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Abstract—An algorithm is proposed for determining water level in inland water bodies and coastal zones of
seas and oceans. The algorithm was tested for the water area of the Gorki Reservoir, for which radioaltimeter
databases show considerable data losses. A model was constructed, describing the shape of a mean impulse
reflected from a statistically heterogeneous piecewise-constant underlying surface (topographic model). The
model was used to substantiate criteria for data choice for the Gorki Reservoir and to construct a regional
algorithm for estimating water level using data from Jason-1 satellite and based on the analysis of the shape
of telemetric impulses (retracking). Water level was calculated with the use of an algorithm of regional adap-
tive retracking Sensor Geophysical Data Record databases for the Gorki and Rybinsk reservoirs. Algorithm
application has been shown to considerably increase the amount of actual data and significantly improve the
accuracy of water level evaluation. The general principles of retracking of a complex domain (a coastal zone,
an inland water body, etc.) are discussed. The principles are based on the calculation of signal with allowance

made for the roughness of the reflecting surface and they can be applied to different geographic regions.
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INTRODUCTION

Satellite altimetry is an important active method
for monitoring the dynamic topography of the World
Ocean, enabling one, in particular, to evaluate the
height of surface waves and driving-wind velocity. The
satellite altimetry method was first developed for the
conditions of open ocean at distances from the shore
not less than 20 km [12, 7, 15, 6, 32], where it ensures
the stated measurement accuracy. Satellite altimetry
measurements have been carried out on a regular basis
since the mid-1980s. The most important programs
are the series of Russian satellites GEOIK (9 satel-
lites), satellites of European Space Agency ERS-1,
ERS-2, ENVISAT, as well as TOPEX/Poseidon (T/P)
and Jason-1, 2 satellite operating under international
program of World Ocean surface topography monitor-
ing. Databases of input altimetry data T/P (operation
period from 1992 to 2002), Jason-1 (operation period
from 2002 up to the present), and Jason-2 (from 2008
up to the present) are available for free at sites [6] and
[35].

The possible applications of satellite altimetry to
the monitoring of the coastal zone, inland water bod-
ies (lakes, rivers, and reservoirs), and land surface have
been actively discussed in the recent years [4, 18, 29,
34]. Such measurements have been successfully used
to determine the topography of the ice cover in Green-

land and Antarctic, the roughness and thickness of ice
cover [29, 36], and various methods have been pro-
posed to monitor inland water bodies, such as large
lakes, reservoirs, inundated territories, and large rivers
[3, 16,25, 26]. Recent studies have shown that the sat-
ellite altimetry allows one to measure the elevation of
water surface with an accuracy of up to tens of centi-
meters not only for lakes, but also for large rivers in
South America, such as the Amazon [10, 13], Parana,
Paraguay, and Uruguay [11, 30], and large Siberian
rivers [27]. The hydrological regime of the lower Volga
was studied from January 1992 to December 2003 with
the use of satellite altimetry, and the obtained results
showed good agreement with observational data from
gauging stations [1]. Nowadays, the Laboratory of Sat-
ellite Geophysical and Oceanographic Studies
(LEGOS, Toulouse, France) is implementing a pro-
gram of water level monitoring in several large reser-
VOIrs.

However, the methods for altimetry data processing
that have been developed for open ocean, such as
retracking algorithm Ocean-1, 2 [20], which are used
to produce the main user product of satellite altimetry
Geophysical Data Record (GDR), are commonly
inapplicable to inland water bodies with linear dimen-
sions of less than 10 km [8, 21, 2]. Examples of such
water bodies include the majority of reservoirs, whose
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lake parts are commonly elongated along river chan-
nels.

The problems of processing altimetry data for
inland water bodies are very similar to those arising in
attempts to monitor the coastal zone of oceans and
associated, primarily, with the distortion of telemetry
signal when it reflects from land surface and onshore
structures [21]. Because of this, the recovery of param-
eters for inland water bodies requires special retrack-
ing algorithms, which take into account the effect of
land. Special retracking algorithms are also required
for the recovery of the properties of underlying ocean
surface [31, 17]. Thus, examples are known of success-
ful application of satellite altimetry with the use of
algorithms Ice-1,2 for determining the thickness of
Antarctic and Greenland ice sheets [28, 36] for evalu-
ating snow cover parameters in Canada [33], for global
classification of the properties of underlying surface
(desert, mountain massifs, forests, wetlands, etc.) [9].

Considerable problems arose in attempts to use sat-
ellite altimetry data to monitor the Gorki Reservoir,
which has a maximal width of 14 km and steep shores
10—20 m in height. Under such conditions, only a
small portion of reflected impulses satisfies the reli-
ability criteria Ocean-1,2, resulting in a considerable
loss of data in GDR bases of Jason-1,2 satellites and
making the results of data processing unreliable. As the
result, the data on water level, essential wave height,
and specific effective cross-section of scattering of
water surface o, for the Gorki Reservoir, as well as
some other Volga reservoirs, were not included in
LEGOS database [22] and the database of US Depart-
ment of Agriculture (USDA-FAS) [23], which con-
tain data on the major lakes and reservoirs, including
those in RF territory.

This paper briefly gives the fundamentals of satel-
lite altimetry of ocean and proposes methods of adap-
tive tracking of altimetry data for relatively small
inland water bodies. Those methods are based on the
analysis of the shape of reflected telemetric impulses
and the application of threshold retracking algorithms.
Also given are the results of the application of such
methods to the data from Jason-1 altimetry satellite
for the Gorki Reservoir and the coastal zone of the
Rybinsk Reservoir. The application of adaptive-
retracking method considerably reduced the amount
of data involved in water level monitoring and radically
improved the correlation of results with data of
ground-based observations. The general principles
used for the construction of regional algorithm can be
used for altimetry measurements in the coastal zones
of seas and oceans.

THE PRINCIPLES OF SATELLITE ALTIMETRY
OF OPEN OCEAN

The method of satellite altimetry is based on evalu-
ating the elevation of sea surface 4 relative to the refer-
ence spheroid by the delay in the arrival time of a
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sounding impulse reflected from the underlying sur-
face. The satellite altimetry also allows one to measure
driving-wind speed and significant wave height.

The problems of studying the dynamic topography
of ocean surface, which were meant during the con-
struction of radio altimeters of T/P and Jason-1,2
series satellites, required the spatial resolution of the
elevation of sea surface of not more than 5 km, which
amounts to 1/10 of the Rossby deformation radius in
the ocean for temperate latitudes. Such resolution
could be attained by reducing antenna beam width of
the radio altimeter. Estimates show that the resolution
of 5 km can be attained at microwave radiation wave-
length of 2 cm, satellite height of 1000 km, and a large
antenna diameter of 5 m. In this case, the antenna
beam width is small (~0.004), resulting in large errors
associated with the determination of nadir point posi-
tion. Thus, a deviation of antenna by 0.04 causes an
error of 20 cm in the evaluation of height [14]. Those
drawbacks can be eliminated by using radio altimeters
with relatively wide beam (1°—2°). In this case, the
high spatial resolution can be attained by using short
telemetry impulses.

When radio waves reflect from diffuse oceanic sur-
face, the signals arriving from its different parts add up
incoherently (in terms of power), and the arriving sig-
nal is proportional to the illuminated area. Since the
height of radioaltimeter above the surface is many
times greater than the linear size of the radiating
antenna, the signal reaches the Earth surface as a
short-time impulse of a spherical wave. As the impulse
is propagating, the area of the illuminated area
increases in proportion to time within an interval
equal to the duration of the sounding impulse, after
which it remains unchanged. The power of the arriving
reflected impulse signal increases in proportion to the
area. The distance from the surface is evaluated from
the position of half-width of the leading edge of the
impulse. The spatial distribution of the method is

R, = +/hct; (his the height of the satellite orbit, c is

light speed, 1, is the duration of the impulse emitted by
altimeter antenna), i.e., the shorter the impulse, the
better the spatial resolution. In the case of Jason-1,2
satellites, with impulse duration t; = 3.25 ns and
orbital height A = 1300 km, the spatial resolution is
~700 m.

The algorithm for determining underlying-surface
parameters is based on approximation of the shape of
the signal received by the altimeter by a well-known
Brown formula [12], derived from a model of incoher-
ent dispersion of radio waves by a rough surface.
Assuming the waves arriving from different parts of the
surface to add up incoherently (in terms of power), G.
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Fig. 1. Problem geometry.

Brown, D. Barrick, and B. Lipa [12, 7] showed that
the power of the reflected signal is

G’ (0)o(x,,0
rO=A || G (O)olx20),,,
[lluminated r
area (1)

2
X J-p(tl _?")Q(x’yag(t_tl))dtls

where G(0) is antenna directional diagram (0 is the
angle between antenna axis and the direction to the
surface element dA, Fig. 1), ris the distance from the
antenna to the elementary area dA on the surface, p(7)
is the shape of the emitted impulse, /4 is the mean dis-
tance from the satellite to the surface, ¢ is the scatter-
ing cross-section per unit area, g(z) is the probability
density of the height of mirror (scattering) points.

The transformations given in [12] for the case of
small-angle approximation and a small deviation of
altimeter antenna axis from the nadir (0 < land & << |,
Fig. 1), as well as model expressions for antenna direc-

tional diagram G(0) = exp(-2 sin’ 0/y), probability

density of the distribution of mirror points (z) = —— x
sN2m )
exp(-z° / 25%), backscatter cross-section ¢ = Ve **"°

and the shape of the sounding impulse p(7) =
1
21

exp(—t2/2r,2) yield the following expression for
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the shape of the signal reflected from an infinite
homogeneous underlying surface:

4. \(ct=2h)
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In the model expressions used here, parameters s and

7, characterize the mean roughness height of the
underlying surface and the duration of the sounding
impulse, respectively.

Figure 2 gives the shape of the impulse described by
formula (2) [12], which is commonly used to approxi-
mate the signal reflected by water surface in an open
ocean (in standard algorithms Ocean-1,2). In this fig-
ure, a unit (a telemetric gate) corresponds to the time
interval of 3.125 ns; note that in the standard process-
ing algorithm, the arrival time of the reflected signal is
assumed the 32nd gate of this plot.

The shape of the reflected impulse approximated
by Brown formula in algorithms Ocean-1,2 is used to
determine the impulse’s major characteristics: #,, the
mean time lag of the impulse reflected from water sur-
face; 1, the width of the leading edge; and A4,,,,, the
maximal power value (Fig. 2), which allow one to eval-
uate the height of satellite orbit above water surface
h = t,c/2, the significant wave height SWH = 2s and
the backscatter cross-section, which in the case of sea
surface, reflects mostly on wind speed and SWH. Sea
surface height SSH can be found as

SSH = Altitude — Orbit — Corrections, 3)

where Altitude = 4 is satellite orbit height over water
surface; Orbit is satellite orbit height over the reference
spheroid; Corrections are corrections for the state of
the atmosphere, the state of the underlying surface,
tides, etc., which affect the signal arrival time [6, 32].
The errors in evaluating those and other parameters
(wind speed, significant wave height, backscatter
cross-section, etc.) for the conditions of open ocean
are given in [6]. The high accuracy of altimetry mea-
surements is attained through the averaging of a large
number of unit, strongly irregular telemetric impulses
over a time interval of 1 s [6, 32]. Note that within this
time, the nadir point sifts by 5.8 km, and the stated
measurement accuracy is attained in this case. At the
same time, the minimal spatial resolution of satellite
altimeter data, determined by the duration of the tele-
metric impulse, is ~700 m (as mentioned above). The
time interval of repetition of measurements along the
tracks of satellites T/P and Jason-1,2 is 9.916 days.
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Fig. 2. (a) The shape of impulse reflected by an infinite underlying surface according formula (2) [12] and (b) the shape of an

averaged altimetry impulse for open ocean.

SPECIFIC ASPECTS OF ALTIMETRY
OF INLAND WATER BODIES.
FUNDAMENTALS OF THE METHOD
OF ADAPTIVE REGIONAL RETRACKING

The shape of telemetry impulses, received by altim-
eter antenna, is significantly different, depending on
whether they form in the coastal zone or in the open
ocean. This is due to the effect of reflection from the
land. Figure 3 gives examples of telemetric impulses
that form due to combined reflection from land and
water (Fig. 3a), quasimirror, coherent reflection from
water surface at mouths and in harbors (Fig. 3b), and
from other strongly reflecting objects (near-shore
structures, large-area slicks, etc.) (Fig. 3c).

Impulses with additional peaks are difficult to
approximate by Brown formula, hence an error in the
determination of leading front position of the impulse
and incorrect calculation of the height of the satellite
above water surface and water surface level. Other
characteristics, such as wind speed and wave height,
are also evaluated with errors. Because of this, special
algorithms have been actively developed in recent
years for processing altimetry data in coastal zones [4,
No. 2
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18], large rivers [3, 10, 11, 13, 25,27, 30], and lakes [1,
8, 16, 26]; however, there still is no single regular pro-
cedure allowing one to use satellite data for successful
evaluation of water level in the cases where reflection
from land significantly affects the shape of the arriving
telemetry impulses. The arrival time of reflected
impulse can be determined by different retracking
algorithms, e.g., threshold retracking, B-retracking
[17, 18, 31], etc. In this study, we suggest a method of
regional adaptive retracking based on the construction
of a theoretical model describing the formation of
telemetric impulse due to reflection from a piecewise
constant model surface (Fig. 4) and taking into
account the geographic features of the region. The
model is used as the basis for formulating the criteria
for selection of telemetric impulses and substantiating
the applicability of a threshold and improved thresh-
old-retracking algorithms for evaluating the charac-
teristics of underlying surface in an inland water body.
Next, the possible application of those methods for the
Gorki and Rybinsk reservoirs in the Volga River is
demonstrated.
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Fig. 3. The shapes of impulses in the coastal zone and in an inland water body. (a) Joint reflection from land and water. (b) Qua-
simirror, coherent reflection from water surface in mouths and harbors. (¢) The presence of several strongly reflecting objects.

Suppose that the illuminated area on the underly-
ing surface is comprises several parts with different ele-
vations and reflecting properties. Figure 4 gives an
example of such surface near the 142nd track of Jason-
1 satellite in the Gorki Reservoir with its piecewise
constant approximation. Water, slicks, and land are
shown in different colors. Suppose that the antenna
axis is directed strictly to nadir (§ =0). With the
accepted model expressions for surface and antenna

Fig. 4. Piecewise constant model of the underlying surface
of the Gorki Reservoir near Yur’evets Town in the vicinity
of the 142nd track of Jason-1,2 and T/P satellites (+ marks
the position of nadir point, the dashed line is satellite tra-
jectory, the circumference is the boundary between the
illuminated domain in the given moment, the dotted area
is water surface, the dark gray area is land surface, the light
gray areas are coastal slicks).

characteristics and with change to polar coordinates
for integration over the illuminated surface, formula
(1) becomes

A=t ]

(cv—2H(p. )~ p*[h)
85°(p, @)

4 2
o) {0

s(p, o)
4

X expy— pdpdo,

where H (p, ¢) is the deviation of the elevation of under-
lying surface from its mean level. In the case of a rough
surface, the parameters in (4) are functions of coordi-
nates. However, in the case of a piecewise constant
model (Fig. 4), those parameters are constant within
each part of the surface, and integration over each part

yields
(ct-2H,)
_ kot e,ka) h (l + erf(' (CT/ = D
! 2«/5 s,f ++c2‘cf (5)
X A, (xN,yN,\/h(cr - 2Hk)),

where variables with subscripts &: 0560), Oy, §; CoIre-
spond to the parameters of scatter and roughness for
the given (kth) part of the underlying surface. As can
be seen from (5), the contribution of each part of the
surface to reflection can be described by an analogue
of Brown formula ((2) with § = 0). Unlike Brown for-
mula, where, because of the homogeneity of the sur-
face, integration over the angle ¢ yields the factor 2m,
the formula for the piecewise constant model (5) con-

tains the factor A@, (xy, ¥y, Act —2H})). This means
that at the moment 7, the reflection is due to the arc of
circumference A, ( (Fig. 4) with the center in the
nadir point, with coordinates xy, yy, and radius

Ny (cr —2H,), corresponding to the distance from
nadir point, from which the reflected signal from that

P.(7)
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part of the underlying surface arrives to the antenna
(this radius also depends on the deviation of the eleva-

tion of'this part of the surface H, from the mean level).
The total reflected power is the sum of powers
reflected from all parts of the surface

P(1) = ) Py(v). (6)
K

Using formulas (5), (6), one can evaluate the wave-
forms of reflected altimetry impulses and their change
during satellite motion along the track.

AN EXAMPLE OF THE USE OF SATELLITE
ALTIMETRY FOR DETERMINING WATER
LEVEL IN THE GORKI RESERVOIR

Problems Arising in the Determination of Water Level
in the Reservoir Using Data of GDR Jason-1

The Gorki Reservoir, one of the 9 reservoirs of the
Volga chain, is situated in the upper part of the Volga
basin. The lake-type part of the Gorki Reservoir is
97 km in length, from 3 to 14 km in width, and up to
22 m in depth. Notwithstanding its relatively small
size, the reservoir water area is crossed by tracks of sev-
eral altimetry satellites, including T/P, Jason-1,
Jason-2, ERS-1, ERS-2, ENVISAT, GEOSAT, and
GFO-1 (Fig. 5). In this study, we use for the analysis
the altimetry data of the 142nd track of T/P and
Jason-1 satellites. In addition to the important advan-
tage of availability of altimetry data [6], those satellites
provide a continuous and the longest series of mea-
surements (since 1992 up to now); a small recurrence
orbital period (~9.916 day), which is close to the char-
acteristic time scale of hydrological phenomena; and
the possibility to compare with data from the gage at
Yur’evets weather station.

Because of the small width of the Gorki Reservoir
(up to 14 km), from the viewpoint of satellite altimetry,
its territory can be considered as a coastal zone; there-
fore, there are almost no altimetry data of standard
spatial resolution (5.8 km), obtained by averaging over
1 s intervals. That is why, at the first stage, the authors
processed the available data of high spatial resolution
from GDR bases of Jason-1 satellite (the averaging
frequency 20 Hz). The calculations took into account
all necessary corrections [5, 32], i.e., for the effect of
the atmosphere and ionosphere, and for tides in the
Earth crust. The correction for the effect of the atmo-
sphere due to the scatter of radio impulses by mole-
cules of air gases (“dry” atmospheric correction) and
the correction for air humidity were derived from the
data of European Centre for Medium-Range Weather
Forecasts (ECMWEF). Note that the corrections for air
humidity for the determination of the levels of seas and
oceans are commonly calculated with the use of data
of space-borne multichannel radiometer. This
approach is inapplicable in the case of inland water
bodies because of the large size of the underlying sur-
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face segment from where radiation is received (more
than 40 km) and which is commonly much larger than
the size of the water body. The use of the ionosphere
correction calculated based on data of double-fre-
quency altimeter is also difficult in the case of inland
water bodies because of the nonstandard shape of
impulses reflected by land surface partially covered by
water or ice. The correction for tides in the Earth crust
was also taken from model calculations. The “inverse
barometer” corrections, as well as corrections for the
state of underlying surface, oceanic, and polar tides,
which are used in determining ocean level, were not
used in the case of continental waters. A similar proce-
dure was used in LEGOS [22] to determine the hydro-
logical regime of major rivers of South America,
Africa, and Siberia and in the Geophysical Center,
RAS, for determining water level in the Lower Volga.

The results of calculations of water level variations
in the Gorki Reservoir based on data of Jason-1 satel-
lite from 2002 to 2008 by a standard algorithm are
given in Fig. 6a. Data of measurements at the gauging
station at Yur’evets weather station are also shown in
this figure. Notwithstanding the good agreement
between data of satellite altimeter measurements and
in-situ data from Yur’evets gauging station for the
Gorki Reservoir, it can be noted that the data
of remote sounding show a wide scatter (Fig. 6). Fig-
ure 6b shows the dependence of standardized devia-
tions of water level based on satellite data from stan-
dardized in-situ data and the best linear approxima-
tion of this dependence with the slope K= 0.33 equal
to the correlation coefficient between the altimetry
and in-situ data. The low correlation between the sat-
ellite and in-situ measurements is due to the consider-
able losses of data and considerable errors, caused by
drawbacks of the direct application of algorithms for
the calculation of the height of water surface devel-
oped for large-area water bodies (oceans and seas) to
medium-area water bodies, in which the illumination
domain within the antenna directional diagram of
radio altimeter largely lays on the land. It is also worth
mentioning that the hydrometeorological regime of
the Gorki Reservoir shows strong seasonal variations.
In winter (November—April), the lake-type part of the
reservoir is covered by ice and snow; the mean freeze-
up date is November 22 (between November 7 and
December 7). In summer (May—October), the water
area is free of ice; the mean date of the lake-type part
of the reservoir becoming free of ice is May 3 (between
April 18 and May 18).

To elucidate the causes of significant errors, we
analyzed the shapes of altimetry impulses for the
142nd track of Jason-1 satellites in the zone of the
Gorki Reservoir. The required data were taken from
SGDR database of Jason-1 satellite. Figure 7 gives the
shapes of “winter"(March 25, 2005) and "summer”
(June 5, 2006) 20-Hz telemetric impulses for the
142nd track of Jason-1 satellite in the zone of the
Gorki Reservoir. Analysis of impulse shapes has shown
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Fig. 5. The passage of slicks of altimetry satellites over Gorki Reservoir water area.

that “winter” impulses are more regular and they can
be treated with better accuracy by the well-known
retracking algorithms (Ice-1,2 [4, 29]), while “sum-
mer” impulses have several peaks with anomalous
amplitude. We can suppose that the scatter of data on
water level is due to the drawbacks of the calculation
algorithm use in GDR, where the telemetric impulse
is approximated by Brown formula [12], and the
arrival time of reflected signal is taken to be the 32nd
gate. The reflected signal can be shifted in time, and
the 1-gate error(3.125 ns) does not lead to a consider-
able error in water level measurement (it is of the order

of dt;c/2, or ~0.5 m). Thus, the algorithms used for
medium-size water bodies should take into account
the effect of reflection from land, associated coastal

slicks, and other strongly reflecting objects on the
shape of telemetric impulses.

Calculation of the Shape of Telemetric Impulses Based
on Piecewise Constant Model of the Underlying Surface
Near the Gorki Reservoir

The first step in the development of a retracking
algorithm is the evaluation of the shape of telemetric
impulses based on a simplified piecewise constant
model of underlying surface (Fig. 4). It is worth men-
tioning that, during the field studies, we identified a
specific feature of Gorki Reservoir water area, which
could have a significant effect on the shape of the
reflected impulses. Smooth areas 20—30 m in width
(slicks) were often observed near reservoir shores.
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Those slicks may be due to the high concentrations of
surfactants associated with economic activity. The
presence of slicks is known to be a cause of peaks in
telemetric impulses [38].

The contribution of slicks to reflection can be eval-
uated from (4) with the assumption that the slick
domain is a narrow strip with a width of d,;, whose
position is specified by the equation of coastal line y =
y(l), x = x([). Now the power dissipated by slicks is
described by

0) —‘—‘+OL CT—=2H ygrer
PoVd ( Y

_ L0oVsl Ml Y h
P)(t)="=le

V2mn's,
x [e

C

Because of the smoothness of water surface in a slick,

7
dl.

S, = c1;, and the values of dissipation parameters c'?

and o, in a slick are much greater than their values for
wave-covered water.

The reflected power received by altimeter antenna
is the sum of contribution to the reflection of water
and land (their contributions can be described by (5)),
as well as of coastal slicks

P(T) = Pwater (T) + Pland (T) + I’COHSI (T)’ (8)
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where y = y(/), x = x(/) is shoreline equation. Equa-
tions (5), (7), and (8) can be used to describe the
model shapes of impulses for a piecewise constant
model of underlying surface near the Gorki Reservoir.

The parameters in (5), (7) are determined by the
properties of the surface. Thus, for reservoir water
area, the height H is water level, parameter s is deter-
mined by the significant wave height SWH, ¢ charac-
terizes the dissipating properties of water surface and
depends on wind speed. For land surface near the res-
ervoir, the height H is determined by land topography,
s is determined by land surface roughness, and ©
depends on the reflecting properties of the land. In the
construction of the model, land parameters are
assumed constant, while water surface characteristics
(water level, wave height, and roughness) are variable
and they should be determined with the use of retrack-
ing algorithm.

The solution of the direct problem of determining
the shape of impulses, scattered by the underlying sur-
face requires estimation of the typical values of major
model parameters in expressions (5), (7) for the region
under study.

Data on the topography of land surface near the
Gorki Reservoir were taken from database on Earth
land surface with a resolution of 1 km (Global Land
One-km Base Elevation Project (GLOBE)) [24]. The
land topography and sections near the 142nd track of
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Fig. 7. Telemetric impulses near the Gorki Reservoir (a) in winter (March 25, 2005) and (b) in summer (June 5, 2006).

Jason-1,2 are shown in Fig. 8. According to GLOBE
data, the heights of the high (right) and low (left)
shores are ~30—50 and 20 m, respectively.

In the modeling of the contribution to the shape of
telemetric impulses due to reflections from water sur-
face, water level in the reservoir was assumed spatially
homogenous. To evaluate s, we needed estimates of the
essential height of wind waves, which were derived
from data on wind speed and direction collected at
Yur’evets weather station (57°20'N, 43°07'E). It is

worth mentioning that wind speed in reservoir water
area is not equal to that measured at an onshore
weather station. Special field measurements showed
wind speed in water area to be 1.5—2.0 times greater
than that on the shore.

To evaluate the significant wave height, the authors
used an empirical relationship, which had been
derived from a generalization of field measurements in
an inland water body (Lake Ontario) [19]
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Uz —-0.33
SWH = 0.207421007", 9 Q= 22[g—’§] : (10)
Ui

Here, Q = Ulo/cp
speed at the height of 10 m,

empirical formula
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is wave age parameter, U, is wind
¢, is the phase speed of the
peak in wind speed spectrum. As shown in [19], the
wave parameter is related to the wave fetch x by the

2012

To find the statistics of surface waves, we evaluated
the angular distribution of fetches as a function of
wind direction for the middle point of the 142nd track
of altimetry satellites on reservoir water area. This dis-

tribution is anisotropic because of the elongated shape
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Fig. 9. Model shapes of reflected impulses near the Gorki Reservoir. (a) Referencing of the topologic map to the map of the
region, (b) diagram of model wave shapes in coordinates time (horizontal)—distance along the track (vertical).

of the reservoir, the fetch attaining its maximum at
southwestern wind.

The distribution histograms of wind speed and
direction at Yur’evets weather station (with the use of
a coefficient for conversion of wind speed from land to
water area) and the histograms of the angular distribu-
tion of fetches and formulas (9) and (10) were used to
calculate the statistics of significant wave heights in the
Gorki Reservoir in summer.

Choosing parameters of model (5), (7), and (8) in
accordance with the obtained estimates, the authors
calculated the shapes of telemetric impulses. The
parameter values taken for calculations were s = 0.1 m,

¢ = 1,and H=20mfortheland ands=0.3 m, ¢ =

10, and H = 0 for water. The results of calculations are
given in Fig. 9b in the form of projection images of the
shapes of telemetric impulses in coordinates time—
distance along the track. The time is measured in units
of telemetric gates (3.25 ns), and the distance is mea-
sured in units of readings along the track (700 m). The
complex shape of images reflects the complex shape of
calculated model impulses. Their characteristic fea-
ture is the specific parabolic shape corresponding to
reflection from shores and scatter on smooth zones
near shores. The impulses have a very narrow leading
edge, because SWH averages 0.28 m, which corre-
sponds to less than 1 telemetric gate.
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g is threshold retracking, tp is improved threshold retracking).

Analysis of the shape of impulses allowed us to for-
mulate criteria for the choice of telemetric impulses:
for determining water level, one should take the
impulses from the part of the Gorki Reservoir between
43.14 and 43.22°E (the lower part of the diagram in
Fig. 9b, corresponding to the domain between labels in
Fig. 9a), since it is only in this area that the signal
reflected from water can be reliably identified. More-
over, long-term observations at Yur’evets gauging sta-
tion suggest that, in the Gorki Reservoir, water level
deviations from the mean exceeding +2 m should be
regarded as an error.

Once the criteria for impulse selection are deter-
mined, a two-step retracking procedure should be
implemented. At the first step (threshold retracking),

the arrival point of impulse 7, is determined by the rise

above a threshold g, (Fig. 10); next, at the second step
(improved threshold retracking), four points near the
threshold are approximated by the error function

o)

and the parameters A4, Tz, and S are determined via an
optimization procedure (root-mean-square devia-
tions are minimized). The possibility to approximate
the leading front of the part of impulse that is reflected
from water surface by the error function has been
proved above in the theoretical model. Indeed, the
exponent in the right-hand part of (5) is a smooth
function relative to the error function erf; therefore,
the increase in the impulse power near the leading
edge can be assumed to be determined by the error
function. The improved retracking algorithm (Fig. 10)
gives a more accurate value for the track point (the
middle of the leading front of the impulse reflected
from water). The difficulties in the application of this
method are only due to the choice of an adequate opti-
mization procedure. Note that when the impulse
arrival time is determined with the use of algorithm
Ocean-1, the obtained track point is placed in the

(11
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32nd gate of the plot (Fit. 10), thus leading to a 5-gate
error in the arrival time and an error in water level eval-
uation of 2.5 m.

In conclusion of this section, we formulate the
main principles of the developed algorithm of regional
adaptive retracking, which can be applied to both
inland water bodies and coastal waters:

the development of a piecewise constant topo-
graphic model of underlying surface;

the solution of the direct problem of determining
model wave shapes;

the formulation of selection criteria of telemetric
impulses;

step-by-step solution of the inverse problem by
threshold and improved threshold retracking.

APPLICATION OF THE ALGORITHM
OF ADAPTIVE REGIONAL RETRACKING
TO CALCULATING WATER LEVEL
VARIATIONS IN THE GORKI AND RYBINSK
RESERVOIRS. THE COMPARISON
OF CALCULATION RESULTS
WITH MEASUREMENTS AT GAUGING
STATIONS

In this section, the method of adaptive regional
retracking, whose theoretical principles are given
above, is applied to the calculation of water level in the
Gorki Reservoir and in the coastal zone of the Rybinsk
Reservoir. In accordance with the results of the previ-
ous section and the formulated criteria of the choice of
altimetry impulses, the impulses for retracking and
evaluating water level in the Gorki Reservoir were
taken from a part of the 142nd track, corresponding to
43.14°—-43.22°. Next, they were subject to two-step
processing. At the first step, threshold-tracking algo-
rithm was applied, in which the arrival moment of the
reflected impulse was evaluated by the excess over the
power threshold. At the same time, the threshold level
was varied, and the best results in terms of density were
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Water level variance and the number of actual points in summer and winter seasons for different retracking algorithms

Root-mean-square deviation Mean number of actual points per month
Data from GDR data-
base Winter Summer Winter Summer
(November—April) (May—October) (November—April) (May—October)
GDR data 0.15 0.16 0.3 1.2
Threshold method 0.15 0.13 1.5 2.0
Improved threshold 0.18 0.12 1.5 2.0
method

obtained were obtained at the level of the order of 30—
50 units of dimensionless power. At the second step
(improved threshold method) the position of the track
point (the middle of the leading front of the reflected
impulse) was evaluated more precisely by approximat-
ing the leading front (4 gates near the threshold deter-
mined at the first step) by the error function (11) and
minimizing the mean-square deviations.

The results of calculation of water level in the Gorki
Reservoir by the two-step adaptive retracking and their
comparison with measurements at Yur’evets gauge and
GDR data are given in Fig. 11a. These results were
used to calculate the correlation coefficient between
altimetry data for the 142nd track of Jason-1 satellite

and data of ground measurements (the slope of the
straight lines in Fig. 11b) and to find the errors of water
level evaluation and the number of actual points in the
summer and winter seasons for different retracking
algorithms (table). The analysis has shown a consider-
able increase in the number of reliable measurement
points and a significant improvement in the correla-
tion between satellite and ground data. The correla-
tion coefficient between altimetry data and measure-
ments at Yur’evets gauge increased from 0.33 (for data
with high spatial resolution from standard Ocean-1
algorithm) to 0.88 for the adaptive retracking method.

The improved threshold method was also used to
calculate water level in the Rybinsk Reservoir by

AH, m @)
1 -
O -
1k
_2 | 1 | | | | 1
1/1/02 1/1/03 1/1/04 12/31/04 12/31/05 12/31/06 12/31/07
Date, mm/dd/yy
(b)
1.0F

Data from Yur’evets gauging station

| |
—fio Mos 0 0.5 1.0
Altimetry data

Fig. 11. Water level change AH in the Gorki Reservoir. (a)
(Light squares) GDR data of the high-resolution 142nd
track of T/P and Jason- 1 satellites, (dark squares) results of
retracking SGDR data of Jason-1 satellite and (full line)
data from Yur’evets gauging station. (b) (Light squares)
Standardized deviations of water level from its mean from
GDR data, (dark squares) from results of retracking
SGDR data, and data from Yur’evets gauging station;
straight lines are linear approximations.
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Fig. 12. (a) Map of the area and (b) deviations of water level from the mean AH for the Rybinsk Reservoir. (/) GDR data of the
high-resolution 59th track of Jason-1 satellite, (2) results of retracking of SGDR data of Jason-1 satellite, the full line shows the

data of Breitovo water level gauge.

altimetry data. Figure 12a gives a map of the Rybinsk
Reservoir, and Fig. 12b gives the calculated water lev-
els in the coastal zone of the 059th track of Jason-1
satellite (the light part of the track in Fig. 12a). In this
case, retracking also considerably increases the num-

WATER RESOURCES Vol. 39
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ber of actual points (3—4 times as compared with the
standard algorithm), and the error in water level eval-
uation is about 16 cm even for the simple threshold
method. This is better than the results for the Gorki
Reservoir (where the error of the threshold method
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was about 25 cm), because of its simpler topology and
larger size. It is worth mentioning that the threshold
method also yields good results for the central part of
the Rybinsk Reservoir, since in inland water bodies,
the leading front of reflected telemetric impulse is very
narrow because of the small (as compared with seas
and oceans) wave height (there is no swell). Thus, the
threshold and the improved threshold methods can be
recommended as major instruments for calculating
water level in inland water bodies.

CONCLUSIONS

An algorithm is proposed for determining water
levelin inland water bodies and the coastal zone of seas
with an error of the order of 10—15 cm. The algorithm
has been tested in a difficult case of the Gorki Reser-
voir, where the standard algorithm Ocean-1 is inappli-
cable, resulting in considerable data losses. A model of
the shape of a mean impulse reflected from statistically
heterogeneous piecewise constant surface (topo-
graphic model) is constructed and used to theoreti-
cally evaluate the reflected power based on works [12,
71. The model is also used to substantiate the criteria
for data choice for the Gorki Reservoir. Water level was
calculated with the use of regional adaptive retracking
of SGDR data for the Gorki and Rybinsk reservoirs. It
is shown that the application of the algorithm consid-
erably increases the volume of data involved and sig-
nificantly improves the accuracy of water level evalua-
tion.

The general principles of retracking of a complex
domain (a coastal zone, inland water bodies, etc.) are
based on the calculation of signal with allowance made
for the roughness of the reflecting surface and they can
be applied to different geographic regions.
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