter can be defined arbitrarily.

In our case an observation-based update interval instead of a
contantconstant one is used. That means that our system each
time-is-updated-ifis updated each time a new altimeter track is
available. Thus, the update interval strongly depends on the
size and the data coverage of the investigated water body. It
can vary between 35 days (if only an Envisat track crosses the
target area) and one day (in the case of large lakes covered by
different altimeter missions). Sherter-time-intervals-are-pre-
cladedTime intervals shorter than one day are precluded by
assigning the individual measurements to full days. The use
of an adaptive update interval avoids smoothing effects in the
case of data gaps that may occur when a fixed time increment
is selected.

3.2.2 Computation Grid

in-order-to-aveid-errors-due-to-river-slopes:All computations

can be referred to one location (centre of the target) or per-

formed on a computation grid. The latter is optional and can
be applied for special investigations on surface variability of
larger lakes. The standard solution -also used for all com-
putations within this study- assumes uniform lake surfaces
in balance with gravity and merges all water heights of one
update step to one location. Surface differences owed to sys-
tematic height or geoid errors or hydrodynamic effects from
wind and waves are neglected. In practice, our approach au-
tomatically creates a grid by means of a recursive algorithm
used on an initial grid node as reference point. A land water
mask provides information on the extent of the water body
and the grid. The grid node separation can be chosen manu-
ally depending on the extent of the investigated inland water.
Thus, normally we define only one grid node over the target.
However, in cases where surface differences are expected, a
smaller grid node distance can be chosen. The computations
will then be performed for all grid nodes and different water
levels for the whole lake surface.
[Image of computation grid was removed]
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Figure 2: Example of an outlier detection using standard-deviationserror threshold and SVR along a single satellite track over
atakelake Erie containing an island (between approx. 41°44° and 41°47’). The result of the regression shows valid (blue)
and rejected (red, green) altimeterwater heights. The standard-deviationheight errors based on ADM are plotted as grey bars.
Thresholds for standard-deviationheight errors and SVR are marked by dashed lines (black and cyan respectively). [Image was

updated]
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Figure 3: Procedure of Kalman filtering starting with an initialization step followed by a progressive loop containing one update

and one prediction step.

3.2.3 Kalman Filter Equations

In the following, the basic equations of the Kalman filter are
introduced. The algorithm consists of an observation model
and a dynamic model.

The observations for each step k corresponding to epoch
iy, are given in vector 1 and its co-variances in matrix 3 j.

L, = Ap -xp— Vi 2
(mp.1) (mp,m) (n,1)  (mp,1)
Yur = I sk 3)
(mymy) (mpsmE)  (my,1)

The vector length of 1; depends on the number of wa-
ter-level-heightswater levels my, available at each epoch tx.
The unknown grid node heights are compiled in vector x.
The my, x n design matrix Ay is the core of the observation
model and connects the waterlevel-heightswater levels with
the computation grid consisting of n grid points (n =1 us-
ing only a single grid point). A has a dimension of my X n

595

600

605

and contains ones for those grid nodes where watertevel
heightswater levels are available. Hereby, each water level
height is assigned to the nearest grid node. In the case when
the computation is performed on a single grid node all water
level heights are assigned to them. The vector v, absorbs the
residuals of the observation model.

The uncertainties of the waterlevel-heightswater levels are

described in 3j; ;. Since there is no information on correla-
tion between individual waterlevel-heightswater levels the
matrix is defined as a diagonal matrix with variances o7 from
ADM (computed in the preprocessing step) on the mean di-
agonal. These are collected in vector s; .

The dynamic model of the Kalman filter approach de-
scribes the transition of the system state from epoch t; to
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Tht1-
Xpo1 = Ppoxf 4+ Ap-qe (G
(n,1) (n,m) (n,1) (nm) (n,1)
- _ + T T
Yowkrr = Pr X P+ Ak QA (5)

(n,n) (n,mn) (n,n) (n,n)  (n,n) (n,n)

(num)

This includes the prediction step (cf. F}gFlgureE[) for the pa—
rameter vector x; as well as for its covariance matrix X" vk
The prediction of the grid node heights is done by the tran-
sition matrix ®;. In addition, system noise q, is taken into
account and mapped to the grid node heights by Ag. The
model uncertainties are predicted by Eq. (3) where the co-
variance matrix QQj contains the uncertainties of the system s
disturbance, i.e. the system noise. Since no information on
the temporal evolution of the water level is known in ad-
vance, the prediction is based purely on stochastic informa-
tion-(transition-matrices-are identity- matrices). Moreover, the (de-
terministic) system disturbances in qj are set to zero. The ez
system noise o2 in matrix Qy, is assumed to yield 5 cm? for

q
each grid node (without correlations).

In-the-following—the-appliedKalmanfilter procedure—is
deseribed-in-detail-The applied Kalman filter procedure as
used in the DAHITI approach is described in detail below. e

Initialization

The Kalman filter approach begins with an initialization
step which is necessary before starting the recursive loop.
The initial state vector x;, is filled by setting all elements
to the observed water level with the smallest standard eso
deviationheight error in the first epoch ;. The covariance
matrix 3, is initialized by an identity matrix of size n xn.

Update

685
In the update step, new altimeter waterlevel-heightswater
levels are introduced in order to update the parameters of the
actualcurrent state X, to a new state x; The update is done
by comparing the estimated observations (based on the cur-
rent model, cf. Eq. @) with the waterlevel-heightswater lev- s
els. The weighting of this so-called innovation is described
by matrix K. It can be computed based on the design matrix
and the covariance matrices of observations and parameters
using

695

AL )7 (o)

(n,mp)

Ky

(n,mp)

- Exm k-
(n, n.)

Err E’
(n,n)

AT Sk T Ak

(n,m) (mp,m)

(mp,mp)

The parameter update of vector x; + describes the updated

water-level-heightswater levels for each grid node at the cur-_ |
rent epoch ty.

Xz = X,; + K ( I, — Ag - X;) 7)
(n,1) (n,1) (mymg)  (mp,1)  (mp.n)  (n,1)
Shae = (I —Kp - Ay )3, (8)

(mm)  (nymy)  (mp,mn) (nom) 705

In parallel the corresponding covariance matrix 3. x of
the height estimates is updated using Eq. (8). The uncertain-
ties of new altimeter data are taken into account by applying
the Kalman matrix as weighting matrix. It can easily be seen
that the parameter accuracies will be—reduced—within—the
updating-stepbecome smaller within the updating step.

Prediction

After the parameter vector and the covariance matrix of
the current epoch t; have been updated, the prediction of

 and EL x to the next epoch ¢4 is performed and x;_ |

and 3+ k11 are computed. The predictions are used as start
parameters for the next update step, and the computation
loop then continues until all waterlevel-heightswater levels
have been processed. In our case, no additional information
about the temporal propagation of the parameter vector
and the covariance matrix is introduced. Therefore, no
deterministic model is applied and the transition matrices
&, for data and Ay, for disturbances in Eq. (@) and (3) can
be identity matrices. Furthermore, only system noise is taken
into account by setting the disturbance value q; equal to
zero and its uncertainties Qy, to variances of 5 cm? for each
grid node without any correlations.

3.3 Post-processing

The Kalman filter provides water heights x;, and their formal
errors X, 1. for each epoch ¢, and grid node.

If Kalman filtering is performed on a single grid node, the
final water level and error are immediately available. Sinee
erences-point Thus;If it is computed on a grid, a ‘mean’ one-
dimensional time series is computed. Instead of simply av-
eraging all grid node heights, we select only the best water
levels per epoch. Only watertevel-heightswater levels are
selected that which fulfill certain error criteria. In general,
the limit for the standard-deviationmaximum height error is
set to values between 5 and 10 cm. The selected limit de-
pends on the resulting height errors. Therefore, the limit is
selected manually in such a manner that only reliable heights
are used for the final time series. The remaining waterlevel
heightswater levels are averaged for each epoch by using the

formal errors for the resulting-water-heights weighting fac-
tors. Finally, a time series of water-level-heightswater levels

and their formal errors over the entire period of time are ob-
tained.

In a last step an outlier rejection is performed. The wa-
ter level time series can still contain outliers because of bad
quality of data, ice coverage, orbit manoeuvres, etc. For the
detection of those outliers, SVR can be applied again - now
on the full time series. Complete tracks showing significant
differences with respect to the other points of the water level
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time series can be rejected. This time, radial base functions
instead of a linear kernel are used to perform the regression
since a constant water level over time cannot be assumed.
The radial base function as kernel of the SVR allows us to
fit the time series including seasonal variations and trends.
Figure [4] shows the results of an applied SVR on a six-year
subset of the time series of Lake Erie. The fitted model is
plotted as a cyan line together with its manually defined con-
fidence interval. The confidence interval is selected depend-
ing on the noise of the water level time series which varies
between 7.5 cm and 100 cm. Waterlevel-heightsWater lev-
els which fulfill the limit of the SVR are kept (blue) whereas
outliers are rejected (red).

4 Results and Validation

In this chapter, water level time series resulting from the
Kalman approach are presented and validated. Since it is not
possible to show results for all inland water bodies we focus
on the selected study areas introduced in Section Three
inland water targets are described in more detail. They rep-
resent different target types, i.e. large lakes, small lakes, and
rivers. Moreover, results from 16 lakes and 20 river crossings
are validated by comparison with in situ data and altimeter
time series provided by other groups.

4.1 Study Areas

For altimetry-derived water level time series, in situ mea-
surements from gauging stations are the most important val-
idation data sets. In order to perform reliable comparisons,
only those inland water bodies are selected as study areas
for which in situ data are available. Since we have access to
many gauging stations in North and South America we focus
our study on these two continents.

Another criterion for the selection of inland water bod-
ies is the availability of external altimetry-derived time se-
ries to demonstrate the performance of our Kalman filter
method compared with other approaches. Each study case is
observed by at least one other group (i.e. EEGOSHydroweb,
ESA-BDMURiver & Lakes or GRLM). Thus, those targets in
North and South America are selected which are best repre-
sented by other inland altimetry databases for a time period
as long as possible. Mereover,-different-water—types-should-be
width- We end up with the 16 lakes and 20 river crossings il-
lustrated in Eig-Figure E} For almost all investigated inland
water bodies at least one in situ gauging station and one ex-
ternal altimetry-derived time series is available.
data-are-introdueccd:

The first study areas are the Great Lakes of North
America comprising Lake Superior (82,000km?), Lake
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Huron (59,000km?), Lake Michigan (58,000km?), Lake Erie
(25,000km?), and Lake Ontario (19,000km?). The size of the
these lakes leads to ocean-like conditions which means that
the altimeter measurements are not disturbed by land. Only
a few altimeter measurements near the lake shore are con-
taminated by land. The Great Lakes show seasonal varia-
tions of about 1 m. They are well-observed inland waters
with many in situ stations provided by the ‘Tides & Currents’
platform of the National Oceanic and Atmospheric Adminis-
tration (N OAA For the validation of Lake Superior, in situ
stations of Duluth, Grand Marais, Marquette, Ontonagon and
Point Iroqouis are used. Lake Huron has five stations for vali-
dation which are Essexville, Harbor Beach, Lakeport, Mack-
inaw City, and de Tour Village. The stations Calumet Harbor,
Holland, Kewaunee, Ludington, Milwaukee, and Port Inland
are used for Lake Michigan. Lake Erie has seven stations
for validation which are Buffalo, Cleveland, Fairport, Fermi
Power Plant, Marblehead, Sturgeon Point, and Toledo. For
the validation of Lake Ontario, the in situ stations of Cape
Vincent, Olcott, Oswego, and Rochester are used.

In addition to the Great Lakes, the Great Slave Lake
(27,200 km?), Lake Winnipeg (24,000 km?), Lake Athabasca
(7,800 km?), Lake Winnipegosis (5,100km?), Lake Manitoba
(4,600 km?), Lake of the Woods (4,300 km?), Great Salt Lake
(4,000 km?), Lake Claire (1,400 km?), and Cedar Lake (1,300
km?), which are located in Canada and the United States, are
investigated. These lakes differ significantly in surface ex-
tent by up to a factor of 20. Estimation of water level time
series in the Canadian lakes is made difficult by the win-
ter conditions. Several lakes are frozen for several months
which makes the water level computation challenging (Table
E]). For the validation of the water level time series, in situ
data provided by the government of Canad and the U.S.
Geological Survey (USGS are used.

In addition to the lakes in North America two lakes in
the very south of South America are selected for validating
our approach. Lake Argentino (1,466 km?) and Lake Buenos
Aires (1,850 km?) are located in Argentina next to the An-
des. The lakes are party surrounded by mountains, which
can affect the altimeter measurements. The lakes have a sim-
ilar shape with largest extent in across-track direction of the
satellites ground track. This leads to rather short track cross-
ings varying between 10 and 15 km. Despite their location
in a temperate zone near high mountains the lakes are not
frozen in winter. The seasonal variations of both lakes vary
between 2.5 m and 3.5 m. For the validation of EageLake
Argentino and Lake Buenos Aires in situ data from the Min-
isterio de Planificacién Federal, Reptiblica Argentin are
used.

“http://tidesandcurrents.noaa.gov/
“http://wateroffice.ec.gc.ca/
“http://waterdata.usgs.gov/
“Ihttp://www.hidricosargentina.gov.ar/
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Figure 5: Map of selected study areas of lakes (blue) and rivers (red) in North America (left) and South America (right) [Image
was updated]

For the analysis of rivers, the Amazon basin is selected as ations up to 15 m. The Amazon basin consists of countless
the study area; it is the largest basin in the world and covers rivers which differ in terms of length, width, meanders, and
about 7,000,000 km?2. The region is located in the tropics, and seasonal variations. This diversificationvariety is very use-
the climate is hot and wethumid throughout the year. Because ful for the quality assessment of water level time series from

of the strong precipitation, the resulting seasonal variationssis altimetry. For example, the river widths vary from up to 10
of the water level shew-amplitadesreach peak-to-peak vari- km for the Amazon river and a few hundred metres for the
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Rie-JiparandJiparand River. Moreover, the Amazon basin is
a well-observed area since the Agéncia Nacional de Aguas
(ANA provides data for numerous in situ gauging sta-
tions. For the validation, water level time series of gauges s
at the Rio—JapurdJapurd River, the Rio-SelimeesSolimoes
River, the Rie-NegroNegro River, the Rio-PurusPurus River,
RieJiparandJiparand River, Rio-ParaguaiParaguai River, ai River, and
the Rie-CuibaSido Lourenco River are used. Another reason

why we chose the Amazon basin is that other groups such as
LEGOS and ESA-DMU have also investigated this area.

875

4.2 Validation data sets

N lidationof the_Kal il les insitn_data of

used- Water level time series from gauges have a high relative
accuracy, but some points must be borne in mind in the use of
in situ data. The absolute comparison of heights from gauges
and satellite altimetry is often very difficult since location,
reference height and vertical datum of gauges are not al-
ways precisely known or may even be unknown. This leads to
height offsets between water level time series from gauge and
altimetry which must be considered in the validation step. In
particular, the comparison between waterlevel-heightswater
levels from altimetry and in situ data over rivers shewshows
in most cases remaining offsets. In general, almost no altime-
ter satellite track crosses the river at the location of a gauging
station, which leads to additional offsets because of the slepe
of-theriverriver slope. To avoid handling the uncertainties of
in situ data only relative comparisons with water level time
series from altimetry are prefermedperformed. a5

In order to rank our results with respect to other time se-
ries derived from altimeter data, we download water lev-
els from three external inland altimeter data bases, namely
LEEGOSHydroweb, ESA-DMURiver & Lakes, and GRLM.
These results are based on differentvarious altimeter mis- 4,
sions and the—groups—perform—differentdiverse approaches
were performed to compute the water level time series. As a
consequence, these external time series cover different time
periods and-feature-different-temporal reselutionwith tempo-
ral resolutions between 10 and 35 days. This has to be kept
in mind when the different-time series of the four databases
are compared.
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4.3 Selected Results

We choose three of the aforementioned water bodies in order **°

to present detailed results of our Kalman filter approach. The
targets are selected to represent three disparatediverse inland
water body types featuring different characteristics. Lake Su-
perior (Fig:Figure |§[) is selected as representative of larger
lakes with ocean-like conditions. Lake Athabasca (ngFlg—
ure (/] is a smaller lake which has to cope with ice coverage
in winter, which is the case for most lakes in North America.

““http://ana.gov.br/

Finally, the Rie-MadeiraMadeira River (Eig-Figure @ in the
Amazon basin is selected to show the potential of the Kalman
filter approach for river monitoring. For theseall examples,
the Kalman-filter based-time series from DAHITI is compared
with in situ data and results from EEGOSHydroweb, ESA-
PMURiver & Lakes, and GRLM.

4.3.1 Lake Superior

Figure [6] shows the water level time series of Lake Supe-
rior between 1992 and 2014: the DAHITI result is plotted
in blue (subplot a), the in situ data of station Ontonagon
in red, and external altimetry-derived water levels in green
(EEGOSHydroweb, subplot b), light blue (ESA-BMURiver
& Lakes subplot c), and orange (GRLM subplot c) For a

Hgl%eemep In order to neglect constant offsets between the
different solutions, all time series are shifted to the level of
PAHITin situ data, and only water level changes are com-
pared. The applied offset is estimated by using the aver-

age of height differences at all days in which in situ data
and time series from altimetry are available. Additionally,
differences between water levels from altimetry and in situ
data are plotted for each time series. For the DAHITI com-
putation, +-Hznon-retracked high-frequent altimeter data of
Topex, Jason-1, Jason-2, Envisat, ERS-2, and SARAL/AI-
tiKAAltiKa are used. The Kalman filter provides a continu-
ous time series with an irregular near-daily resolution which
shows neither outliers nor inter-mission inconsistencies. In
order to achieve reliable water level time series different out-
lier criteria are applied. Initially, the number of invalid water
levels is reduced by using thresholds for latitude (depending
on track length over Lake Superior), height (180 m to 185 m)
and height error (10 cm). Furthermore, only backscatter co-
efficients between 10 db and 18 db are selected in order to
reject data affected by ice coverage. Then, an SVR using a
confidence limit of =5 cm is applied along the crossing al-
timeter track to reject water levels near the shore which are
affected by land contamination. Finally, an SVR using a con-
fidence limit of 7.5 cm is applied along the final water level
time series to reject remaining outliers. Altogether, the time
series is composed of 27793449 single points, each repre-
senting one day with at least one altimeter track crossing the
lake. During computation of the final water level time series
24 % of the data are rejected, mostly because of ice coverage.

The DAHITI water levels coincide very well with the
daily in situ data of Ontonagon. The correlation coefficient
R? is 0.96 and the RMS difference shew-is 4-+-em4.4 cm.
The alternative computation of the water level time series
using a median filter instead of the Kalman filter leads
to a slightly worse RMS difference of 4.5 cm (see Sec-
tion|4.3.4). In comparison with the DAHITI time series, the
other altimetry-derived water levels show significantly re-
duced temporal resolutions. In addition, the lengths of the
time series differ, depending on the missions used by the
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F1gure 6:

DAHISPLWater level time series of Lake Superlor from DAHITI (1992 2014) Hydroweb (1992 201 1) Rlver & Lakes (2002-

2010) and GRLM (1992-2014) compared with in situ data (Ontonagon, 1992-2014) and shifted to the water level height of the
in situ data. Additionally, differences between heights from altimetry and in situ data are plotted for periods in which both data
sets are available. [Figure was updated]

different groups. In order to rank the DAHITI result com- be seen in the differences from the in situ data (mainly posi-
pared with other altimetry-derived water levels, we also tive for ERS-2, mainly negative for Envisat). In contrast, mis-
compare the three external time series with in situ gauging sion-dependent offsets are quite small in the water level time
data within the corresponding time intervals. For all three series of DAHITI.

databases this gives smaller correlations and higher RMS
(EEGOSHydroweb: RMS=6:15.7 cm, R?=6.940.95, 278228 = 432 Lake Athabasca
points, ESA-DMURiver & Lakes: RMS=8.2 cm, R?=0.82, -
82 points, and GRLM: RMS=12.1 cm, R2=0.74, 760 points).
For the validation, the water level time series of the other
altimetry-derived water levels are used as they are, without
any additional outlier rejection. This leads to higher RMS
differences as published in [Ricko et al.| (2013), who ap-
plied an additional outlier rejection based on in situ data.
The altimetry derived-solutions differ because of varying in-
put data sets and the different approaches. EEGOSHydroweb
uses a multi-mission approach with a merged monthly res-
olution whereas ESA-DMURiver & Lakes relies purely on
Envisat with a temporal resolution of 35 days. GRLM ap-
plies a multi-mission approach reachingproviding a tempo-
ral resolution of about 10 days. The time series of Hydroweb
and GRLM still show mission-dependent offsets which can

Figure[7)shows the water level time series of Lake Athabasca
between 1992 and 2014. Once again, water levels from
DAHITTI (blue), in situ data of Crackingstone Point (red),
LEEGOSHydroweb (green), ESA-DMURiver & Lakes (light
o0 blue), and GRLM (orange) are plotted. The time series of
the four altimeter data bases are shifted to the level of the
in situ data. Nowsthe-year2010-is-highlighted: In principle,
Lake Athabasca, whose surface covers 7,800 km?2, should be
large enough to provide reliable altimetry-derived water level
ess time series. However, different problems such as ice cover-
age because of regular freezing in winter, land contamination
and off-nadir effects near lake shores have to be considered.
For the estimation of the water level time series in DAHITI
retracked altimeter data are used, with a 10% Improved
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AWV

of DAHITL-Water level time series of Lake Athabasca

from DAHITI (1992-2014),

Hydroweb (1992-2011), River & Lakes

e A ed

(2002-2010) and GRLM (2002-2014) compared with in situ data (Lake Athabasca, 1992-2013) and shifted to the water level

height of the in situ data. Additionally, differences between heights from altimetry and in situ data are plotted for periods in

which both data sets are available. [Figure was updated]

Threshold retracker (Hwang et al., [2006). For the computa-
tion, altimeter data of Topex, Jason-1, Jason-2, Envisat, ERS-

2 and SARAL/AIltiKa are used. In order to achieve reliable

ence of +7:015.1 cm using 43371279 points in the pe-
riod between 1992 and 2014. The usage of a median fil-
ter leads to slightly worse RMS differences of 15.3 cm for

water level time series the same outlier criteria as for Lake

Lake Athabasca. The differences between in situ data and

Superior but different thresholds are applied. First, outliers s
are rejected by using thresholds for latitude (depending on
track length over Lake Athabasca), height (208 m to 212 m)
and height error (50 cm). Furthermore, water levels affected
by ice coverage are rejected if the valid backscatter coeffi-
cients are not between 10 db and 18 db. To reject water lev- seo
els near the shore which are affected by land contamination,

LEGOSHydroweb (RMS=33:732.1 cm, R2=0.79, 272224
points), ESA-DMURiver & Lakes (RMS=80.5 cm, R?=0.30,
79 points) and GRLM (RMS=55.7 cm, R2=0.27, 76 points)
show higher RMS values and smaller correlations. One can
clearly see that the problems of altimeter time series occur
mostly in winter because of ice coverage. In particular, wa-
ter level time series of Hydroweb and River & Lakes show

an SVR along the crossing altimeter track using a confidence

strong outliers in winter which are not contained in the time

limit of +£5 cm is applied. Finally, an SVR along the final

series of DAHITI because of the applied outlier rejection.

water level time series using a confidence limit of 50 cm is

A new problem with retracker biases arises for time series

applied to reject remaining outliers. 995
The DAHITI water level shows a very good agree-

ment with in situ data in summer ;a—few—outhiersand al-

based on retracked altimeter data. To minimize those effects
all altimeter measurements are retracked using with 10% Im-
proved Threshold retracker. However, small retracker biases

most no outliers owed to ice coverage are visible in winter
compared with time series from Hydroweb and River &

can also occur if identical retracking algorithms are applied
on altimeter missions measuring in different bands such as

Lakes. The overall consistency with the gauge data yieldsiooo
a correlation coefficient of 0:880.90 and an RMS differ-

Ku-band (Envisat) and Ka-band (SARAL/AItiKa).
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(c) River & Lakes vs. In situ data

from DAHITI (2002 2014) and Rlver & Lakes (2002 2010) compared with in situ data (Humaitd, 2007-2014) and shifted to

the water level height of the in situ data. Additionally, differences between heights from altimetry and in situ data are plotted

for periods in which both data sets are available. [Figure was updated]

4.3.3 Madeira River

As last example, we choosc a river crossing in the Amazon basin.
Figure [§] shows the resulting water level derived from anizs
Envisat and SARAL/A}KAAItiKa crossing over the Rie
MadeiraMadeira River. The water level time series from
DAHITI (blue), Hydroweb (green) and River & Lakes (light
blue) are compared with the in situ station Humaitd (red),
which is located about 27.6 km upstream. All time seriestoso

cause no ice coverage exists in the Amazon basin. In prin-
ciple, the backscatter coefficient can also be used to distin-
guish between water and land but this is not considered here.
All altimeter time series reach a temporal resolution of about
one month since there is only one mission with 35-day tem-
poral resolution at the same time. Altimeter data isare avail-
able between 2002 and 2014 with a data gap in20H-and
2042between October 2010 and March 2013. The altimeter
data from Envisat on the shifted orbit can not be used be-

from altimetry are shifted to the water level of the in situ sta-

tween October 2010 and April 2012 for the current water

tion. At this location the Rie-MadeiraMadeira River is about
2.5 km wide. Fhe-in-situ station Humaitd islocated about 276 km
wpstream: In order to achieve reliable water level time series
over the Madeira River different outlier criteria are applied.ioss
First, thresholds for latitude (depending on track length over
the Madeira River), height (30 m to 50 m) and height er-
ror (100 cm) are applied to reduce the number of invalid

level time series. Gauging information does not start before
2007. Thus, the comparison with in situ data only comprises
a time period of about 3.5 years. For DAHITI another year
of SARAL/AKAAItiKa data is available. The Kalman fil-
ter result (blue) shows an RMS difference of 21:619.4 cm
and a correlation coefficient of 1.00 by using 35 points. The
estimation of the water level time series using a median filter

water levels. Finally, an SVR along the crossing altimeter

leads to RMS difference of 19.6 cm. The RMS is compara-

track using a confidence limit of +10 cm and an SVR alongro«o
the final water level time series using a confidence limit of
4100 cm are applied to reject remaining outliers. In this
case, no limit for the backscatter coefficients is applied be-

ble to the result for Lake Athabasca, which is even more sat-
isfactory when we take into account the seasonal variations
of about 15 m of the Rio-MadeiraMadeira River-into-account.

The high amplitude is also the reason for the extremely high
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correlation, which should not be overvalued. The RMS dif-
ferences of LEGOSHydroweb and ESA-DMURiver & Lakes

approach using a simple median filter instead of a Kalman
filter was applied.

with respect to the gauge are twice as great, at 45.1 cm (EE-
GOSHydroweb, 29 points) and 53.2 cm (ESA-DMURiver &i100

The resulting RMS differences for three inland waters de-
creased slightly by 0.1 cm to 0.2 cm, which indicates that the

Lakes, 28 points) respectively. GRLM does not provide in-
formation for this virtual station.

4.3.4 Discussion

1105
The DAHTIT time series show good consistency with in situ
observations and clear advances over established approaches.
However, some problems remain, especially for smaller lakes
and rivers. For larger lakes, the assumption of a uniform sur-
face level may no longer be justified. In addition to height
differences owed to systematic errors in geophysical cor-
rections or the geoid, hydrodynamic effects caused by windi1o
and waves can cause horizontal lake level differences. Cur-
rently, these are neglected when combine observations from
diverse parts of the lake. Moreover, measurements (altime-
try as well as in situ) feature unequal accuracies observed
over areas with different surface conditions. This effect canis
be seen when we compare the DAHITI water level time se-
ries of Lake Superior with additional gauging stations. The
five possible comparisons lead to RMS differences varying

combination strategy has only a moderate effect on the over-
all accuracy. The strongest improvements are currently owed
to rigorous outlier detection and data retracking. However,
the Kalman filter has a considerable potential when upgraded
by dynamic modelling and used for real-time applications.

4.4 Quality Assessment

The results for Lake Superior, Lake Athabasca, and the Rie
MadeiraMadeira River presented in Section@already show
the ability of the Kalman filter approach to provide reli-
able and highly accurate time series of inland watertevel
heightswater levels. Since three results — even if they do rep-
resent different inland water types — are not enough to per-
form a reliable quality assessment of the method, we extend
the validation to a larger sample and include all study targets
(16 lakes and 20 river crossings) described in Section@ in
the comparison.

TableEl gives an overview of the different parameters used
for the estimation of water level time series in DAHITI. This

by 2 cm (between 4.4 cm and 6.6 cm; Table E[) The two sta-

information is provided for all investigated lakes and rivers.

tions Duluth and Point Iroqouis show reduced consistencyrizo

First, the used altimeter missions are shown, followed by

with altimetry. Both stations are located in smaller bays of

the retracking flag which indicates if additional retracking

the lake and are more affected by wind and waves than the

is applied. Then the ice flag shows if the water body is af-

other stations, which leads to more noisy in situ time series.

fected by ice coverage in winter. This information originates

For small lakes and rivers, land contamination of wave-

from external sources, e.g. National Snow and Ice Data Cen-

forms is the largest problem because nearly all altimeter mea-112s

ter (http://nsidc.org/) for Lake Superior. Table El also shows

surements are affected. For rivers, almost no nadir measure-

which outlier criteria were applied for the different inland

ments may occur and even these can originate from river

water targets to reject erroneous water levels. Consequently,

branches and distort the water level time series from the in-

appropriate thresholds for latitude, height, backscatter coef-

vestigated target. Moreover, the river slope can influence the

ficient, height error, SVR along the pass and along the final

time series as well as the comparison with in situ data. Theiso

time series can be selected. Finally, the number of data points

crossings between river and altimeter track can vary slightly

of the water level time series are shown which is equal to the

(up to 1 km) because of orbit instabilities so that the reflec-

number of days in which altimeter data are available. The last

tions originate from different areas which do not exhibit the

column describes the percentage of outliers which were re-

same water level. The most important challenge remaining is

jected during the computation of the water level time series.

the handling of inter-mission biases and retracker biases. Theiss
usage of radial errors from a global crossover analysis and
the restriction to one common retracker works reasonably

Table 4] summarizes the comparisons of lake level time se-
ries from DAHITI, EEGOSHydroweb, ESA-DMURiver &

well; however, small discrepancies remain in the time series.
Moreover, the quality of the single altimeter measurements
could surely be further improved by combining different re-iao
tracking algorithms depending on the waveform shapes. This

Lakes, and GRLM with in situ gauge data. Additional-infor-

- | L L | King (Rete.
for DAHITHonly)-is-provided: For each target, RMS difference,
squared correlation coefficient and the number of points (No)
used for the validation are provided. Depending on the avail-

remains a major challenge and offers enormous potential for
future work.

The validation of water level time series of DAHITI for
Lake Superior, Lake Athabasca, and the Madeira River com-11s
pared with in situ data and time series from Hydroweb, River
& Lakes, and GRML showed clear improvements. To evalu-
ate the impact of the outlier rejection and Kalman filtering on
the improvements of the DAHITI time series, an alternative

ability of in situ time series of the investigated water body,
more than one comparison is performed for the larger lakes.
The smallest RMS difference for each target is—marked-in
greenis highlighted in bold, the largest one in reditalics.
DAHITI results show RMS differences with respect to the
gauge data between 4 cm and 3836 cm. It is obvious that ac-
curacy declines with lake extent and ice coverage. For some
lakes, the differences between DAHITI and in situ data vary
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Table 3: Relevant parameters for the estimation of the water level time series for DAHITI. This table shows information about

the used altimeter missions for selected lakes and rivers, applied retracking (Retr.), ice coverage (Ice), and applied outlier cri-

teria which are used for the processing of water level time series. Finally, the number of data points and percentage of outliers

of the final water level time series are given.

Used Missions Applied Outlier Criteria
Target name (DAHITI 1d) TP J1 12 E2 EN SA Retr. Ice SVR SVR Data Outlier
Lat Height  Sig.0  Error  Pass  Series | Points
Superior, Lake (3) v v VvV Vv vV - v Vv Vv Va4 Vv v V4 3614 24 %
Huron, Lake (33) v v VvV N4 Vv - Vv Vv N4 v Vv Vv A 2132 23 %
Michigan, Lake (11) v v VvV Vv a - v v v v Vv Vv v 2132 37 %
Erie, Lake (6) vV < v VvV vV vV — vV v 4 v Vv Vv vV 1968 41 %
Ontario, Lake (35) v v v v v V| - v | v v v V] v v 2074 | 29%
Athabasca, Lake (100) vV v VvV Vv vV Va4 vV V4 Vv vV Vv Vv v 1398 45 %
Great Slave, Lake (99) v v VvV Vv Vv - v v Vv v Vv Vv Vv 1396 39 %
Claire, Lake (578) - v v - v V|V v | v v v WV WV v 593 | 23%
Winnipeg Lake (101) — - v - v v vV vV vV 4 vV vV Vv vV 816 13 %
Manitoba, Lake (191) - v v - 4 V4 V4 vV V4 4 V4 v Vv - 535 4%
Cedar, Lake (200) v vV N4 A - Vv v N4 Vv Vv Vv Vv 647 18 %
Winnipegosis, Lake (281) - v v - N4 v v v v Vv v Vv Vv v 529 20 %
Lake of the Woods (73) v v v = v Vv v v v Vv v v Vv v 687 49 %
Great Salt, Lake (72) VAV AV BV - | v v - V] v v 147 9%
Argentino, Lake (182) v v - V4 4 V4 - - V4 Vv - Vv Vv V4 880 49 %
Buenos Aires, Lake (139) - - - - Vv A - - Vv Vv - Vv Vv - 116 3%
Solimdes, River (405) — - v - vV v vV — v 4 - Vv Vv - 323 3%
Solimdes, River (406) - - - - 4 V4 vV v 4 Vv Vv - 90 12 %
Solimdes, River (389) - - - - Vv v Va4 - V4 Vv - Vv Vv - 86 12 %
Solimdes, River (581) - - v - - - IV - IV Vv - VA Vv Vv 178 26 %
Solimées, River (384) - - - - v - V/ - v WV - WV WV A 82 0%
Solimdes, River (582) — - v - - - vV — v 4 - Vv Vv - 198 17 %
Purus, River (583) - - - -y Vv - | v v - v Vi - 8 | 10%
Jiparand, River (584) - - = - Vv V4 IV - Va4 Vv - Vv — - 91 9%
Jiparand, River (585) - - v - — - v — IV v - v — IV 235 2%
Japurd, River (579) — - - — VA Vv v — v v — VA — — 99 0%
Japurd, River (580) - - - - 4 - vV — vV 4 - v - - 81 2%
Sao Lourenco, River (1093) - - v - - - vV - V4 Vv - Vv Vv V4 233 3%
Sao Lourenco, River (1094) - - v - - - IV - VA Vv - VA Vv IV 232 3%
Madeira, River (371) — - - = Vv v v — v Vv - Vv Vv v 90 10 %
Madeira, River (360) — - v - - — vV — vV 4 — Vv Vv vV 227 5%
Madeira, River (575) - - - - 4 - vV - V4 4 - v Vv - 81 4%
Negro, River (161) - - - - Vv V4 V4 - vV Vv - VA v - 89 13 %
Negro, River (352) - - - - N4 v Vv - A N4 - Vv - - 99 2%
Negro, River (346) — - - - Vv - v — v Vv - v Vv - 81 2%
Paraguai, River (1095) - - - — vV vV vV — vV 4 — Vv — - 99 0%

Missions: Topex/Poseidon (TP), Jason-1 (J1), Jason-2 (J2), ERS-2 (E2), Envisat (EV), SARAL/AltiKa (SA) [New Table added]

by more than a factor of two with different lake gauges. Espe-
cially for Lake Erie and-Lake Winnipeg the difference between
the RMS values can reach up to 108.1 cm. Sinee-only-oneno

strate-uncertainties—of the-in-sita-data-sets. For most lakes, the
relations between the different RMS values are similar for
the different altimeter products.

For most lakes the DAHITI water levels are more consis-117s
tent with in situ data than the results from external altime-
ter data bases. In addition, the temporal resolutions of the
time series are significantly higher, as indicated by the num-
ber of used-peints-points used for the validation. Of course,
the different time periods of the other altimeter data sets haveriso
to be taken into account, too. The most notable improve-
ments through the DAHITI Kalman approach with respect to
the existing databases can be seen for smaller lakes. For ex-
ample, for the Lake of the Woods, the DAHITI consistency
with in situ data is more than twice as good as the other al-i1es

timeter products, improving the RMS differences from about
4036 cm to approximately 4516 cm.

The validation results for different rivers in the Amazon
basin are summarized in Table 5] We study eight different
rivers with 20 virtual stations altogether. For the computa-
tion, data from Jasea-t; Jason-2, Envisat, and SARAL/Al-
tiKAAltiKa are used. Most of the time series are based on
only one altimeter track (sometimes from consecutive mis-
sions, e.g. Jason-t-and-Jasen-2Envisat and SARAL/AltiKa).
Few locations allow use of more than one track in case
of a crossover point between different altimeter tracks. Ta-
ble [5] shows the comparison results of three altimeter prod-
ucts (DAHITI, EEGOSHydroweb, and ESA-DMURiver &
Lakes) with different in situ stations. GRLM does not pro-
vide river level time series and is excluded from this inves-
tigation. In addition to RMS differences with respect to the
gauging time series and correlation coefficients, the number
of data points, river width and distance between altimeter
crossing and gauge are given. The river width corresponds
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Table 4:
I:ake&aﬁekGRhMWater level time series of selected lakes and reservoirs from DAHITI Hydroweb River & Lakes and GRLM
compared with in situ data. For each comparison of water level time series from altimetry with in situ data an RMS difference
and squared correlation is computed. The number of points from the final water level time series which were used for the
validation is given in the third column (No) of each altimeter dataset.

DAHITI Hydroweb River & Lakes GRLM
Lake name - Station name - (DAHITI Id) RMS R? No RMS R? No RMS R? No RMS R?
[cm] [cm] [cm] [cm]
Superior - Duluth' (3) 5254 093092 28103485 566.6 095092 279229 8593 0.800.73 82 | 48124  0350.72
Superior - Grand Marais' (3) 4044 096095 28083483 5652 0.95 279 85 0.80 82 11.8 0.75
Superior - Marquette' (3) 4.54.8 0.94 28103485 5955 094095 279229 8.5 0.80 82 11.9 0.75
Superior - Ontonagon' (3) 4144 096095 27793449 6157 094095 278228 8.2 0.82 82 12.1 0.74
Superior - Point Irogouis' (3) 6466  0:850.84 21562619 .5 0.84 191141 9.5 0.75 82 124 0.62
Huron - Essexville' (33) 899.1  0.92093 15422048 | 109112 092093 277230 8.9 0.80 76 115 0.90
Huron - Harbor Beach' (33) 4952 0.98 15432049 757.7 097 277230 6.4 0.89 76 6.8 0.96
Huron - Lakeport' (33) 6:06.3 0.96 14821960 868.4 096 263215 72 0.86 75 7.6 0.95
Huron - Mackinaw City' (33) 4349 098097 14461925 5962 098 255208 6.7 0.88 75 7.7 0.94
Huron - De Tour Village' (33) 4347 0.98 151062007 636.9 098 269222 6.2 0.89 76 6.9 0.96
Michigan - Calumet Harbor' (11) 737.6 095 43902045 | 157105 092094 277228 75 0.87 76 8.7 0.94
Michigan - Holland' (11) 5556 092091 10581464 7872 082084 181131 53 0.93 76 8.3 0.82
Michigan - Kewaunee' (11) 5254 093092 10131403 7367 085086 176124 5.0 0.94 73 8.7 0.80
Michigan - Ludington' (11) 5254 0.93 10131448 7368 0.85 124 5.0 0.94 73 8.7 0.80
Michigan - Milwaukee' (11) 575.9 0.97 14692075 10.088 095096 279230 5.3 0.93 78 8.4 0.95
Michigan - Port Inland' (11) 5558 092091 10341448 8274 082083 184130 6.1 0.91 69 10.1 0.74
Erie - Buffalo' (6) 18115 078079 13151892 | 170164  0.700.72 265221 172 0.50 81 18.7 0.61
Erie - Cleveland' (6) 5159 095094 12941859 9490 091092 257213 13.2 0.70 81 13.6 0.78
Erie - Fairport' (6) 4752 096095 12931858 9586 092093 257213 12.6 0.74 81 13.5 0.79
Erie - Fermi Power Plant' (6) 101105 0:860.84 12581819 | 154149 076078 255212 15.3 0.63 81 17.0 0.70
Erie - Marblehead' (6) 8388  0.900.88 12601827 | 129134 083081 251210 15.3 0.62 80 15.9 0.73
Erie - Sturgeon Point' (6) 105103 0.820.83 12941870 | 454148 075077 262218 163 0.55 80 17.5 0.65
Erie - Toledo' (6) 131133 079077 13141888 | 18.418.6 0.69 265220 17.2 0.57 81 19.5 0.64
Ontario - Cape Vincent' (35) 5053 0.940.96 13892089 6865  0.94095 282227 4.5 0.97 75 10.8 0.85
Ontario - Olcott' (35) 3945 098097 13121976 626.1 095096 266210 4.9 0.96 72 11.0 0.85
Ontario - Oswego ' (35) 4852 097096 13902098 6766  0.94095 284229 4.6 0.97 75 10.8 0.85
Ontario - Rochester! (35) 424.6 097 13942099 626.1 095096 284229 4.4 0.97 75 10.8 0.85
| Athabasca - Crackingstone Point® (100) | 170151  0.880.90 13371279 | 33.732.1 079 272224 | 80.5 0.30 79 | 55.7 0.27
| Great Slave - Hay River” (99) | 159133 061068 12211209 | 312 0.37 246 | - - - -
| Claire - Prairie Point® (578) | 19919.6 053037 141404 | - - - 37.9 0.25 70 | - -
Winnipeg - George Island?® (101) 14.611.8  0.810.87 522778 | 279286  0640.66 257146 41.9 0.49 77 | 309330  0.560.59
Winnipeg - Gimli® (101) 24.415.6  0-490.79 518758 | 30:030.1  0:550.61 264147 | 44.942.4 0.48 76 | 359362  0.420.50
Winnipeg - Pine Dock® (101) 191126  0.650.86 499694 | 283297  0.630.67 254139 427 0.51 74 | 338346 050056
Manitoba - Westbourne? (191) 200134  0.770.85 318499 34.2 0.42 100 342 042033 73 46.0 0.11
Manitoba - Steep Rock® (191) 200133  0770.85 315499 36.4 0.40 101 35.5 0.33 75 47.3 0.11
| Cedar - Oleson Point 2 (200) | 37.835.9  0.830.86 530545 | 76.7 0.20 252 | 54.8 0.54 78 | - -
| Winnipegosis - Winnipegosis? (281) | 16:216.5 091 426469 | 36.7 0.63 136 | 342 0.61 70 | 362 0.53
Lake of the Woods - Clearwater Bay? (73) | 16:316.8  0.750.72 631648 | 44:4323 058046 143206 36.6 0.40 77 - -
Lake of the Woods - Cyclone Island? (73) 15—0@ 9—18& é%%ﬂ 43%@ 9—64@ M%& 35.9 0.41 77 - -
Lake of the Woods - Hanson Bay? (73) 147163 0.790.73 631642 | 426304 063053 143207 36.0 0.40 77 -
| Great Salt - Saltair Boat Harbor® (72) |~ 7.17.4  0.890.91 44 | 202200  0:360.38 35 | - - - 29.4 0.21
| Argentino - Calafate* (182) | 122146 098097 747856 | 23.521.9 0.93 185 | - - - - -
| Buenos Aires - Los Antiguos* (139) | 190 077073 3347 | 292294 0.70 19 | - - - - -
Source of in-situ data: 'NOAA Tides and Currents, 2Canada Wateroffice, >U.S. Geological Survey (USGS), “Ministerio de Planificacién Federal, Reptiblica Argentina
to altimeter track length crossing the river based on satel- downstream gauges, negative differences indicate upstream

lite images from Google Maps. Positive distances indicatesiiso  gauges.
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Table 5: ;
re%ul%%ﬁem%EG@S—aﬂd%SA—DMUWater level time series of selected rivers of the Amazon basin from DAHITI Hydrowe
and River & Lakes compared with in situ data. For each comparison of water level time series from altimetry with in situ data
an RMS difference and squared correlation is computed. The number of points from the final water level time series which
were used for the validation is given in the third column (No) of each altimeter dataset. Additionally, the distance to the nearest

in-situ station (upstream (+), downstream (-) ) and the river width at the crossing altimeter track is shown.

DAHITI Hydroweb River & Lakes

Target name - Station name (DAHITI-ID) Distance River width RMS R? No RMS R? No RMS R?
[km] [km] [em] [em] [cm]

Solimdes, River - Tabatinga' (405) +28.8 ~38 30.639.6 100099 143222 39.9 0.99 86 29.5 1.00
Solimdes, River - Tabatinga' (406) -232 ~2.8 28.017.4 1.00 4048 - - - | 421421199 0.450.88
Solimdes, River - Tefé' (389) -14.0 ~2.6 116123 1.00 3235 - - - 1733148 6361.00
Solimdes, River - Tefé' (581) +23.1 ~37 217245 0.99 7495 53.9 0.98 84 - o
Solimdes, River - Itapéual (384) -13.9 ~4.4 49.933.9 0:980.99 3940 420-4110.9 0:900.91 4439 - -
Solimdes, River - Itapéua' (582) +89 ~2.6 46.031.3 099 17137 612 0.97 97 - -
Purus, River - Aruma-Jusante' (583) -125 ~14 23.320.0 1.00 16 24.1 1.00 7 3189 0.61
Jiparand, River - Tabajara1 (584) -14.3 ~0.4 1392113.8  0.880.87 4347 335.5 0.29 33 - -
Jiparand, River - Tabajara' (585) +24 ~0.3 49.446.7  0.960.97 8493 - - - - -
Japurd, River - Vila Bittencourt' (579) -40.1 ~2.6 29.334.0 0.99 24 67.2 0.90 24 31.2 0.99
Japurd, River- Vila Bittencourt' (580) +47.5 ~1.9 40.241.0 0:970.98 26 61.3 0.93 25 115.1 0.80
S@o Lourenco, River - Posada Taiama' (1093) |  +340.8 ~0.3 315254 086091 149160 - - - - -
Sdo Lourendo, River - Posada Taiama' (1094) -98+4.8 ~0.3 224217 0:930.94 HO157 - - - - -
Madeira, River - Humaitd' (371) -27.6 ~25 21.619.4 1.00 35 45.1 0.99 29 53.2 0.99
Madeira, River - Humait4' (360) +70.5 ~15 29.036.3 099 93173 50.2 0.99 91 - -
Madeira, River - Guajard-Mirim' (575) -48.7 ~2.4 784755  0.880.91 4436 87.4 0.88 35 134.3 0.77
Negro, River - Porto de Manaus' (161) +155 ~10.0 12.77.6 1.00 7488 218252 1.00 7279 67:572.0 0.96
Negro, River - Moura' (352) -64.8 ~45 65:360.0 0.97 62 70.9 0.96 43 - -
Negro, River - Moura' (346) +51.8 ~18.5 46.043.6 0.98 42 46.3 0.97 45 44.1 0.98
Paraguai, River - Sao Francisco' (1095) -323 ~6:30.8 264@ 0.96 4446 - - - -

Source of in-situ data: ! Agéncia Nacional de Aguas (ANA)

The RMS differences between altimeter time series and in
situ data vary between 428 cm and 439114 cm in the case of
DAHITI. For most virtual stations, the consistency with the
gauge is considerably lower than for lakes. It is not possi-
ble to prove a dependence between river width and distanceizzo
to the gauge, not only because of the altimeter time series
but also because of the accuracies of the in situ data which
also contain measurement errors. Also, the angle in which
the satellite track crosses the river has a strong impact on
the quality of the water level time series. Furthermore, dis-iz2s
tances of tenths of kilometres between the in situ station and
the nearest crossing altimeter track make it more difficult to
prove dependences owed to unpredictable river flow effects.

Compared with time series from EEGOSHydroweb and
ESA-DMURiver & Lakes, the new DAHITI approach canizso
improve the gauge consistency for most of the targets. The
improvement can reach several decimetres. Many correlation
coefficients in Table[5]are close to one. This is not necessarily
an indication of optimal consistency between altimeter water
level and gauging observations but is significantly influencedizss
by the large absolute water level variations (more than 10 m).

5 Conclusions

This paper presents a new method for estimating water level ™
time series over inland water using multi-mission satellite al-
timetry data. It is based on careful data preprocessing (in-

cluding waveform retracking), a Kalman filter approach, and
a rigorous outlier detection. The introduced method is the
basis of the-"Patabase-for-Hydrological-Fime-Series-over-tn-
land-Water" (DPAHITDDAHITI, an online database for inland

water level time series from satellite altimetry observations
operated by the Deutsches Geoditische Forschungsinstitut
der Technischen Universitit Miinchen (DGFI-TUM).

The study demonstrates the performance of the new
method for numerous lakes and rivers in North and South
America. A comprehensive validation is performed by com-
parison with time series of water level variations from in
situ gauging stations. Moreover, a comparison with external
altimetry-derived water level variations is presented based on
data from Hydroweb (LEGOS), the River & Lakes database
(ESA-DMU), and the Global Reservoir and Lake Monitor
(GRLM).

The lake level data sets computed with the presented ap-
proach yield accuracies between 4 cm and 3836 cm depend-
ing on the surface extent of the lake and climate conditions
(i.e. ice coverage). For rivers, the performance is consider-
ably lower with RMS differences varying between 128 cm
and 439114 cm. Here the accuracy mainly depends on the
crossing angle of the altimeter track-but-also-the river width
plays—a—miner—role: and the surrounding conditions. Also
other surrounding conditions such as topography, quality of
waveforms and their retracked water heights can influence
the resulting water level time series. Especially in the Ama-
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zon basin the river meander can also change over the years
because of strong seasonal variations. River-width-only-plays-a
minor role.

For most study cases, the new approach yields signifi-
cant accuracy improvements compared with water level vari-
ations provided by established inland altimeter databases, es-a0
pecially for smaller lakes and rivers. In addition, the tempo-
ral resolution of the DAHITI lake time series is significantly
improved compared with other data sets, allowing for the de-
tection of sub-monthly temporal changes.

The reasons for the improved performance of the pre-
sented approach are multiple: first, a larger observation data
set is used as input as a multi-mission concept is realized.
All available altimeter missions are cross-calibrated and in-
corporated in the computations. Second, the applied prepro-is,
cessing consists ef-a-carctulretracking-and-a-robust-outhier
eliminationof a robust outlier elimination and optional re-
tracking. This ensures that only highly accurate data will be
used. Moreover, the Kalman filter approach permits the op-
timal combination of all data sets and also includes the ac-
curacies of the input data for weighting. This also enables
rigorous error propagation and the computation of formal er-
rors for each water level height. This-aspeet-will-be-highlighted
in-afollow-on-paper: Further comparisons for the three selectedrs's
areas show that using the Kalman filter approach instead of
a median approach leads to slightly decreased RMS differ-
ences. This indicates that the major improvements in the wa-
ter level times of DAHITI are owed to the extended 0utlier1320
rejection. In prineiplefuture, the Kalman filter approach alse
allowswill also be used for (near) real-time analysis and in-
tegration of altimeter data (with the so-called Operational
Geophysical Data Record, OGDR). This enables daily actu-
alization of the water level time series and may also be usediazs
for short-time predictions. Furthermore, the introduction of a
dynamic model in the Kalman filter will cause an increase in
the temporal resolution of the water level time series. For the
development of the dynamic model external data sets such as
GRACE, precipitation, etc. can be used.

In spite of the improved water level time series of DAHITI
compared with results from Hydroweb, River & Lakes and
GRLM, there are still some challenging tasks which have
to be taken into account to make further improvements. Re-,,,,
tracking is the most challenging task in using altimeter data
for smaller water bodies. The mixture of different waveform
shapes such as ocean-like, specular, etc. makes it difficult to
choose a suitable retracking algorithm. Each retracker is op-
timized for special waveform shapes, but switching the re-'*
tracking algorithm to achieve the best ranges will lead to re-
tracker biases which have to be taken into account. Further-
more, inter-mission offsets can also arise because of the dif-
ferent characteristics of the measurement systems (e.g. Ku-
band (Envisat) and Ka-band (SARAL/AItiKa)).

All presented water level time series as well as results for
many additional targets are freely available in the ‘Database

1305

1330

1345

for Hydrological Time Series over Inland Water’ (DAHITI)
at http://dahiti.dgfi.tum.de.
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MAJOR COMMENTS

This manuscript is about retrieving inland water level information using radar altimeters from satellites.
A new processing schema is proposed based on 1) a careful data pre-processing (including waveform
retracking), 2) a Kalman filter approach that incorporates cross-calibrated multi-mission altimeter
observations with their uncertainties and 3) a rigorous outlier detection strategy. This processing
schema is contributing to populate the new archive called “Database for Hydrological Time Series of
Inland Water” (DAHITI) at DGFI-TUM. The performances of the new processing are here assessed in
a number of lakes and rivers in North and South America. The authors compare their water level time
series with available ground truth and other similar altimeter-derived water level products (e.g.,
Hydroweb, River & Lake, GRLM). The results show that with the new processing inland water height
information is more accurate than that available from the other established inland altimeter services
(i.e., Hydroweb, River & Lake, GRLM).

Overall, this manuscript presents a novel method to process altimeter data in inland waters that
appears to be very effective for smaller lakes and rivers. It is clear that exploiting all available satellite
missions is crucial to construct accurate water level time series, although inter-mission biases must be
carefully taken into account.

The new method is clearly documented and data analysis is sufficiently complete. The results from the
comparison statistics made at a good number of water targets are well discussed. Three case-studies
(Lake Superior, Lake Athabasca and Rio Madeira) are also commented in detail.

What follows are some remarks:

- The authors try to explain the observed disagreements in the various comparisons, however, the
discussion about the possible causes is not sufficiently supported by rigorous explanations. A strong
recommendation for the authors is to better interpret the results in the three case-studies with
reference to all possible reasons that might explain disagreements with ground truth and with the
other remote sensing products.

Planned updates in revised version:
e The discussion of the observed disagreements will be extended for the three selected results
in Figure 7,8,9.
e |ake Superior:
o Ice coverage, wind & wave, geoid errors
® Lake Athabasca:
o Ice coverage, land contamination, impact of mountains near the lake shore, retracker
biases, hooking effect
e Amazon River:
o land contamination, river slope, hooking effect, large footprints can lead to measuring
river branches, retracker biases

- The effect of wind and wave fields in the case of Lake Superior should be investigated in order to
prove the assumption that the level of the lake is constant. | am also not convinced that all waveforms
in this big lake when the satellite is far from land conform to Brown model. | would expect to see
Brown, specular and mixed. The authors should provide some figures about this classification from
which follows the choice of the appropriate retracker.



We agree that larger lakes do not have a constant surface but hydrodynamic effects from wind and
waves have to be taken into account. The sentence “The derived water levels are assumed to be
constant over lakes since in general, the water is in balance with gravity and hydrodynamics of lakes
is small compared to open ocean conditions” is part of the manuscript since we compute only one
height per time step which is assumed to represent the whole water surface. However, in our
computations, we take different water levels into account by defining a grid over the surface and
estimate heights for each grid point. Thus, different hydrodynamic conditions are considered in the
processing.

For larger lakes, we are using the ocean products of the different altimeter mission instead of
retracking the data by ourselfs since the data qualitiy is sufficient. . Therefore, retracking is applied
only for smaller targets in case the ocean product does not have a good quality.

The image shows that most waveforms are brown-like. The figure shows an altimeter track of Envisat
(Pass 0510, Cycle 040) crossing the Lake Superior. The water heights (top) and the corresponding
waveforms (bottom) are plotted. Most waveforms over the lake have brown-like shapes. Near land
water transitions the trailing edge changes to an exponential shape which can be seen in the last
waveform near 48.625°E
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Planned updates in revised version:
e We will further explain and discuss the statement/assumption of the “constant” lake surface

The possible presence of ice in the case of Lake Athabasca could be verified looking at backscatter
observations.

We will do this. The backscatter coefficient will be implemented as additional outlier criteria for
measurements affected by ice coverage in the processing strategy of DAHITI.

Planned updates in revised version:
e We will explain the usage of the backscatter coefficient as additional outlier criteria to reject
measurements affected by ice coverage

- The ground tracks are generally not located near water gauge. This means that the two systems
observe different water dynamics. This is especially true in rivers where there is some regulation of
the flow. There is a need to better characterize the observational context that in the paper is not done.
Aucxiliary data sources (e.g., optical imagery, meteo data, etc.) could help in this exercise.



We agree that distances between gauging station and altimeter track can influence the river level
agreement at different locations. This is already discussed in the manuscript in chapter “4.2 Validation
data sets”. These discrepancies will of course map in the validation results. The interpretation of
additional optical images might help in interpreting the influence of these effects but are beyond the
scope of the paper.

- The bibliography is well cited. Some new manuscripts of interest are suggested, e.g., Surajit Ghosh,
Praveen Thakur, Vaibhav Garg, Subrata Nandy, Shivprasad Aggarwal, Sudip Kumar Saha, Rashmi
Sharma & S. Bhattacharyya (2015): SARAL/AltiKa Waveform Analysis to Monitor Inland Water Levels:
A Case Study of Maithon Reservoir, Jharkhand, India, Marine Geodesy, DOI:
10.1080/01490419.2015.1039680; Jean-Francgois, Crétaux, et al. "Global surveys of reservoirs and
lakes from satellites and regional application to the Syrdarya river basin." Environmental Research
Letters 10.1(2015): 015002.

Crétaux, et al. (2015) is more related to volume estimation and will not be added as additional
reference.

Planned updates in revised version:
e Sharma & S. Bhattacharyya (2015) will be added to our paper

- The title does not clearly reflect the content of the paper. It seems that the only improvement is due
to Kalman filter, while it was clear from the text that there are other two important processing steps
(waveform retracking and outlier detection). Maybe the author can make an attempt to modify a bit the
title to reflect the content of the paper as a whole.

After some investigation we can say that the current implementation of the Kalman Filter without any
dynamic model is not the major source for the improvements but the applied outlier detection.
Therefore, we decided to change the title of the paper.

Planned updates in revised version:
o The title will be updated, probably to “DAHITI — an innovative approach for estimating water
level time series over inland water using multi-mission satellite altimetry”

- Figures 7, 8, 9 are difficult to interpret without zooming out. Author are aware and in fact one year is
shown separately. The variability in Lake Superior is around 50-60 cm over the selected time period. It
is higher in Lake Athabasca, with some evident inter-annuality (2 meters around 1996-1998). The
variability in the river is very high (15m) and no inter-annuality is observed. Is this behaviour realistic,
even though the ground truth confirms?

We think that this behavior is realistic. In the case of the Amazon river, an inter-annuality can also be
detected (e.g. Between 2009 and 2010). However, it is quite small compared to the large variations of
almost 15m and can hardly be seen in the figure.

Planned updates in revised version:
e The figures 7,8,9 will be improved to show the results more clearly

- The manuscript is written with understandable English and very few typos, however, the fluency of
the text should be improved with the help from a native English.

Planned updates in revised version:
e We will try to further improve the use of English language.

In summary, | invite the authors to follow the above recommendations and expand the discussion of
results, especially in the three case-studies, also where possible with the support of auxiliary
information (bibliography, other data sources, etc.).



This study is certainly of interest to the inland water altimetry community with reference to the new
processing method, but also to hydrology scientists that could exploit the water level time series in
their research studies.

Therefore, the manuscript calls for some revision before to become publishable. | like having a look at
the revised manuscript and authors’ answers.

MINOR COMMENTS
We will not comment on each point here. All minor corrections will be addressed.
Pg. 2, row 2, “

for observing inland water levels of lakes and rivers” — | suggest to rephrase as water levels can be
retrieved from reservoirs, wetlands and in general any inland water body, although the radar altimetry
technique has been especially applied to rivers and lakes

Update from “However, since some years, this technology is also used for observing inland water
levels of lakes and rivers.” to “However, for some years, this technology is also used for observing
inland water levels of lakes, rivers, and other inland water bodies.”

Pg. 2, row 16, “height”, | suggest to be homogeneous in the text in using “water height” or “water
level”
All “water level heights” will be changed to “water levels”

Pg. 2, row 19, “important task”, Who states that ? please refer to bibliography
The following bibliography will be added:
¢ E. Stakhiv, B. Stewart, Needs for Climate Information in Support of Decision-Making in the
Water Sector, Procedia Environmental Sciences, Volume 1, 2010, Pages 102-119, ISSN
1878-0296, http://dx.doi.org/10.1016/j.proenv.2010.09.008.

Pg. 2, row 23-24, “the number of in-situ stations monitoring river discharge is globally declining”, Is the
number stable or decreasing for lakes too? If you provide the infor for rivers you need also to say
something for lakes, otherwise if lakes are well monitored with ground truth there is no need to use
altimetry.

Information about the status for in-situ data of lakes will be added

pg. 3, row 4, “water level heights” — it doesn’t make sense to say at same time level and height. Again,
please be uniform in the text using “water height” or “water level”

and hereinafter correct all occurrences

All “water level heights” will be changed to “water levels”

pg. 3, row 9, “then”, change to “than”

pg.3, row 10, “its measurement geometry providing measurements”, please rephrase, it is not a
problem of geometry but rather than configuration and trade-off between revisiting and coverage

pg. 3, row 12, “not all water bodies can be captured” — | suggest to explain that the touching is by
chance, however, big water bodies have more probabilities to be passed.

pg. 3, row 20, “still is”, change to “is still”



pg. 3, row 22, “twofold”, change to “two-fold”. A third effect might be due to specular returns with non-
brownian response of the target. This may happen frequently in small rivers.

We agree that there are specular waveforms over smaller rivers but the reason for these waveforms is
land contamination.

pg. 4, row 2, “The affected waveforms are more peaky” — This statement could confuse the reader.
The land can interfere in early or late gates depending on the position of track with respect to the
water target (see Abileah, R., et al. "Coherent ranging with Envisat radar altimeter: A new perspective
in analyzing altimeter data using Doppler processing." Remote Sensing of Environment 139 (2013):
271-276.).

Phrasing will be updated from “The affected waveforms are more peaky and reliable heights cannot
be derived using ocean waveform retrackers” to “The affected waveforms do not have brown-like
shapes and cannot be retracked by using ocean waveform retrackers.”

pg. 5, rows 9-10, “Time series of lakes and reservoirs” — add “water level” before “time”

pg. 5, rows 20-26, please rephrase the aim of this paper (that is a new approach to retrieve water
heights) that has to be clear to the reader. Comparisons with approaches used in other hydrospace
services have to be discussed later. Follow-up work has to be mentioned in the conclusions

In our opinion, the comparison with the other approach should remain in the introduction because it
reflects the current state of the art.

Planned updates in revised version:
o We will rephrase to aim of the paper in more detalil
o [Follow-up work will be moved into the conclusion/outlook

pg. 6, row 8, “Section”, please be homogenous writing always “Section” or “Sect.”
pg. 6, row 10, “The paper finishes with a conclusion”, | don't like this sentence, please rephrase

pg. 6, row 12-13, “For more than two decades, satellite altimetry has been providing data for various
applications over ocean and inland waters”, please remove as already stated in the introduction

pg. 6, row 13-16, “The approach presented in this paper combines as many as possible altimeter
tracks from different missions over an investigated water body in order to increase the temporal
resolution of the final water level time series, to maximize the probability to cover smaller inland
waters, and to increase the accuracy” — In this section the reader expects description of data used
and then processing applied. The previous sentence is somewhat to be placed in the introduction
(what, why).

We think that the information about our multi-mission approach and the resulting increase of the
temporal resolution should be highlighted (repeated)also in the data section because it is strongly
related to the data which is introduced afterward.

pg. 6, row 19, “body”, change to “bodies”

pg. 6, row 23-27 and pg. 7, rows 1.3, Info about revisiting time a cross track separation was already
provided in the introduction. | recommend to avoid repeating things, suggesting removal from
introduction, where are not key to understand (one can simply say that revisiting is of order of ten
days and more, along track coverage is dense and there gaps between tracks)

pg. 7, row 15-17, can you show some examples of waveforms with reference to the areas of
investigation ?
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Figure 2. Example of a crossing satellite track from Envisat (Cycle 040, Passnr 0564) over the
Amazon river with water heights (top) and waveforms (middle). Additionally four waveforms are shown
in detail.

Planned updates in revised version:
e We don’'t want to add additional images about waveforms in the paper because this is well-
known in the community. Instead, we will add a reference which shows different waveforms
over inland water

pg. 8, row 6, “conventions”, maybe you wanted to say “corrections”

pg. 9, rows 2-3, “The derived water levels are assumed to be constant over lakes since in general, the
water is in balance with gravity and hydrodynamics of lakes”. This can be a reasonable assumption
for small water bodies. The wind set-up can pile-up water somewhere in lakes and the water level
cannot be assumed constant. | think the point needs to be explained here and then discussed if
supposed relevant in selected water targets (e.g., Lake Superior).

The impact of wind and currents on the lake surface will be discussed.

pg.9, row 24, “water level height”, see previous note

pg. 10, row 16, “a floating box of 5 data points” — why defining a window of 5 points ? is there any
reason ? why not using consecutive points to measure the noise ?

We improved our “error” estimation for each measurement. Now we, are using sliding boxes along the
satellite track of +-3.5 km for large lakes, +-1.5 km small lakes/large rivers and +-0.5 km for small
rivers. The definition of the floating box in km instead of number of points makes this results more
comparable with other missions which are measuring in 10Hz, 20Hz, or 40Hz. Because the number of
measurements can vary within a box but the used track length is constant.

Moreover, instead of calculating standard deviations within each box, we are estimating a median of
the water heights. Then the median height is subtracted from the current water height. The absolute



value of the difference is then used as “error” of the measurement. These method lead to reliable
errors than the former approach if more than the half of the used point are over water.

Planned updates in revised version:
e The new error estimation method will be explained

pg. 12, row 11, “Figure”, please be homogeneous in the text (Fig. or Figure)

pg. 12, row 5, Which land mask are you using ? how much is the resolution ?

The used land mask is provided within the Generic Mapping Tool (GMT). GMT uses the Global Self-
consistent, Hierarchical, High-resolution Geography Database (GSHHG). For cases that investigated
inland bodies are not included in the dataset or have an unuseful shape, no mask is applied for the

computation. | don’t know the resolution but the data is provided as shape file which will be rastered
for our purpose.

pg. 13, row 15, missing “.

pg. 14, row 20, remove “.

pg. 17, row 12, “LEGOS, ESA-DMU or GRLM”, please use the exact acronyms of these hydrospace
services and not the institutions who developed them.

Pg. 17, row 25, “The Great Lakes show seasonal variations of about 1m” — please provide reference

Pg. 18, row 24, “extend”, change to “extent”

pg. 19, row 17, “LEGOS, ESA-DMU, see previous note

pg. 20, row 3, “show”, change to “shows”

pg. 20, row 7, “preformed”, change to “performed”

pg. 20, row 10, “LEGOS, ESA-DMU, see previous note

pg. 20, row 24, “LEGOS, ESA-DMU, see previous note and correct all occurrences hereinafter

pg. 20, row 28, “For a detailed few, results”, please rephrase
pg. 21, row 9, “RMS differences show is”, please rephrase
pg. 23, rows 16-18, “Since only one DAHITI time series is computed per lake, these variations

demonstrate uncertainties of the in-situ data sets” — | am not convinced about this statement. For big
lakes we can have discrepancies due to metocean effects. This is a key point to be investigated.



| agree that the different RMS differences between the single DAHITI time series and different in-situ
data can not only be explained by uncertainties of in-situ data. For large lakes effects such as wind
can influence the consistency to used in-situ station.

Planned updates in revised version:
e We will explain that the discrepancies of RMS from different in-situ stations are not only due
to the in-situ data but also to wind or currents which can lead to a rougher surface over larger
lakes.

Pg. 24, row 16, “Certainly this is not only due to the altimeter time series but also caused by the
accuracies of the in-situ data” - The authors here are a bit speculating as there is no proof that ground
truth is not accurate.

All data which are measured in any way contain measurement errors. Also in-situ data contain
measurement errors which are mostly unknown (since gauging stations do not provide any error
estimates). Therefore, we can not suppose that in-situ are perfect.

The sentence will be updated from “Certainly this is not only due to the altimeter time series but also
caused by the accuracies of the in-situ data.” to “Certainly this is not only due to the altimeter time
series but also caused by the accuracies of the in-situ data which also contain measurement errors.”
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The manuscript by Schwatke et al. is of major importance since it presents new results for the monitoring of
lakes and lakes that look to be a dramatic improvement (much lower rms in comparison with in-situ series) with
respect to existing databases. Consequently, the paper deserve publication but it is not acceptable in the
present state. Major points have to be improved.

The presentation of the results is not clear in the sense that their methodology merges three aspects:
1 - the use of a "homemade" retracking of the radar echoes

2 - replacement of the true data value by one predicted through a Kalman filtering.

3 - fine rejection of the outliers

And It is absolutely necessary that the part played by each of these three points in the final improvement is
better stated since these 3 points more or less make the difference between the existing website cited in the
paper (some use GDR retracking when other use their own retracking, some have a refined detection of the
outliers in the raw data when others are more loose on this question, some publish all the values obtained after
the post-processing step when other reject dubious values, ...). In other word, Authors must show how much
improvement is due in the present study to the retracking of the radar waveform, how much is due to the
Kalman filter ?, and how important is the choice of the "valid" points ?

We agree that analyzing the importance of the different aspects of our approach will improve the paper. Thus,
we will show the impact of the different processing steps in more detail. We will separately analyze the impact
of the pre-processing (i.e. retracking and outlier detection) and the kalman filter approach. We will not handle
the retracking separately since we did no innovative work here: we simply apply the existing “Improved
Threshold Retracker” to achieve reliable heights for missions such as Jason-1 and smaller water bodies.
Furthermore, it is shown in Table 3 that the usage of the ocean product (e.g. Lake Argentino, Lake Buenos
Aires, etc) will also improve the resulting RMS and R2 compared to the other databases. This shows that the
retracking has only a small impact on the improvements of the time series.

Planned updates in revised version:

* Height estimation by using a median approach instead of the and Kalman Filter will be performed for
the three selected study cases to demonstrate the impact of the Kalman Filter on the resulting time
series

* Additional explanation of the impact of different applied outlier criteria on the resulting time series will
be added.

» Additional information which outlier criteria was applied will be added to Table 3 and 4.

According to the Title, the Kalman filter seems to be the major source of improvement. If it happens that the
retracking algo and/or outlier detection play an important part in the improvement, maybe the title should be
changed to take it into account.

After some investigation we can say that the current implementation of the Kalman Filter without any dynamic
model is not the major source for the improvements but the applied outlier detection. Therefore, we decided to
change the title of the paper.



Planned updates in revised version:
* The title will be probably updated to “DAHITI — an innovative approach for estimating water level time

series over inland water using multi-mission satellite altimetry”

The question of the biases is not clear. Authors should -as least briefly- state how they evaluated the biases for
the tracker that they use, for each mission (were they estimated globally prior the computation of the series?,
are they evaluated separately for each series merging several missions?), And -in the case of global values-
publish the values.

We apply range biases which are derived from a global multi-mission crossover analysis described in Bosch et
al. (2014). For the multi-mission crossover analysis, the ocean products from the different altimeter missions
were used. For our application, the radial errors were interpolated (due to missing crossover points) over land
to provide an individual range bias correction for each altimeter measurement. The global mean range biases
are already published in our manuscript (in Table 1).

This approach works quite well (not only over ocean but also over land) as long as the ocean product is used
for the computation of water levels. However as soon as retracking is involved retracker offsets will occur. In
order to minimize the relative offsets between different missions and altimeter tracks we use the same retracker
(with identical parameters) for all measurements over one target. That minimizes the inter-mission biases.
Remaining differences may still be present in the time series (e.g. due to mission-dependent or location-
dependent effects such as waves). These inconsistencies will map into the quality of the time series and will
show up by increased RMSE when comparing the altimetry product with in-situ data. This is a point which
needs additional investigation in the future.

Planned updates in revised version:
* The explanation on handling range biases will be extended

* The problem of remaining inter-mission offset will be discussed additionally in the outlook

The authors mention in the Introduction the key point of the slant measurements (off-nadir measurements). But
they do not explain how they deal with it. Do they ignore it ? If not, where is it corrected for? In the pre-
processing step ? How is it modelled (best fitting parabola, parabola constrained by geometrical
considerations?, other analytical expression?, etc ..)

In the current processing strategy, the hooking effect is not corrected but the effected measurements are
excluded from further processing. The restriction of measurement latitude within the preprocessing step limits
the usage of off-nadir observations. Furthermore, the additional computed input uncertainty for each altimeter
measurement will increase for off-nadir observations. Thus, only few off-nadir measurements will be used within
the approach and these will have larger uncertainties.

In addition, we are about to publish an advanced approach for correcting the hooking effect. We plan to
integrate this approach in the DAHITI software in the future.

Planned updates in revised version:
* An explanation on the handling of the hooking effect will be added



Legends in the Tables are not complete. For example, in Table 4, what does the N stand for (number of
cycles ?) ? Besides, it would be useful to indicate the mission (Jason-2, Envisat, ...). Also, the river widths do
not correspond to actual widths of the reaches. Is it the length of the track segment ? Figures showing
comparison of time series are not easy to read. For exp, in Figure 9, it is not possible to see if points are
missing or hidden by others. Authors should seek for better way to show all the series in a single view (points in
the background larger than the points in the foreground, or use different symbols ....)

Planned updates in revised version:
» The legends will be extended
* The used altimeter mission will be added to Table 3 and 4.
* A definition of the river width will be added (it is the length of the track segment based on Google
Maps)
» The Figures 7, 8 and 9 will be updated to make them easier to read and more understandable

I don't comment the English which is better than mine .
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The authors present an interesting approach for deriving water heights over inland water bodies utilizing the Kalman filter
method and increasing the temporal resolution of inland water time series by combining multiple altimeter missions that cover a
target of interest. The resulting time series for various inland water bodies are made available in the Database for Hydrological
Time Series over Inland Water (DAHITI), maintained by the Deutsches Geodatisches Forschungsinstitut (DGFI). Generally, |
like the idea to employ a Kalman filter technique in the processing of inland water heights and the increase in temporal
coverage by combining different missions. However, | think that the proposed Kalman filter approach is quite simple and some
details of the methodology should be made clearer, especially why a detailed hexagonal grid is needed for the whole water
body instead of just utilizing the measurement positions (or some fixed bins along the groundtrack) of the altimeter itself.
Therefore, | generally recommend the paper for publication since the DAHITI database is an interesting addition to the available
range of databases, but after addressing the major issues below.

Thanks a lot for your very valuable comments. Based on this, we did some important changes — not only of the manuscript but
also of our approach and software. Thus, your review really helped to improve the results of our work.

For detailed answers to your comments and the updates planned for the revised manuscript see the green parts (and
especially the bullets) below.

GENERAL COMMENTS

The focus of the manuscript is unclear. The title suggests that the Kalman filter approach is new and the core topic of the
paper, but in fact the authors describe their own database and its features all quite wordy while the core of the KF method is
described relatively sketchy (apart from the general Kalman filter equations, which can also be found in a textbook). If the
authors feel their method is innovative, they should put a stronger focus on it and provide more details on the method,
motivations for choosing certain parameters and validations (and maybe shorten some other topics). See also below.

Since the focus of our paper is the whole processing strategy and not only the Kalman filter we will change the title of the paper
accordingly, probable to “DAHITI — an innovative approach for estimating water level time series over inland water using multi-
mission satellite altimetry”.

Indeed, detailed investigations show that the main improvement of our approach is not due to the Kalman Filter approach but
mainly from the preprocessing step with outlier detection.

* We will describe this in more detail in order to make the focus of the paper more clear.

The core of every Kalman filter is the dynamic model, the propagation of which is merged with the data in a least squares
sense. The authors assume an identity matrix for their dynamic model and introduce an a-priori error of 5cm. This basically
reduces the Kalman filter to a recursive least squares method. The choices for the model and the a-priori error, but also for the
(optional) retracking procedure should be properly motivated in the text. Additionally, it could be validated whether the result is
sensitive against e.g. the choice for the a-priori error or the choice of retracking algorithm, or the grid spacing, etc. . This would
make the choices, which might also vary with respect to the target water body, more plausible.

It is true that the current implementation of the Kalman Filter is simple but it has a big potential in the future if a dynamic model
is applied. We will try to make this more clear in the text and motivate and describe the chosen parameters in more detail. A
sensitive analysis was made in the evaluation step of our approach by testing different grid sizes, a-priori values, etc. Based on
this analysis the setting parameters were fixed.

*  We will describe the choices for the model, the a-priori error, and the retracking procedure in more detail

*  We will provide more information about the applied outlier criteria and thresholds

The authors introduce their Kalman filter method utilizing a precomputed, hexagonal grid while assuming a constant lake level. |
do like the idea of employing a Kalman filter, but | do not really see the necessity of the grid when all the grid points are
assumed to be the same height (P4828, line 1). In the end all grid points over the lake are averaged into one final height output.
| suppose, utilizing the actual altimeter locations (with the same assumption for constant heights and averaging) would yield
nearly the same result? The authors state on P4825, line 8-10 that the observations are linked by A_k only to the nearest grid
points. When computing the average, only the “best water levels” of all grid points of each epoch are selected (P4828, line 3-4).
| assume, these should in general be the grid points very close to the actual altimeter groundtrack since only these will be
influenced by the observations?



We changed our approach and do not use a grid for the standard computation anymore. This is no longer necessary due to
improved “errors” of the altimeter measurements which are now more realistic. Now, a more reliable weighting of the input
observations in the Kalman Filter is realized and makes the usage of a grid obsolete. However, we will keep the option for
calculations on a grid because it is very useful for investigations regarding the surface variability of larger lakes.

®  We will remove the grid for our standard computations

Furthermore, when using the grid, the individual grid points would be correlated, yet the authors assume uncorrelated system
noise (P4826, line 5) and initialize their co-variance matrix E_xx,k using an identity matrix (P4825, line 12). On P4824, line 10-
11 the authors say that the grid is used to account for river slopes, but | think referencing the individual heights to a fixed point
(e.g. by correcting for the differences in geoid height between the measurement point and the reference point) might also do
the trick.The authors should better motivate these choices to make it more comprehensible.

®  Asdescribed in the point before, the grid will be removed.

Another point would be the applied retacking. Why are not all the lakes (rivers) retracked. This would be more consistent.
Additionally, why use 1 Hz heights instead of 20Hz (or 18Hz or 40Hz) heights all the time over inland water bodies?
Furthermore, the small threshold of the applied Improved Threshold Retracker of 10% might lead to the detection of small
bumps in front of the desired leading edge in a sub-waveform, depending on the number of additional range gates considered
before and after the detected sub-waveform.

Over large lakes the ocean product of the different altimeter mission provides better water heights than any retracking algorithm
which is not optimized for ocean applications. Moreover, using the ocean product enable us to provide absolute water heights
since we can apply the range corrections from global ocean analysis and can neglect retracking biases. Therefore, we apply
only an additional retracking when it is really necessary: over smaller lakes and rivers.

In future, we will switch now completely to high-frequent altimeter data for consistency in our DAHITI approach even if 1Hz data
are sufficient for lager lakes.

We agree that a 10% Improved Threshold Retracker is not always optimal, but we don't want to mix retrackers and tests show
that smaller thresholds in most cases (especially over rivers) lead to better results in the resulting water heights.

Maybe the biggest problem is that no systematic analysis of the many choices is made in which the results differ. It is difficult
for the reader to find out which of the choices actually leads to improvements and which is not really required. What | mean is
something like, first, testing the effect of the SVR outlier detection (see also “specific comments” on this). Then investigate the
effect of the additional threshold outlier correction, the Kalman filter, etc.

We agree with your statement that it is not really clear what part of the processing leads to the improved results. Therefore, the
following updates will be made in the revised version.

®*  We will add information in Table 3 and 4 which outlier criteria are applied for the different inland water bodies.
* Detailed information about applied outlier criteria and thresholds will be added for the three study cases

® Furthermore, we will demonstrate the impact of the preprocessing and the Kalman filtering. Hereby, we replace the
Kalman filter step by an Median filter to demonstrate the impact of both parts. This will be done for the three
investigated water bodies. Investigations show that the major improvements are due to the preprocessing and not to

the Kalman Filter. Therefore, we will updated the title of the paper (see above)
As mentioned, parts of the manuscript are quite wordy, e.g. the description of the possible choices in the openADB database in

the beginning of 3.1 (P4822). Additionally, some information is provided several times throughout the manuscript (see also the
“specific comments” part). These could be shortened and more focused.

*  We will update/shorten certain parts (see specific comments, below)

Command of language is a problem. | am not a native English speaker, but there are, e.g., a lot of commas missing in some
parts of the text. Someone with better knowledge of this than me should proofread the manuscript later.

®*  We will try to further improve the use of English language.

Why are there two sections containing pre-processing? (Sect. 2 and Sect 3.1)

| agree that this is a bit confusing.



®*  Therefore, the title of Sect. 2 will be changed from “Altimeter Data and preprocessing” to “Altimeter Data and Height
Estimation”.

| like the selection of the investigated water bodies, as they cover large lakes, smaller lakes, as well as rivers. However, some
additional information on the chosen criteria for outlier detection etc. would be helpful.

Additional columns of the applied outlier criteria will be added in Table 3 and 4.
® Furthermore, additional information such as used outlier thresholds will be shown in detail for the three selected study
cases in ‘4.3 Selected results’

For the results, the DAHITI time series are corrected for possible outliers while time series from other groups which might still
contain outliers (e.g. GRLM) are not corrected. | think, it would be more consistent when the same outlier detection procedure
is applied to the other time series, too. Additionally in my opinion, the correlation with an in-situ time series is more meaningful
in combination with mentioning the number (or percentage) of removed outliers from the total number of points; after removing
a lot of outliers, the correlation will always become better.

We do not modify the external time series before the validation process and also do not use the in-situ data for an outlier
detection of the DAHITI time series since we want to document the quality of the time series without further modification. We

agree that doing so would lead to a decrease of RMS but each altimeter database has the possibility to add own outlier
rejection before releasing the time series.

*  We will add additional information such as number of days when altimeter data was available as input data and the
resulting number of days of the final time series (thus: number of outliers)
*  We will add a link to Ricko et al. in which outlier rejection was applied with respect to in-situ data

In the introduction, the authors mention that the determination of the accuracies will be covered in another paper. Why is this
not included here, since the outlier detection and Kalman filtering are depending on the derived accuracies? Generally, | think
this is an interesting and important part of the time series provided by DAHITI.

In general, the whole method of error propagation is already implemented and explained in this paper.

However, in the present state, the provided “accuracies” are only formal errors strongly depending -on the errors of the input
heights which are not perfect. In addition, detailed investigations on the resulting errors are necessary covering uncertainties of
the applied geophysical corrections or geoid model. And the most difficult part is the determination of an realistic error from the
applied retracking. All these points will be highlighted in another paper.

SPECIFIC COMMENTS

DAHITI The name of the database is introduced several times. At first in the abstract and again on page 4817, line 15, which is
fine. But also on page 4821, line 26 or page 4837, line 2 or page 4838, line 8-9. | think one (or two) time(s) is fine.

. DAHITI will be introduced once

DGFI Similar to “DAHITI®, | think that introducing it once on page 4817, line 16 is sufficient.

. DGFI will be introduced once

— Abstract

P4814, line 7-9: | think both sentences basically providing the same information. | would suggest writing something like “...
approach incorporating cross-calibrated altimeter data from Envisat ...”

° Phrasing will be updated

— Introduction

P4815, line 18: The definition of “footprint” is not precise. The pulse limited footprint (which the authors talk about) is much
smaller than the beam-limited footprint defined by the antenna beam-width.



. For clarification we will change “footprint” to “pulse-limited footprint”.

P4815, line 24: How are the hooking effects treated? This is important, especially when small lakes or rivers are investigated.

In the current processing strategy, the hooking effect is not corrected but the affected measurements are excluded from further
processing. The restriction of measurement latitude within the preprocessing step limits the usage of off-nadir observations.
Furthermore, the additional computed input uncertainty for each altimeter measurement will increase for off-nadir observations.
Thus, only few off-nadir measurements will be used within the approach and these will have larger uncertainties. In addition, we

are about to publish an advanced approach for correcting the hooking effect. We plan to integrate this approach in the DAHITI
software in the future.

®* Anexplanation on the handling of the hooking effect will be added

P4815, line 27-28: | think this sentence might be misunderstood in the way that the curves are fitted to the final heights instead
of the heights of one overpass over the target of interest.

®  The statement will be explained in more detail for clarity

P4816, line 1: When talking about ocean-like waveforms, one might refer to the Brown model (Brown, 1977). Similar on P4819,
line 16.

. Reference will be added

P4816, line 4: Generally, all threshold retrackers are sensitive to the geometrical waveform shape, e.g. large peaks will lead to
a larger amplitude etc. Therefore, | think “robust” should be rephrased. Same for P4819, line 20.

The statement that we indicate retackers such as OCOG, Improved Threshold as robust means that every waveform can be
retracked compared to retracking algorithms such as MLE, Beta5, etc. which try to fit form function to the waveform.

® Phrasing will be updated
P4816, line 7-11: The first two sentences of this paragraph basically provide the same information.
Phrasing was updated from “Despite of the aforementioned challenges, satellite altimetry has been successfully used for the
estimation of water levels of lakes and rivers by different groups during the last years. The potential of using satellite altimetry
for the estimation of water level time series and for understanding the terrestrial water cycle was already shown e.g. in Birkett
(1995), Crétaux and Birkett (2006), and Crétaux et al. (2011).” to “The potential of using satellite altimetry for the estimation of
water level time series of lakes and rivers and for understanding the terrestrial water cycle was already shown e.g. in Birkett
(1995), Crétaux and Birkett (2006), and Crétaux et al. (2011).”
P4817, line 22: “optional retracking”. Why is the retracking optional and not mandatory for all inland water targets. See also
general comments.
See answer in general comments

— Altimeter data and preprocessing

P4818, line 12-13: The first sentence repeats information already provided in the introduction. I'd suggest to simply remove this
sentence.

* Sentence will be removed

P4819, line 3: “about 80km” — “about 80km at the equator”

*  Phrasing will be updated

P4819, line 3-5: Since Envisat stopped working in April 2012 and SARAL was launched in March 2013, there is a gap in the
coverage.



That is true, but in line 3-5 we are talking about the time series using the same orbit as ERS-2 and SARAL/AltiKa to achieve a
time series of about two decades. In 10/2010 the Envisat mission was shifted to an interleaved orbit which means that these
measurements are no longer on the same ERS-2/SARAL/AltiKa orbit. This will lead to a gap between 10/2010 and 03/2013
exist.

Envisat : 05/2002 - 10/2010
Envisat extended : 10/2010 - 04/2012
SARAL/AltiKa : 03/2013 — active

*  We will update this part from “The orbit of these missions is defined by a repeat cycle of 35 days and a track
separation of about 80 km. The data is available for almost two decades with a data gap between 2010 and 2013 due
to the shift of Envisat to a drifting orbit that lasted until the launch of SARAL/AIltiKa.” to “The orbit of these missions is
defined by a repeat cycle of 35 days and a track separation of about 80 km at the equator. The data is available for
almost two decades with a data gap between 2010 (end of Envisat core mission) and 2013 (launch of SARAL/AIltiKa).
The data of Envisat on its drifting orbit (10/2010-04/2012) is not used.”

P4819, line 18-20: Why use a threshold of 10%? Additionally, the algorithm might provide more than one sub-waveform and
corresponding water height. Is the “correct” height selected by utilizing a reference height like in Hwang et al, 2006 or Guo et
al., 2009?

We tested different values of thresholds but in our opinion the 10% threshold leads in the most cases to better results as using
a 50% threshold. But the the difference are not quite large. Furthermore, we are using only the first sub-waveform for our

retracking. We don’t use a reference height such as last SSH over ocean (Hwang et al.) since this is difficult over small lakes
and rivers.

®*  We will explain the used version of the Improved Threshold Retracker in more detail

P4819, line 20: How is it decided whether retracking is necessary or not? Is there a reference for the statement, that ranges
from the 10% Improved Threshold Retracker are more reliable?

There is no certain criteria for applying an additional retracking. In general, all altimeter measurements of smaller lakes and
rivers are retracked if the ocean product does not lead to reliable time series due to land contamination. There is no reference
for selecting the 10% Improved Threshold Retracker but we have implemented several retracking algorithm and found out that

this leads to the best results for our application.

P4820, line 1: Suggestion: “altimeter range” could be renamed to “retracked altimeter range” to make it clear that the ranges
are always retracked and not tracker ranges.

We keep “altimeter range” because not all altimeter measurements are retracked. It can also happen that the original ocean
product is used.

P4820, line 22: It would be nice if the authors could give more detail on the “certain thresholds” that were used.

*  The different applied outlier criteria for the different inland water targets will be added in Table 3 and 4.

. Furthermore, detailed information about “certain thresholds” will be added for three selected results

P4820, line 25: “... and do allow to predict where ...”. | think “... and do not allow to predict where ...” was intended.

®  Phrasing will be updated

P4821, line 1-4: Remaining uncertainties in the geoid might lead to significant height differences depending on the location over
the lake, especially for larger lakes. So the assumption of a constant height level of the derived heights might not be satisfied.

We agree that in reality the resulting surface of larger lakes are not constant because geoid errors or wind and waves lead to

height differences. Our statement was based on the assumptions without that errors (geoid error, retracking error) and
hydrodynamics (wind, waves) are neglected. But remaining height difference is no problem for our approach.

*  We will explain our assumption in more detail



— Kalman filter approach

P4821, line 22: Rephrase “hexagonal computation”.

. Phrasing will be updated

P4822, line 14: Accuracy is not the same as precision.
Yes, of course. But since we have no information on the accuracy we use the precision as an alternative.

*  Phrasing will be updated

P4822, line 15: The abbreviation SD for presumably “standard deviation” has not been introduced at this point.

. SD will be removed due to the new approach described in the next comment

P4822, line 16: The authors should elaborate why they use a “floating” box (and maybe rephrase it to “sliding”) with the size of
5 instead of just all the valid heights over the target of interest. Especially, since deriving the standard deviation reduces the
degrees of freedom (dof) by two, leaving only 5-2=3 dof, which is quite a small number.

The reason for using a sliding box and not all “valid” heights is that we do not know which values are valid, and which are
invalid due to topography or outliers.

We improved our “error” estimation for each measurement. Now, we are using sliding boxes along the satellite track of +-3.5
km for large lakes, +-1.5 km small lakes/large rivers and +-0.5 km for small rivers. The definition of the box in km instead of
number of points makes the results more comparable between different missions measuring with 10Hz, 20Hz, or 40Hz.
Moreover, instead of calculating standard deviations within each box, we use the “absolute deviation around the median”
(ADM) as “error” of the measurement. For that purpose, in each box, we are estimating a median of the water heights. Then the

absolute difference between the median height and the current water height is computed. This method leads especially near
shores to more reliable errors than the former approach..

®  The new error estimation method will be explained

P4822, line 19: “without significant slopes”. As mentioned before, there might be a significant slope from uncertainties in the
geoid correction. Therefore, what will happen in case there is a significant slope and the assumption is not satisfied?

®  This sentence will be removed due to the new approach of estimating “errors”

P4822, line 21- P4823, line 4: | think it is not necessary to explain all possible choices for outlier detection in the software
package, but rather focus on what was chosen for the water height derivation in DAHITI.

*  The different applied outlier criteria for the different inland water targets will be added in Table 3 and 4.

®  Furthermore, detailed information about certain thresholds will be added for three selected results
P4823, line 6-7: “the SVRon [ ... ] is applied.” —» “SVR is applied to ...”
. Phrasing will be updated
P4823, line 9: “a lake” — Which lake?
It is Lake Erie which is crossed by Pass 80 of SARAL/AltiKa
. Information will be updated
P4823, line 11-12: How have these thresholds been selected? Are there different thresholds for different targets (large lakes,
smaller rivers, etc.)? When looking at Fig. 2, only a small number of points (green) are actually rejected by the outlier detection

which would probably be also rejected by the selected threshold criterion. Maybe the authors could elaborate on why they need
both stages of outlier detection?



In general, a threshold of 0.05 m is selected for lakes when this outlier criteria is applied. This threshold was selected because
high-frequent data have a noise within +-5cm which can be seen in Figure 2. It is often not necessary to apply all introduced
outlier criteria.

Planned updates in revised version:

® Table 3 and 4 will be updated by adding additional information about applied outlier criteria

P4823, line 14-16: The authors should mention this a little bit earlier in the before the example with the lake. Additionally, it is
not mentioned in the results section which criteria for outlier detection were chosen for the different inland water bodies.

®  This information will be moved before the example of the lake

®* Table 3 and 4 will be updated with additional information about applied outlier criteria

P4823, line 19: Suggestion: Maybe rephrase “heart of DAHITI".

* The role of the Kalman Filter in DAHITI will be rephrased

P4823, line 24-25: The Kalman filter only gives an optimal estimate for linear models and Gaussian distributed model states
and observations.

We agree!

P4824, line 23-24: | think the sentence might be a bit unclear. Suggestion: “Time intervals shorter than one day are precluded
by assigning the individual measurements to full days”

° Phrasing will be updated

P4825, Eq 2: | think the x_k vector is missing a minus sign in the exponent

In this part the basic equation especially the observation model is introduced which is not time dependent itself. Therefore, the
x_k vector has no minus sign.

P4826, line 5-6: Why 5cm™2? Why are the grid nodes uncorrelated (see also general comments)?

The 5cm? was selected based on personal experience.
We did not apply correlations because they are unknown (see before)

P4827, line 7-8: | suggest to rephrase it to “ ... accuracies will become smaller within the updating step” since “reduced
accuracies” implies that the accuracy becomes worse.

. Phrasing will be updated

P4827, line 15-20: The information on the transition matrix and the assumed variances has already been provided on P4826,
line 2-6.

Yes, in P4827, line 15-20 the general Kalman Filter is explained. But P4826, line 2-6 in we focus on our implementation in
DAHITI.

® Phrasing in P4827, line 15-20 will be updated

P4828, line 6: Why 5-10cm? Is this value larger for smaller lakes or rivers? How is it chosen?

The resulting errors depend on the input errors of the altimeter measurement. By using the standard deviation which was
implemented before the errors were quite small and increase for small lakes and rivers. Our new error estimation leads to more
realistic and larger errors which increases also the resulting errors of the Kalman Filter approach. Therefore we choose an error
limit for larger lakes which is selected manually depending on the resulting errors. For rivers and small lakes we are using the
height which has the lowest error.



®*  We will explain in more detail how the error limit is selected

P4828, line 17-21 (Figure 5): How is the confidence interval “manually defined”? Is it different for each target? The dashed lines
in Figure 5 are not described in the caption of the figure. Which lake is used for the example in Figure 5?

The confidence interval is defined manually because it depends on the scatter of the different water bodies
Lake Erie is used in Figure 5 which is already mentioned in P4828, line 18

* Dashed lines in Figure 5 will be described
* Name of the lake will be added to the description of Figure 5

®  Selection of confidence interval will be explained in more detail

— Results and validation

P4829, line 14-15: The different target types have already been mentioned in the beginning of Sect. 4.
® We will remove this sentence

P4829, line 19-20: Suggestion: Remove that sentence, as it provides no new information.
®  The sentence was removed

P4829, line 23-25: This may be correct for the central parts of the lake but closer to the land influences will impact the
waveform shape.

Yes, that is true, but there is only a small band of few kilometers along the lake shore which is affected by land contamination.
For the Great Lakes, the waveforms have almost always ocean-like shapes which is shown in the image below for a crossing
track over Lake Superior. For those lakes the corrupted waveforms near the lake shore will be rejected by the different outlier
criteria.

* We will add information about corrupted waveforms near the lake shore

46.75 47.00 47.25 47.50 47.75 48.00 48.25 48.50 48.75
1 84 | Il Il | Il i 1
4 — ?
183 A :’”%.""]2‘."-"_ T R "33:-‘;;..!«#;“.;.1%. -;q,rmwwcfn%ﬂ '-.'-_'n'ﬁj.’.;,:..u;v#‘-:-‘_‘-g =
182 - . . . ‘ .
46.75 47.00 47.25 47.50 47.75 48.00 48.25 48.50 48.75

128 g

o, f””ﬁw. ok, ‘f"wnm FM T LW

P4830, line 16: “several lakes are frozen for several month” Which ones? Are all measurements during these month treated as
outliers?



Sentence was updated from “Several lakes are frozen for several months which makes the water level computation
challenging” to “Several lakes (indicated in Table 3) are frozen for several months which makes the water level computation
challenging” .

*  We will explain the usage of the backscatter coefficient as additional outlier criteria to reject measurements affected
by ice coverage

P4831, line 20-21: I'd suggest to remove the first sentence, as it repeats information that has been mentioned before.

° Sentence will be removed

P4832, line 5-6: Computing the relative height changes does not avoid all the uncertainties in in-situ gauge data. E.g. there
could still be gross reading errors in manually operated gauges.

That is true. The objective of the comparing relative heights is that the different altimeter time series have different absolute
heights. These offsets are now removed. Other uncertainties in in-situ data will show up as increased RMS within the validation
process. In our case, only clear outliers of several meters are rejected for few stations in the Amazon Basin.

P4832, line 28 (Figure 7) Why is the year 2004 highlighted?

There is no certain reason why year 2004 was highlighted. The objective is to show the data distribution of the different time
series in detail. Especially the increased number of points of the DAHITI time series.

P4833, line 2: How have the time series been shifted? With respect to the mean or one (or more) selected cycles?
All external time series from altimetry and in-situ stations are shifted with respect to the DAHITI time series. Hereby, differences
at all common epochs are computed and averaged.

®  The method about estimating the applied offset will be explained in more detail

P4833, line 4: After applying two outlier corrections during the processing, one should in general not expect any more outliers.
That's true. So, this result proofs the efficiency of our outlier rejection.

P4833, line 5: Why use the 1Hz ranges instead of consistent 20Hz (or 18Hz or 40Hz) ranges for all targets? Small land
influences on the trailing edge of the waveforms might still influence the results of the standard ocean retracker ranges,
available in the GDRs. (See also general comments).

In general, 1Hz altimeter data are sufficient for large lakes. But we changed our approach in DAHITI and we are now using only
high-frequent data for all investigated water bodies.

* 1Hz altimeter data will not longer be used in the DAHITI approach

P4833, line 8-9: From Table 1, one can see that other stations showed larger RMS compared to Ontonagon and Grand Marais.
Is this connected to the distance of the in-situ stations to the altimeter ground tracks?

Probably, there is a small impact of the distance to the gauging station. However, the in-situ time series of Duluth and Point
Irogouis look more noisy than the station Ontonagon and Grand Marais.

This is probably caused by wind and waves because the station Duluth and Point Iroqouis are located in brights in the most
west and south-east. Thus, effects due to the quality of these stations are more likely. The distances between in-situ station
and nearest altimeter track for Ontonagon and Point Irogouis vary between 5-10 km. We think that the distance has not a major
impact on the RMS differences.

P4833, line 9: In my opinion the correlation coefficient alone is not a good measure for the quality, since removing a large
number of “outliers” automatically improves the correlation drastically. So additional information on the total number of
measurements and the number of removed outliers from the final time series might be helpful here.

®  We will add an information on the number of outliers (number of days when altimeter data was available as input data
and the resulting number of days of the final time series.)



P4833, line 16-17: Have the results from the other databases also been corrected for possible outliers? E.g. the unsmoothed
GRLM results which, judging from Figure 7, are used here might still contain large outliers in some cycles, which will have a
significant effect on the computed RMS. (see also general comments).

We do not modify the external time series before the validation process and also do not use the in-situ

data for a outlier detection of the DAHITI time series (as done in Ricko et al) since we want to document the quality of the time
series without further modification. We agree that the RMS will decrease after outlier removal but each altimeter database has
the possibility to add own outlier rejection before releasing the time series.

P4833, line 22: Figure 8 deals with a different lake so it does not show the “same time series” like Figure 7.

*  Phrasing will be updated

P4833, line 24: The GRLM time series for Lake Athabasca is no longer available on the GRLM website.

The time series is still available. The following archive which is available via the GRLM website
http://www.pecad.fas.usda.gov/lakes/images/envisat lakes.txt.zip contains Lake Athabasca in file lake0348.N.1.4.ixt

P4833, line 24-25: Figure 8 highlights the year 2004 (like Figure 7) and not 2010. Again, what makes this year special?

There is no certain reason for the selection of the year. But, it must be a year in which all investigated time series and in-situ
data are available. The reason for zooming into a single year is to show the temporal resolution of the different time series.

P4834, line 1: “very good” The results for the Topex/Poseidon era seem to be more noisy compared to LEGOS.

Maybe it looks more noisy because there was only one mission used compared to the period starting in 2002. Furthermore, the
time series are rarely affected by ice coverage compared to the LEGOS time series.

P4834, line 2: Since “outliers” should have been removed during the processing, I'd suggest to maybe rephrase this.

*  We will rephrase the sentence

P4834, line 2-7: Generally, the same concerns regarding mentioning the number of outliers and also applying the same outlier
removal to the time series of the other groups.

We do not want to modify time series of other groups as mentioned above.

P4834, line 9: Suggestion: Maybe remove the first sentence.

. The sentence will be removed

P4834, line 13: “only one mission” — Figure 9 includes results based on Envisat and SARAL. These are two different missions.

Both mission are not flying at the same time.

® Therefore we will update the following sentence: “All altimeter time series reach a temporal resolution of about
1~month since they are based purely on missions with 35-day temporal resolution (Envisat and SARAL).”

P4834, line 14-15: Similar to P4819, line 3-5, Envisat stopped working in April 2012 and SARAL was launched in March 2013,
so there is a gap in the coverage.

This point was already commented in P4819, line 3-5:

P4834, line 9-24: What pre-processing criteria (mentioned in Sect. 3.1, e.g. SD thresholds) have been used? Why is the year
2010 highlighted?

There is no certain reason why we selected 2010. There requirement was to select a year in which in-situ and all other altimeter
time series are available.


http://www.pecad.fas.usda.gov/lakes/images/envisat_lakes.txt.zip

®*  We add information about the applied outlier criteria in Table 3 and 4 and especially for the 3 selected examples
* Figure 7,8,9 will be updated to be more understandable for the user

®*  We will explain why we select certain highlighted year

P4835, line 7: “used points (No)” —Are the number of removed outliers included? (Same for Table 4).

The number of used points is defined by the number of days for which a water level height was computed and used for the
validation. This is not the complete number of days of the whole time series.

®  We will explain in more detail what is meant by used points

P4835, line 9-10: The smallest and largest RMS are not marked in color in Table 3.

® Table 3 and Table 4 the smallest RMS will be highlighted in bold and the largest RMS in italic. A highlighting in red
and green is technically not possible in this journal.

P4835, line 15-18: Wind effects or other local influences might have an impact on the gauge station measurements. Again this
raises the question whether stations closer to the track show better agreement.

This was already answered before in P4833, line 8-9

P4835, line 19-27: In case the other products still contain outliers, the comparisons might need to be improved before a general
better performance of DAHITI can be validated.

This was already answered before in P4833, line 16-17

P4836, line 1-4 (Table 4): | think it would be helpful if the authors would include information on the utilized satellite data in each
row (Maybe, e.g.: Station Name (J2) ... ).

. The used altimeter satellites will be added to Table 3 and Table 4

P4836, line 15-16: Is there a reference for that statement? Especially for rivers, the quality of the reprocessed water heights is
quite depending on the surrounding terrain (in this case mainly rain forest?), etc. | think it would be nice to rephrase this
statement to make it more clear.

®*  We will rephrase this statement in more detail

— Conclusions

P4837, line 15: Related to the previous point, the authors could elaborate (either here or in the previous section) what is meant
by “surrounding conditions”.

® We will rephrase this statement in more detail

— References

- Well presented, except for a few missed “{}” (see “technical comments”).
. {} will be removed from references

TECHNICAL COMMENTS
I will only list a few things here, since the manuscript will probably be reworked anyway.
— Abstract

P 4814, line 2: “However, since some years” — “However, for some years”.



. Phrasing will be updated
P 4814, line 16: “from available other altimeter ...” — “from other available altimeter ...”
® Phrasing will be updated

— Introduction

P 4814, line 26: “However, in the last years ... “ - “However, over the last years ...”
. Phrasing will be updated

P4815, line 27: “... fitting curves on the resulting ...” -*... fitting curves to the resulting ...” Altimeter data and preprocessing
. Phrasing will be updated

P4820, line 14: Missing words. — “Finally, each single altimeter measurement is corrected for its ...”
. Phrasing will be updated

— Kalman filter approach

P4822, line 5: “data base” — “database”
° Phrasing will be updated
P4822, line 14: “Due to lacking absolute ...” — “Due to the lack of absolute ...”
. Phrasing will be updated
P4823, line 19-21: Just a suggestion: “... input heights by combining of the [ ... ] at different locations (Kalman, 1960).”
° Phrasing will be updated
P4824, line 15: “At the beginning an initialization ...” — “In the beginning, an initialization ...”
° Phrasing will be updated
P4824, line 18: “contant” — “constant”
. Phrasing will be updated

P4824, line 18-19: Rephrase: “That means that our system each time is updated if a new ...” — “That means that our system is
updated each time a new ...”

®  Phrasing will be updated
P4826, line 15: “actual” — “current”
. Phrasing will be updated

— Results and validation

P4830, line 21: To be consistent with the other times it is mentioned, write “Lago Argentino”

®  All Spanish lake and river names were translate into English



P4831, line 5-6: Maybe merge the two sentences to one.

. Both sentences will be merged into one

P4831, line 7: Suggestion: replace “wet” with “humid”

. Phrasing will be updated

P4831, line 8: Suggestion: replace “show” with “reach”

®  Phrasing will be updated

P4831, line 10: Suggestion: replace “diversification” with “variety”

. Phrasing will be updated

P4832, line 10-14: Suggestion: These 3 sentences contain the word “differences” five times. Maybe rephrasing some of it will
make it more easy to read.

* Phrasing will be updated to “These results are based on various altimeter missions and diverse approaches were
performed to compute the water level time series. As a consequence, these external time series cover different time

periods with temporal resolutions between 10 and 35 days. This has to be kept in mind when comparing the time
series of the four databases.”

P4832, line 18: “disparate” — “divers”

. Phrasing will be updated

P4833, line 21: “reaching” — “providing”

. Phrasing will be updated

P4834, line 19-20: “... when taking the [ ... ] into account” — “... when taking into account the ...”

*  Phrasing will be updated

— Conclusions

— References

P4839, line 31: The names “ERS” and “ENVISAT” are in curly brackets

*  Phrasing will be updated

P4840, line 33: The name “SARAL” is in curly brackets.

. Phrasing will be updated

P4841, line 15: “Shum, C.” - “Shum, C. K.”

. Phrasing will be updated
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| will not comment here the methodology and will not suggest a full review of the paper, but | am
surprised by the results given in table 3.

A previous study was done in Ricko M., C.M. Birkett, J.A. Carton, and J-F. Cretaux, Intercomparison and
validation of continental water level products derived from satellite radar altimetry, J. of Applied Rem.
Sensing, Volume 6, Art No: 061710, DOI:10.1117/1.JRS.6.061710, 2012.

it was an article with the aim of comparing the water level products for lakes of 3 database that are also
used in the present article. The methodology of comparison between both article looks to be the same
(calculation of RMS of differences between satellite product and in situ level, and calculation of the R2
coefficient). In the present article the product from the DAHITI database is added to the general
comparison, and there are between both articles, seven common lakes. The fact | wish to point out and
wish the authors give explanation, and at least refer in their article to ricko et al., 2012, is that for the 3
other database (Hydroweb, GRLM and ESA/DMU) the accuracy and the correlation calculated in the
present article are much worse than what was present in the Ricko et al;, 2012 article.

I made a summary table of both comparisons: those made in Schwatke et al, those made in Ricko et al.
See below.

Lake name Schwatke et al., 2015 Ricko et al., 2012

RMS (cm) / R2 RMS (cm) / R2
Superior 5-6/0.94-0.95 6/0.97
Michigan 7-12/0.82-0.95 11/0.98
Ontario 6-7 / 0.94-0.95 6/0.98
Erie 9-18/0.69-0.92 10/0.95
Huron 6-11/0.92-0.98 8/0.99
Athabasca 33.7/0.79 28/0.91
Woods 43-44 /0.58-0.63 27/0.81

Table 1. Hydroweb comparison from Schwatke et al analysis and published in Ricko et al., 2012

Lake name Schwatke et al., 2015 Ricko et al., 2012

RMS (cm) / R2 RMS (cm) / R2

Superior 11-12/0.62-0.75 5/0.97
Michigan 8-10/0.73-0.95 8/0.98
Ontario 11/0.85 6/0.98

Erie 14-20/0.61-79 6/0.97

Huron 7-12/0.90-0.96 6/0.99
Athabasca 55.7/0.27 Not calculated
Woods Not calculated 19/0.86

Table 2. GRLM comparison from Schwatke et al analysis and published in Ricko et al., 2012



Lake name Schwatke et al., 2015 Ricko et al., 2012

RMS (cm) / R2 RMS (cm) / R2
Superior 8-9/0.75-0.82 5/0.95
Michigan 5-7/0.69-0.78 7/0.93
Ontario 5/0.96-97 7/0.96
Erie 13-17 / 0.50-0.74 10/0.86
Huron 6-9/0.80-89 7/0.93
Athabasca 80.5/0.30 28/0.85
Woods 36/0.40-41 2470.81

Table 3. ESA/DMU comparison from Schwatke et al (in revision) analysis and published in Ricko et
al., 2012

Lake name Schwatke et al., 2015

RMS (cm) / R2
Superior 4-6/0.85-0.96
Michigan 5-7/0.82-0.95
Ontario 4-5/0.94-0.98
Erie 5-13/0.78-0.96
Huron 4-9/0.92-0.98
Athabasca 17/0.88
Woods 15-16/ 0.75-79

Table 3. DAHITI comparison from schwatke et al.,

It is worth to note that almost all the time the results are degraded from the accuracy assessment done
by Ricko et al., 2012 to the present study. I'm for example very surprised by the high degradation
observed for the GRLM solution of the great lakes with accuracy quite always higher than 10 cm while it
has been assessed to be between 5 and 8 cm from Ricko et al., 2012 and if so keeps at the same order
than what is obtained in DAHITI. The difference for lake Woods of Legos is also significantly degraded
(28 cm to 43-44 in this article) and for the lake Athabasca ofthe DMU solution (28 cm from Ricko et al;,
to 80.5 from this article) the difference is extremely high. for the correlation coefficient the degradation is
very significant and for all of the cases. This needs explanation. | did for example the calculation for lake
Erie with the Legos time series and the in situ and | found 9 cm and 0.97 (between 9 and 18 cm for
Schwatke and 0.69 to 0.92, and 10 cm and 0.95 for Ricko et al., 2012).

Second point: | have downloaded the figure from hydroweb of the lake superior which is also reported in
the figure 7. The legos solution (Hydroweb) on this figure looks very poor in term of number of valid
measurements (maybe due to the fact that all solution sare put on the same plot) but figure 7 is not
representative of the real distribution of the corresponding time series on Hydroweb, particularly at the
end of the time series

The time series of Hydroweb in Figure 7 looks similar to your plot from the hydroweb web site.
We will improve the plots of Figure 7,8,9 to display that the different time series more clearly.

(see figure attached). It looks like the distribution of measurements is very irregular and sparse, which is
not the case. please make this more realistic.
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Fig. 1. Lake superior: image down loaed from Hydroweb web site.

The differences between the results from Ricko et al, 2012 and our paper can be explained by the
different outlier rejections performed before the validation.

In Ricko et al. 2012, an outlier rejection and filtering of time series with respect to in-situ data was
performed and is described in ‘3.2. Product Filtering’: “First, data outliers in the three altimeter products
were removed with respect to in situ gauge data as a reference (accepting good altimeter data within
one standard deviation of the original gauge data). For the periods when gauge data are missing,
outliers in the GRLM time series were filtered out using the smoothed product version of the GRLM time
series. For the other two altimeter products (LEGOS and ESA-DMU), these were filtered out with respect
to the filtered GRLM product.”

In contrast, we use the original time series from Hydroweb, GRLM and River & Lakes without any
changes for the comparison with in-situ data. In our opinion, using the validation data set (in-situ) for
outlier detection is sub-optimal. Moreover, when applying a outlier rejection by means of standard
deviations a rejection level of 3sigma is recommended. We do not modify the external time series before
the validation process and also do not use the in-situ data for a outlier detection of the DAHITI time
series since we want to document the quality of the time series without further modification. This
differences in the validation strategy cause our RMS values to be larger than those of Ricko.

In order to verify the DAHITI results and to check the dependence on time series length we
re-downloaded the Hydroweb time series. The new comparisons (see table) show small improvements



with respect to the old ones but the results are still much worse than the Ricko results meaning that
there are still some outliers in the original Hydroweb time series.

(Schwatke et al.) (Schwatke et al.) (Ricko et al.)

RMS [m] / R? RMS [m]/ R? RMS [m]/R/R?

(old data) (new data)
Erie - Cleveland 0.094 /0.91 0.090/0.92 0.10/0.95/0.90
Ontario - Oswego 0.067 /0.94 0.066 / 0.95 0.06/0.98/0.96
Michigan - Milwaukee 0.100/0.95 0.088/0.96 0.11/0.98/0.96
Huron - Harbor Beach 0.075/0.97 0.077/0.97 0.08/0.99/0.98
Superior - Marquette 0.059/0.94 0.055/0.95 0.06 /0.97/0.94
Woods - Warroad 0.333/0.60 0.323/0.51 0.27/0.81/0.65
Athabasca - Crackingstone 0.337/0.79 0.321/0.79 0.28/0.91/0.82

We will discuss the differences to Ricko results in the revised version of the paper and point out the
different outlier rejection strategies.

Moreover, we will try to improve the paper figures 7/8/9 and to display the different time series more
clearly. At the moment part of the Hydroweb time series is hidden behind other data sets — probably we
will shift the time series to each other in order to allow to distinct between them.



