This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING 1

Adaptive Retracking of Jason-1, 2 Satellite Altimetry
Data for the Volga River Reservoirs

Yu. Troitskaya, G. Rybushkina, 1. Soustova, and S. Lebedev

Abstract—The problem of minimization of errors in water level
retrieval for the Volga reservoirs from altimetry measurements can
be resolved by retracking Jason-1, 2 satellite altimetry data. For
justification of the optimal retracking algorithm average impulse
response of a statistically inhomogeneous surface was calculated
theoretically for a model of the terrain in the neighbourhood of the
reservoirs. The modeled waveforms are in good agreement with
Jason-1, 2 waveforms for the same area. Comparison of the data
with in situ measurements shows that retracking significantly im-
proves measurement of the water level. General principles of the
retracking algorithms for complex areas (land, coastal zone, inland
waters, etc.) based on calculations of the waveforms taking into ac-
count statistical inhomogeneity of the reflecting surface adapted to
a certain geographic region, are discussed.

Index Terms—Inland waters, retracking, satellite altimetry.

I. INTRODUCTION

NE of the recent applications of satellite altimetry orig-

inally designed for measurements of the sea level [1] is
associated with remote investigation of the water level of in-
land waters: lakes, rivers, reservoirs. A possibility of using al-
timetry data for determining hydrological characteristics of in-
land basins is actively studied aimed at determining the hy-
drological regime of large rivers in South America, Africa and
Siberia [2]-[5], as well as for assessing water level in the lower
reaches of the Volga river [6] and other inland basins [7]. Nu-
merous applications of satellite altimetry to monitoring of in-
land waters are reviewed in [8]. Standard altimetry data pro-
cessing developed for open ocean conditions [1] cannot be used
in the case of inland waters, where reflection from the land dra-
matically alters the altimeter waveforms and leads to signifi-
cant errors in estimation of the water level. Appreciable scatter
of satellite data may evidently be explained by the shortcom-
ings of direct extension of the algorithms of water level cal-
culation developed for large water basins (seas and oceans) to
medium area basins when the radar return is significantly con-
taminated by reflection from the land. This effect is very strong
in the Volga reservoirs with the width of 10-15 km (except for
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the Rybinsk reservoir). Under these conditions very few tele-
metric impulses fit the validity criteria which cause a severe
loss of data. The problem of minimization of errors in the water
level retrieval for inland waters from altimetry measurements
can be resolved by retracking satellite altimetry data. Recently,
special retracking algorithms have been actively developed for
re-processing altimetry data in the coastal zone when reflection
from land strongly affects echo shapes: threshold retracking,
(3-retracking [9], [10], three new retrackers improved the ac-
curacy altimetry observations were proposed in [11]. The latest
development in this field is PISTACH product [12], in which re-
tracking bases on the classification of typical forms of telemetric
waveforms in the coastal zones and inland water bodies (see also
references in [13], [14]). A new method of regional adaptive re-
tracking based on constructing a theoretical model describing
the formation of telemetric waveforms by reflection from the
piecewise constant model surface corresponding to the geog-
raphy of the region was proposed in [13], [14], where the algo-
rithm for assessing water level in inland water basins and in the
coastal zone of the ocean with an error of about 10-15 cm was
constructed. This algorithm was tested for the 142 pass of satel-
lite Jason-1 at the Gorky Reservoir with complex topography,
where the standard Ocean-1 algorithm is not applicable. In [14]
amodel of an average waveform reflected from a statistically in-
homogeneous piecewise constant surface (topographic model)
was used for theoretical calculation of the reflected power on
the basis of the works [3], [15]. The model allowed substan-
tiating criteria of data selection for the Gorky Reservoir. The
water level was calculated by means of regional adaptive re-
tracking of the SGDR database for the Gorky Reservoir, and it
was shown that application of this algorithm greatly increases
the number of included data and accuracy of determining water
level. General principles of the proposed algorithm for compli-
cated areas (coastal zones, inland waters, and so on) based on
calculations of the signal with allowance for inhomogeneity of a
reflecting surface may be used in different geographical regions.

In our work this algorithm is used for reprocessing data of
pass 33 of Jason-1 satellite after maneuver in the Gorky reser-
voir and for several passes of Jason-2 satellite in the Rybinsk,
Gorky, Kuibyshev, Saratov, and Volgograd reservoirs, the gen-
eral parameters of which are presented in Table I. The coastal
topography of the reservoirs is significantly different. Shores of
Rybinsk Reservoir are primarily low grasslands, forests, wet-
lands. The right shore of Gorky, Kuibyshev, Saratov, and Vol-
gograd reservoirs are high and sometimes steep, the left shore
are low.

In the presence of additional peaks generated by reflection
from land, a smooth coastal water surface and highly reflective
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TABLE 1
GENERAL PARAMETERS OF THE MAIN VOLGA RESERVOIRS

Reservoir Area, Length, Maximal
km2 km width, km
Rybunsk 4550 112 56
Gorky 1590 427 14
Cheboksary 2190 341 16
Kuibyshev 6450 580 30
Saratov 1830 357 25
Volgograd 3117 540 17

coastal objects (buildings, slicks, etc.), the reflected waveforms
are poorly approximated by Brown’s formula [15], which leads
to errors in determining the position of the leading edge and,
hence, to wrong determination of satellite altitude and water
level. In this case, other quantities, such as wind speed and sig-
nificant wave height (SWH) are also determined incorrectly.
The adaptive algorithm described in [13], [14] permits deter-
mining the area of satellite pass over the water basin where re-
flection from the water determines formation of the leading edge
of the telemetric pulse and the influence of land is insignificant.
The algorithm includes four consecutive steps:
— constructing a local piecewise model of a reflecting surface
in the neighbourhood of the reservoir;
— solving a direct problem by calculating the reflected wave-
forms within the framework of the model;
— imposing restrictions and validity criteria for the algorithm
based on waveform modelling;
— solving the inverse problem by retrieving a tracking point
by the improved threshold algorithm.
The adaptive algorithm was tested for reprocessing of the SGDR
data of Jason-1 in the Gorky and Rybinsk Reservoirs of the
Volga River and showed good accuracy of the water level deter-
mination. Study of the possibility of applying this algorithm to
the data of Jason-1 satellite after maneuver for Gorky reservoir
and of Jason-2 satellite for five Volga reservoirs is of consider-
able interest, also because the standard on-board tracking logic
of Jason-2 differs from that used previously in Jason-1 so as to
make it more useful for inland water basins.

II. ADAPTIVE RETRACKING FOR PASS 33 OF JASON-1
SATELLITE AFTER MANEUVER IN THE GORKY
RESERVOIR AREA

In this section we use the method of adaptive retracking for
studying the variability of the hydrological regime of the Gorky
Reservoir for the period from 2010 to 2012 on the basis of track
33 of Jason-1 satellite after maneuver. For modeling the forma-
tion of telemetric waveforms in accordance with the procedure
of regional adaptive retracking [13] first we construct a piece-
wise constant model surface (Fig. 1) corresponding to the geog-
raphy of the region. The model assumed three types of reflected
surface: water (the area inside white lines in Fig. 1), land (the
area outside white lines in Fig. 1), and coastal slicks which are
long strips of smoothed water extended along coastlines (white
lines in Fig. 1). Such smoothed regions 20-30 m wide are reg-
ularly observed near the coastline (which are usually caused by
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Fig. 1. A simplified model of the water area of the Gorky Reservoir and nadir
points of Jason-1 20 Hz pulses.

high concentrations of surface active substances) and are known
to give rise to peaks in telemetric pulses [16]. The coastal slicks
that were revealed in the Gorky Reservoir water area by field
studies can significantly influence the reflected waveforms [14].
In the case of inland water bodies, when the altimeter foot-
print is a combination of several different (in heights and re-
flecting properties) parts, the total reflected power is a sum of
contributions from all piecewise-constant areas [14]:

P (T) = Pyater (T) + Piundg (7') + Peoust (7') . (1)

If the altimeter antenna axis is directed strictly at nadir, the con-
tribution of each part of water and land to the reflection is de-
scribed by the analogue of Brown’s formula:

Py ‘
Pu(r) = 407354 o~ (/) Fan)((er ~2H3 ) /h)

(er — 2Hy,)
V3@ +r?

where /. is the mean distance from the satellite to the underlying
surface. The parameters with index &: Hy, o, sy, correspond to
the level, scattering properties and roughness for a given (kth)
part of the underlying surface (H, is the deviation of the surface
level from the mean value, it is positive when the distance from
the surface to the satellite is greater than the mean value and the
surface level is lower than the mean value) [14]. In(2) we take
into account the fact that at time 7 = ¢ — 2h /¢ the main contri-
bution to the reflection from the £th illuminated area is given by
an arc Ay, centered at the nadir point with coordinates =, yn
and determined by the condition of equality of the distance from
the antenna to the kth piece of surface (see [14]). The radius of
the arc is equal to v/h (er — 2H}y) and depends on the devia-
tion of the surface level of this area from the average value. For
coastal slicks the reflected power is

x | 1+ erf

X Ay (2)
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where y = (1), © = x(I) is the equation of the coastal line C,
and d,; is the width of the slick [13].

Using (1)—(3) one can calculate the reflected waveforms and
their change when the satellite moves along the track. Parame-
ters in formulas (2), (3) are determined by the properties of the
reflecting surface. For the water surface: elevation H is water
level, s is a significant wave height and ¢ is determined by the
wind speed. For the land surface, H is determined by topog-
raphy (it was supposed to be constant and equal to 20 m — an
average height of the land area according to the data on the to-
pography of the land surface in the neighbourhood of the Gorky
Reservoir from Global Land One-km Base Elevation Project
[GLOBE] [17]), s is surface roughness, and ¢ is determined by
the reflecting properties of the land. The model was constructed
assuming that parameters of land are fixed, and the characteris-
tics of surface water (water level, wave height and roughness)
are variable and must be determined using the retracking algo-
rithm.

Based on formulas (1)—(3) the reflected waveforms for track
33 of Jason-1 satellite after maneuver were calculated.

For the calculation of waveforms, we choose the model sur-
face parameters from physical considerations: for land o(%) =
20, « = 10, aif"”d = 3m, for water (@ = 50, o = 10,
o®eter = ().3m, for coast slicks cOdy = 0.5, a = 1000.
The parameters specific to the radar altimeter were set equal to
v = 0.0005, 7; = 0.425T [13] (T = 3.125- 1077 s — the point
target response 3 dB width).

Results of the calculations of model waveforms are presented
in Figs. 2, 3. Fig. 2 shows an example of the partially modeled
waveforms reflected from the areas of the water, land, and slick,
and the total power (scattered by all three areas) for the piece-
wise model of the Gorky Reservoir, presented in Fig. 1. The
isolines of the calculated model waveforms reflected from the
surface close to the Gorky Reservoir are shown in Fig. 3 in the
following coordinates: time — distance along the track. Time is
measured in units of telemetry gate (3.25 ns), and distance in
kilometers. Like in [15] one can note complex images, which
reflects complexity of the calculated model waveforms. Simi-
larly to track 142 of Jason-1 in the Gorky reservoir area [13]
there exist parabolic singularities corresponding to the reflec-
tion from the coast and scattered on the slicks near the coast and
the waveforms have an extremely narrow leading edge (corre-
sponding to less than 1 telemetry gate) due to the small value of
the average SWH (about 30 cm).

Analysis of the waveforms and their comparison with the
waveforms from the SGDR database of Jason-1 enabled us to
formulate the first criterion for selecting telemetry impulses: to
determine the water level of the Gorky Reservoir the waveforms
should be taken from the range 42.12° —43.18°E along the track

220 =

200 " o glick
| === total

180 — reflected power -

=
3

2
=
|

Reflected power
o

)
LSS B I I B Rt A A e NS A L B R B
a 10 20 30 40 50 60 70 80 a0 100

Time, gate

Fig. 2. An example of modeled waveform reflected from the areas of water,
land, and slick, and the total reflected power of all three areas for the piecewise
model of the water area in the Gorky Reservoir shown in Fig. 1.
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Fig. 3. Isolines of model telemetric waveforms in the Gorky Reservoir area
along the trajectory of Jason-1 satellite.

33. In this region the model waveforms are in good agreement
with the measured ones, and the leading edge of the waveforms
is determined by the reflection from the water surface. In addi-
tion to the first criterion, in accordance with the long-term obser-
vations at gauging station Yuryevets, the deviation of the water
level from an average value by more than 2 m should be con-
sidered erroneous. For the valid waveforms we used regional
retracking algorithms appropriate for the Gorky Reservoir for
track 142 [14], including 2 steps. At the first step we estimate a
tracking point determined by a definite threshold. The second
step is refinement of the estimates: the alleged weak leading
edge — 4 points in the neighborhood of the threshold (see [14,
fig.12]) are fitted by the error function (taking into account the
analytical results):

A (1 +rf (@)) . @

The parameters in (4) are retrieved by minimization of
root-mean-square deviations. The minimization procedure was
slightly modified in comparison with [14]. To improve the
algorithm convergence the initial value of the parameter S,
which characterizes SWH on the water surface, was estimated
from the mean slope of the leading edge of the waveform. The
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Fig. 4. (a) Retrieved from retracking 33 track Jason-1 SGDR data water level variations in the Gorky Reservoir (triangles) and in situ measurements (circles),
(b) water level via in situ measurements for 142 track of Jason-1 before the maneuver, the Yurevets water level gauge station, Gorky reservoir, (c) for 33 track of
Jason-1 after the maneuver, the Sokolskoe water level gauge station, Gorky reservoir.

signal amplitude A is found by averaging the values of the
power over several points, following the leading edge. Then
the parameter Tx characterizing the arrival time of the reflected
signal is determined by the one-parameter optimization. The
modified optimization algorithm provides a more accurate
value for the tracking point 75.

III. WATER LEVEL AND SWH VARIATIONS IN THE GORKY
RESERVOIR ON THE BASE OF SGDR DATA OF JASON-1 PASS 33

The results of calculating the water level (SSH) variations
in the Gorky reservoir and their comparison with measure-
ments gauging station Yuryevets are presented in Fig. 4(a).
The re-tracking algorithm was tested by comparison with in
situ measurements. In Fig. 4(b),(c) the results of retrieving
the water level (SSH) variations in the Gorky reservoir via
measurements at gauging stations are presented. Comparing
with the data from GDR Jason-1 ploted in the same figures
showed an increase in the number of valid points, as well as
a significant improvement in the correlation from 0.5 to 0.85
for 142 track of Jason-1(Fig. 4(b)), and to 0.92 for 33 track of
Jason-1 (Fig. 4(c)).

The parameter S in (4) is related to the magnitude of surface

roughness and pulse duration: § = v2 x 1/(20,/¢)” + oz,

For a normal distribution of wave heights with variance o, sig-
nificant wave height SWH = 4. Taking into consideration
that for Jason-1, 2 satellites o, = 0.513, we find SWH =
2 x 93.75 x /S52/2 — 0.513%,

Calculation of the parameter SWH for the Gorky Reservoir
from May 2010 to March 2012 showed that the majority of
SWH values are within the 40—110 c¢m interval, which is much
higher than a typical wave height in sufficiently small inland
basins. Anomalously high values of SWH suggest that the cali-
bration of the waveform leading edge width, which in ocean al-
timetry was held on the marine buoys, located in the open ocean,
is not applicable to inland waters characterized by other param-
eters of the surface waves. Therefore, one needs to calibrate the
obtained SWH values.

To this end, in August-October 2011, four scientific expedi-
tions to the Gorky reservoir were organized (22. 08, 01. 09, 11.
09 and 01. 10 during Jason-1 satellite flights). During the expe-
ditions the values of wave height, wind speed and air tempera-
ture were measured by the equipment placed on the Froude pole.
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Fig. 5. Significant wave height (SWH) variations in the Gorky Reservoir: re-
sults of retracking SGDR base for pass 33 of Jason-1 satellite. Triangles — cal-
ibrated value retrieved from altimetry with the calibration by field data, circles
— the field data.

The calibrated values of SWH data obtained during the expedi-
tions are shown in Fig. 5.

IV. JASON-2 WATER LEVEL MONITORING IN THE VOLGA
RESERVOIRS ON THE BASE OF ADAPTIVE RETRACKING

According to NASA/CNES data (see Fig. 6) the water areas
of the 5 main Volga River reservoirs are intersected by ground
tracks of Jason-2 altimetry satellite (except for the Cheboksary
reservoir). Only in the case of the Rybinsk reservoir the water
area is sufficiently large and the reflection conditions are similar
to the oceanic ones. In other reservoirs the ground tracks pass
near the shore lines, which may lead to pronounced influence of
land reflection on the waveform of the received telemetric pulse
and appropriate errors in GDR data of water level. The standard
on-board tracking logic of Jason-2 differs from that used previ-
ously in Jason-1 so as to make it more useful for inland water
basins. It is therefore interesting to calculate the water level on
the base of the standard algorithm and the algorithm of regional
retracking to compare their efficiencies.

At the first stage, Geophysical Data Records (GDR) of
Jason-2 satellite were processed. All 20 Hz Jason-2 altimetry
data available along passes 066, 083, 142, 168, 185, 218 were
used and all corrections available in the original altimetry data
bases were calculated. The results for water level variations
on the base of standard GDR data processing are shown in
Fig. 7 by squares. One can see significant scatter of results
although they were clipped by the axis. At the second stage,
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Fig. 6. Google maps of the main Volga River reservoirs with appropriate ground tracks of altimetry satellites Jason-1 and Jason-2: (a) Rybinsk Reservoir — 059
and 066 passes; (b) Gorky Reservoir — 142 and 0033 passes; (¢) Cheboksary Reservoir — 0128 and 0185 passes; (d) Kuibyshev Reservoir — 007, 142, 218 and 0218
passes; (e) Saratov Reservoir — 083 and 066 passes; (f) Volgograd Reservoir — 168 and 0168 passes (a,b,c,e — longitudinal scale ~80 km, d,f ~200 km).
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Fig. 7. Water level variations in the Volga River Reservoirs: GDR data for 1
satellite Jason-2 (squares), results of retracking SGDR base from Jason-2 satel-
lite (triangles), in situ data (circles).

TABLE II
STATISTICAL RESULTS OF AVERAGED BY DATE WATER LEVEL VARIATIONS
FROM ALTIMETRY COMPARING WITH IN SITU DATA

Reservoir Coefficient of | Standard deviation (m)
determination | Retracking | GDR data
(retracking)
Rybunsk 0.98 0.09 0.24
Gorky 0.86 0.15 0.56
Kuibyshev 0.97 0.16 0.46
Saratov 0.77 0.26 0.58
Volgograd 0.44 0.22 1.6

we applied the adaptive retracking algorithm, first analyzing
validity of waveforms on the base of topological models of the
investigated regions [13], [14]. For the valid waveforms we use
the retracking algorithm comprising two steps: threshold and
improved threshold method for definition of track point (the
middle of the leading edge). The percent of valid waveforms
depends essentially on the reservoir width and topography and
is about 50% for the Gorky reservoir.

The results of the improved threshold method for calculation
of water level variations in the Volga reservoirs are shown in
Fig. 7 by triangles. The data were averaged over the satellite
pass. One can see the decrease in the scatter of reprocessed data
in comparison with GDR data for all reservoirs and a substan-
tial improvement of the correlation of the data after retracking.
Moreover, the improved retracking for the Volgograd reservoir
allows determining the water level, while valid GDR data are
very rare. Statistical results for averaged by date water level
variations from altimetry comparing with in situ data are pre-
sented in Table II.



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

6 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING

V. CONCLUSION

The local adaptive retracking algorithm enables retrieving
water level even in the case of sufficiently small water basins
with a very complex reflecting surface. It works well for both
Jason-1 and Jason-2 SGDR data. Application of the algorithm
increases significantly the number of valid data and improves
dramatically accuracy of the water level retrieval from the al-
timetry data. The problems of inland water data processing are
very similar to those arising in the coastal zones of the ocean
and other complex areas from contamination of the received
signal by reflection from the land. Therefore the adaptive
retracking algorithm based on calculations of the waveforms
taking into account inhomogeneity of the reflecting surface
adjusted to a certain geographic region allows constructing a
step-by-step strategy for improving estimations of water level
and other hydrological parameters in such areas.
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