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ABSTRACT
The use of satellite radar altimetry has long been extended to areas other than the deep-ocean primarily because of the
advances in radar waveform retracking methodologies. However, the retracking algorithms are limited to a handful shapes of
return echoes over assumed known surfaces, while numerous unknown waveforms exist due to the complexity of real-world
land cover and other surfaces. Measurements over a surface with seasonal or ephemeral patterns could thus degrade in accuracy due to varying characteristics from the corresponding radar backscatters. In this study, we demonstrate that the Qinghai
Lake, an alpine water body with distinct seasonal variation between water and ice causes inaccurate surface-height estimates
when using Envisat radar altimetry and conventional retracking techniques. Following the characterization of the lake surface
using EO-1 and Landsat multispectral analysis, we hypothesize that the overestimation of the lake level during winter and
early spring is not from the snow accumulation; rather it is due to an error of the onboard retracker (ICE-1) which is unable
to properly model the quasi-specular waveforms. Hence, we first build a classification algorithm to identify the anomalous
waveforms, and then use an empirical retracking gate correction to mitigate the ice contamination. The accuracy of the 20%
threshold retracker (TR) after applying suggested gate correction has a significant improvement with a root-mean-square error (RMSE) of 6 ± 7 cm and a correlation of 0.98 compared with the in situ gauge data. The improvement in accuracy is 54%
better than the ICE-1 and 85% than the OCEAN retrackers, respectively.
Key words: Qinghai Lake water level, Tibetan Plateau, Satellite altimetry, Waveform retracking, Specular echoes, Lake ice

Citation: Tseng, K. H., C. K. Shum, Y. Yi, H. S. Fok, C. Y. Kuo, H. Lee, X. Cheng, and X. Wang, 2013: Envisat altimetry radar waveform retracking of quasispecular echoes over the ice-covered Qinghai Lake. Terr. Atmos. Ocean. Sci., 24, 615-627, doi: 10.3319/TAO.2012.12.03.01(TibXS)

1. INTRODUCTION
Satellite altimetry has long been a promising tool for
studies over the deep ocean (Shum et al. 1995; Fu and Cazenave 2001), coastal ocean (Vignudelli et al. 2009; Lee et al.
2010), inland hydrology (Birkett 1995; Koster et al. 1999;
Shum et al. 2003; Berry et al. 2005; Calmant and Seyler
2006; Zhang et al. 2010; Hwang et al. 2011; Kuo and Kao
2011), vertical crustal motion (Lee et al. 2008), ice sheet
and sea ice freeboard elevation changes (Zwally et al. 1989;
Bamber 1994; Wingham et al. 1998; Kwok et al. 2009; Lee
* Corresponding author
E-mail: tseng.95@osu.edu

et al. 2012). These extended applications have been possible
due in part to the advances in radar waveform retracking
methodologies (Frappart et al. 2006). Although the dualfrequency radar altimeter waveform is not compatible with
Brown’s theoretical model (Brown 1977) over non-marine
surfaces, various retrackers (Martin et al. 1983; Wingham
1986; Bamber 1994; Davis 1997; Lee et al. 2008) have been
developed to adjust telemetered range from various heterogeneous surfaces by modeling the anomalous waveforms
with specific functions and estimating track offset (the difference between nominal tracking gate and the actual retracked gate) at a preset power amplitude along the leading
edge.
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Notably, it is widely accepted that there is no single unsupervised retracker is able to effectively retrieve accurate
heights over all surface types, no matter whether it is modelbased or empirical algorithm. Instead, physical or empirical
retrackers are usually suitable for only certain types of land,
ice or water topography. Seasonal or ephemeral variation
in surface conditions, e.g., water in summer and icy surface in winter for a lake, is somewhat overlooked by specific retrackers that could potentially be subject to errors in
estimate of surface level variation (Jiang et al. 2008). Furthermore, existing retrackers were mostly developed on the
basis of Brown’s hypothesized condition for a deep ocean
surface echo with a predetermined shape of leading or trailing edge, and an ideal radar waveform return from an aver-

age of a flat surface. In contrast to Brown’s assumption of
scattering processes for an isotropic footprint over a rough
ocean surface with waves, it is certain that this template is
not applicable for calm or frozen lakes, or for other high
reflectivity surfaces with extreme specular nature (Dinardo
and Benveniste 2009; Idris and Deng 2011). Therefore, the
purpose of this research is to develop an algorithm, which
allows to automatically detect specular shapes of waveform
returns and empirically correct the retracked gate for the
distorted waveforms.
This study is conducted using European Space Agency
(ESA)’s Envisat satellite altimetry with 35-day repeat orbits over the Qinghai Lake which is located northeast of
the Qinghai-Tibetan Plateau, China (Fig. 1a). The Qinghai

(a)

(b)

Fig. 1. (a) Location of the Qinghai Lake on the Tibetan Plateau (red box). The topographic relief is scaled by GTOPO30 DEM. (b) Two Envisat
passes #240 and #276 (red) are included in this study. SRTM 3 arc-second C-band DEM is used as a topographic relief. The lake boundary refers to
the World Vector Shorelines (WVS) and CIA World Data Bank II (WDBII) composed by the Generic Mapping Tools (GMT) (Wessel and Smith
2010).
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Lake at an altitude of ~3000 m is the largest (saline) lake
in China with seasonal changes in surface conditions (Che
et al. 2009). We adopted two of three Envisat passes (#240
ascending and #276 descending) both of which have longer
passes over the lake (Fig. 1b). Figure 2 shows that the time
evolution of Envisat pass #240 backscattering coefficients
(BC, representing the surface reflectivity and corresponding to the return waveform power) over the Qinghai Lake
archived in the Envisat Geophysical Data Record (GDR).
The BCs have intermittent blooms (> 20 dB) every year
during the winter to early spring over the Qinghai Lake,
matching pretty well with the ice freeze-up and break-up
in time as observed by Moderate Resolution Imaging Spectroradiometer (MODIS) reflectance data (Che et al. 2009).
We also note that the along-track altimeter waveforms
variation have classifiable patterns which can be roughly
separated in terms of surface conditions and corresponding
months (Fig. 3). In Lee et al. (2011), the Envisat-measured
lake level anomaly using the ICE-1 or the OCOG retracker
(Wingham et al. 1986) over the Qinghai Lake has an apparent winter-peak pattern every year (Fig. 4) which is substantially different from available lake gauge data (Zhang et al.
2011a, b), with a consistently large amplitude difference of
~25 cm. There also have been reported studies that the lake
ice in winter leads to higher surface height measurements
for pulse-limited radar altimetry, e.g., Chu et al. (2007) using TOPEX/POSEIDON and Jiang et al. (2008) using Envisat altimetry data. However, this unmatched phenomenon
is not evident in Zhang et al. (2011b) using ICESat laser
altimetry, presumably also because that ICESat data could
not continuously observe the seasonal variation of the lake
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level due to instrument problem or data outages. Here, we
hypothesize that the winter peak in the Envisat ICE-1 retracked lake level time series with regular annual pattern is
caused by spurious radar returns resulting in erroneously retracked heights, instead of geophysical causes. The purpose
of this study is to investigate the possible error in the waveform retracking for Envisat radar altimeter data that has
led to the inconsistency. A comparison between a normal
Brown-like waveform over Qinghai Lake water and a specular return from the frozen surface is shown in Fig. 5. The
Brown-like return exemplified in Fig. 5 is an along-track
average (within the latitudinal boundary of the study region)
of Envisat pass #240, cycle 42, on 11/10/2005. The quasispecular ice return is a single 18-Hz waveform taken from
pass #240, cycle 33 measurement near latitude 36.917°N
on 30 December 2004. A concentration of energy near the
nominal tracking gate at 46 generates a sharp leading edge
with a rapid decay, tilts the center of gravity (COG) of the
whole waveform frontward and amplifies the kurtosis for
the specular part. If the incompatibilities were ignored in the
waveform retracking process, the estimate would shorten the
telemetered range and therefore the ellipsoidal height on the
target surface could be overestimated, under the assumption
that the lake level of snow-free frozen surface is equivalent to the true water level. Similar phenomenon has been
discussed in Dinardo and Benveniste (2009) and Idris and
Deng (2011) for Envisat and Jason-1/-2 altimetry retracking
along coastal regions. Their studies examined waveforms at
a coastal region with quasi-specular shapes and developed a
model-based algorithm to fit single or multi-peaks patterns.
Therefore, it is suspected that a correction or modification

Fig. 2. Along-track (ordinate) variation of the Envisat pass #240 backscattering coefficient (BC, unit: [dB]) in time (abscissa). BC blooms are often
noted in December, January, and February each year when the lake becomes icy with the least surface roughness and higher reflectivity. Some cycles
are missing (e.g., early in 2003) due to data outage, a lost-lock in altimeter, or data failed to meet the edit criteria.
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(a)

(b)

(c)

Fig. 3. Typical along-track waveforms returned from different surface conditions and corresponding months: (a) water (April - November), (b) ice
(December - March), and (c) water with ice floes (March and December). X-axis is waveform gates (or bins), Y-axis indicates latitude in degree, and
Z-axis indicates returned energy in power unit. These samples are demonstrated by Envisat pass #240 in cycles [from (a), (b), (c)] 53, 54, and 56.
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Fig. 4. Envisat ICE-1 retracked water level variation similar to Lee et al. (2011). Pass #240 (blue) and pass #276 (red) are computed from an alongtrack average within each latitudinal box and a regular 2σ editing process.

Fig. 5. A conceptual illustration of a retracking gate correction (ΔgS) demonstrated by a referenced Brown-like shape measured over water and a
specular shape waveform measured over a frozen lake surface. An example (not to-scale) of power threshold (PS, gray dashed line) meets two slopes
at a different gate in abscissa as a retracked gate difference ΔgS (green) is observed during waveform retracking process.

in the physical model during waveform retracking process
is needed to address the problem for the seasonably ice-covered Qinghai Lake.
In Brown’s average impulse response, altimetry waveform W( t ) received in time is a convolution process of three
components shown in Eq. (1): instrument point target response (PTR), surface elevation probability density function
(PDF) of the specular points, and average flat surface (or
smooth sphere) impulse response (FS).

W ^ t h = FS ^ t h 7 PTR ^ t h 7 PDF ^ t h 		

(1)

However, the FS( t ) term given in Eq. (2) from Brown
(1977) with vo term treated as a constant in the original
form ignores the extreme scattering characteristics in FS( t )
due to its ocean-oriented assumption for the surface whose
mean-square slope (MSS) is a Gaussian distribution and has
a limited range. In Dinardo and Benveniste (2009), it is assumed that the scattering process in inland water and coastal
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zones potentially varies the trailing edge slope of the FS
model, by adjusting parameters in the scattering term, and
eventually affects the convoluted waveforms.
m2
#
FS ^ t h =
^ 4rh3 L p At

d a t - 2R k G 2 ^i, ~h vo ^}, zh
c
dA
R4

(2)

where
λ
LP
c
t
R

= radar carrier wavelength;
= two-way signal propagation loss;
= the speed of light in vacuum;
= impulse two-way travel time;
= range from the illuminated element to the radar;
G ^i, ~h = gain of the radar antenna as a function of relative angle to the boresight;
vo ^}, zh = surface backscatter cross section as a function
of relative angle to the radar subnadir;
dA
= elemental scattering area;
At
= total illuminated area.
The radar backscatter cross section (RBCS) vo at the incidence angle is obtained from Liu et al. (2000):
vo ^0h =

R ^0h 2
R ^0h 2
=
			
2vu vc
2s 2

(3)

where

R ^0h 2 = Fresnel reflection coefficient for normal incidence;
vu, vc = upwind and crosswind components of RMS slope;
s2
= mean-square slope.
For a smooth surface with a least surface standard deviation, the energy of vo tends to become more concentrated
without loss in scattering. Here, we suspect that the lake
ice, or even calm water surface with least roughness, could
generate anomalous waveform returns. Therefore, this unmodeled scattering characteristic should be considered in
quasi-specular cases and a correction to the track offset is
required to avoid overestimations in the surface height retrieval, which is due to a shift of the waveform peak to the
center of nominal tracking gate.
In the following sections, we first collected Envisat retracked height and waveform data over Qinghai Lake. We
then inspected lake surface condition by analyzing remote
sensing imagery at the time close to the altimetry measurements to ensure the absence of snow accumulation and scrutinize the possible timing of ice returns. After filtering out
the quasi-specular shape of waveform from a series of waveform classification algorithm, we then developed an empirical gate transition based on the relative leading edge slopes
between specular and Brown-like waveforms, towards com-

puting a gate correction for the threshold retracker (TR). In
the following section, various retracked heights compared
to in situ gauge data are summarized in terms of root-meansquare error (RMSE) and correlation coefficients. It should
be noted that only 20% level of TR followed by a 20% peak
energy for gate correction computation is presented in the
result since the fewer (10%) and higher (50%) threshold settings were tested to yield an under- and over-estimation of
corrections to the measurements, respectively. The optimum
threshold level for the computing gate correction needs further study on scattering properties, e.g., surface- or volumescattered characteristic (Davis 1997), for lake ice.
2. DATA AND METHOD

2.1 Envisat Altimetry and Lake Gauge Data
Envisat was launched by the European Space Agency
(ESA) in August 2002, following two successful predecessors ERS-1/-2 missions in the 1990s. The altimetry instrument onboard Envisat is to synoptically monitor large-scale
ocean surface topography, ice sheet elevation change, sea
ice freeboard height change, hydrology and land cover studies. Envisat carries a suite of instruments including a dualfrequency (Ku and S-band) radar altimeter (RA2) and other
instruments such as an advanced synthetic aperture radar
and radiometers. Operating in a sun-synchronous orbit with
a 35-day repeat cycle, the radar altimeter onboard Envisat
not only facilitates geophysical and oceanic studies by observing ocean circulation and sea-level in the open ocean,
but also covers many inland water bodies under its dense
cross-track interval (~80 km at the Equator). Each bin (or
gate) of the Envisat Ku-band (13.6 GHz) waveform (128
bins) has a time resolution of 3.125 nanoseconds based on
the maximum resolution setting of the 320 MHz bandwidth.
In this study, we used both the Envisat RA2 Geophysical
Data Record (RA2_GDR_2P) and Sensor Data Record
(RA2_MWS_2P) over 2003 - 2009 (cycles 12 - 84) within
a data span when the in situ Qinghai Lake gauge data were
available. Here the Qinghai Lake gauge data are digitized
from Zhang et al. (2011a, b) and Wang et al. (2012, 2013).
An ascending pass #240 between 36.9 - 37.1°N and a descending pass #276 between 36.73 - 36.79°N were obtained.
The latitudinal box (> 6 km from coasts) for each pass was
selected to prevent possible land contamination in the coastal waveforms (Deng et al. 2002). Moreover, other onboard
retrackers including ICE-1, ICE-2, SEAICE and OCEAN
were used to evaluate conventional retracked results without gate correction inferring the existence of specular waveforms. Each retracked height had later been applied with
necessary instrumental and environmental corrections since
the media between the space-borne radar altimeter and the
surface are non-homogeneous that substantively advance or
delay the transmitted signals (Lee et al. 2010). These corrections are known as Doppler shift and oscillator drift for in-
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strumental corrections, ionosphere and dry/wet troposphere
for media corrections, and solid Earth tide and pole tide for
geophysical corrections.
2.2 Remote Sensing Imagery and the Normalized Difference Snow Index (NDSI)
To verify the in situ condition of lake surface and
check the possible snow accumulation during winter to
early spring, we acquired two of NASA’s imaging series:
(1) Earth Observing-1 Mission (EO-1) with Advanced Land
Imager (ALI) spectrometer (Sherwood et al. 2006), and (2)
the Landsat series TM/ETM+ (Enhanced Thematic Mapper
Plus) multispectral scanning. Both instruments have been
used to measure land cover and its changes by means of
characterizing different optical properties between specific
features in the image. These two sensors’ reflectance data
are publicly available from the USGS EarthExplorer website (http://earthexplorer.usgs.gov).
The EO-1 ALI, launched in November 2000 was operational in a circular orbit at an altitude of ~705 km with
simultaneous measurement of nine different wavelengths.
Each band of ALI has 30 m spatial resolution for multispectral and 10 m for panchromatic imagery (Burke et al. 2004).
On the other hand, Landsat 7 data with functioning Scan
Line Corrector (SLC) before May 2003 as well as Landsat
4-5 TM image over 2003 - 2009 were examined over Qinghai Lake. The Digital Numbers (DNs) of both imagery sets
have been converted to spectral reflectance via calibration
coefficients (Chander et al. 2009). The Normalized Differ-

(a)
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ence Snow Index (NDSI) of both data sets was then computed to roughly discriminate ice-water-land ratio by using
two bands near 0.56 and 1.65 μm given as follows (Valovcin 1976):
NDSI =

t0.56 - t1.65
				
t0.56 + t1.65

(4)

where
t0.56 = band 2;
t1.65 = band 5 for both sensors.
An example of NDSI showing snow/ice extent and its
disturbance to the altimetry backscattering coefficient (BC)
is displayed in Fig. 6. The EO-1 ALI image on 21 March
2004 shows a part of lake was still frozen during the early
spring and caused fluctuation in BCs while the along-track
altimetry footprints encountered dispersed ice floes. The
bloom in BCs confirms that the specular echoes as shown
in Fig. 5 originated from non-water surface. Based on an
experimental NDSI threshold (Griffin et al. 2005; Doggett
et al. 2006) for classification (approximate water < 0.4),
we note that the delineation of lake ice boundary matches
fairly well as shown by a false-color image (Fig. 6b). The
accumulation of fresh snow is further interpreted from the
highest value in NDSI and inferred from surrounding land
cover. After a deliberative inspection and computation of
the NDSI for available winter images, we conclude that the
lake surface is seldom covered by snow presumably due to
a semiarid climate (Chu et al. 2007) in this region of the
Tibetan Plateau which has an average of < 5 cm snow depth

(b)

Fig. 6. (a) Lake ice/snow extent estimated by NDSI is computed from EO-1 ALI imagery on 03/21/2004. Envisat pass #276 color-coded by a
backscattering coefficient (BC) was measured on 03/28/2004. The higher values of BC than normal water surface return (15 - 20 dB) fluctuate
while satellite ground track overpasses ice floes. Background relief is scaled by C-band SRTM3 DEM. (b) False-color images composed by ENVI
software are computed from original multispectral imagery (R: Band 3, G: Band 2, B: Band 1), with approximate cloud coverage 30 - 39% mostly
in the upper part.
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in winter and < 30 days of snow-cover per year (Che et al.
2008). Therefore, it is appropriate to assume that the inaccurate measurements during winter are influenced by icy
surface rather than snow layers. The latter case could have
resulted in higher Envisat lake level measurements during
winter time.
2.3 Processing Method: Waveform Classification and
Retracking Gate Correction
As mentioned before, Fig. 5 demonstrates a typical
specular waveform that has sharper leading edge and a sudden drop of trailing edge than the Brown-like shape. Therefore, it is postulated a correction applied to the tracking offset by means of a differentiated slope in between in order to
improve the height estimate. The first step of this process
is to set up a series of criteria to identify waveforms encountering ice contamination. These criteria were derived
from a reference of echoes presumably returned from water surface, i.e., picking one summer cycle per year over
2003 - 2010 and then averaging the waveform amplitude.
As demonstrated by four along-track average waveforms
selected in different months, Fig. 7 depicts the echo from
water surface is similar in leading/trailing edge formation.
Therefore, the difference of waveform parameters between
water seasons is disregarded and the averaged waveform is
treated as the prototypical return from local water surface.
Several constraints were thus made in advance to identify
quasi-specular feature among all surface echoes in an automatic fashion: (1) BC value exceeds 15 dB, (2) waveform
COG, in terms of gate, located prior to 75, and (3) peak
amplitude must exceed 400 power units. Only waveforms
matching these criteria were then applied the gate correction
after a standard 20% threshold retracking process (Davis
1997). The next step is to estimate the correction in number
of gates needed for the picked waveform samples. This transition is related to the difference in the inverse of the slope
of the leading edge compared to the reference. Here we define the inverse of slope is the unit length of peak width (in
gate) divided by the unit length of peak amplitude (in power
unit) which is equal to the tangent of azimuth angle of each
leading edge. The gate correction term, ΔgS, as denoted in
the geometry of Fig. 5 is then described as:
DgS = PS # ^tan {B - tan {S h = PS # c

x B xS
- m 		
y B yS

(5)

where subscripts S and B denote Specular waveform and
Brown-like reference, respectively, and
ΔgS = number of gate to be corrected for specular waveforms;
PS = power level computed from 20% energy of peak in
the specific specular waveform;

{
x
y

= zenith angle of leading edge;
= unit length of gate difference between rising gate and
the peak;
= unit length of power difference between rising gate
and the peak amplitude.

Given by the reference waveform, a typical leading edge at
this region has a peak amplitude of ~400 power units and a
width across 4 gates. Thus the inverse slope of leading edge
xB /yB is treated as a constant approximately 0.01. This assumption is legitimate in this case study as the wind speed at
Qinghai Lake is relatively low and consistent over a multiyear evaluation (Qin and Huang 1998) which presumably
yields less inter-annual or seasonal signals in the significant
wave height (SWH) that affects the slope of waveform leading edge. On the other hand, since we only propose a correctional term for the threshold retracker that focuses on the
leading edge part of a waveform, other parameters such as
backscatter coefficient and the trailing edge slope is negligible in this technical process. Finally, the corrected 20%
TR retracked height is expressed as:
RS = R - ΔgS × gm				

(6)

where
RS = retracked height after applying gate correction [m];
R = original 20% TR retracked height (with instrumental,
media, and geophysical corrections);
gm = 0.4684375 (gate to meter conversion parameter, based
on 320 MHz bandwidth setting).
In addition, one more constrained setting of gate correction
< 1 [gate] is required to accommodate waveforms whose
amplitude of occasional boost reaches over a few thousands
of power units. The empirical method built in this study depending on the peak amplitude sometimes encounters exaggerated estimate of gate corrections.
3. RESULTS AND DISCUSSIONS
A temporal validation of retracked height using ICE-1,
20% TR (uncorrected) and a corrected 20% TR is shown in
Fig. 8 by comparing their water level difference (or level
anomaly where the mean in each time series has been removed) with in situ gauge data. We observe that both Envisat altimetry passes #240 (Fig. 8a) and #276 (Fig. 8b)
using ICE-1 and 20% TR without correction have problematic measurements every winter which yield a doublepeak pattern in annual variation and have apparent discrepancies compared to gauge level data (same as Fig. 4). In
contrast, the 20% TR applied gate corrections shorten the
deviation in between and coincide better with gauge data
in seasonal phases. Although few of the corrections are ap-
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parently overestimated (e.g., around January 2007 for #240
and similar position for #276), and some of them are less
accurately corrected (e.g., around January 2005 and January 2009 for #276), the overall refinement in a least-square
sense concludes that the gate corrections essentially amend
a major part of inaccurate measurements in winter and preserve reliable accuracy in mid-year. Both passes have a better agreement with gauge data even in summer, due to a lift
of time series by subtracting winter bumps that lowers the
mean lake level.
A statistical comparison, in terms of RMSE and correlation coefficients among various retrackers is shown in
Table 1. The uncertain value after the plus-minus sign in
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each entry indicates the internal variability computed from
the mean standard deviation of along-track height estimate
in each cycle which can be expressed as:
/ vH ^ j h
n

uncertainty =

j=1

n

				

(7)

with

vH ^ j h =

/ ;H ^c, j h - / H ^c, j h kE
k

k

c=1

c=1

k-1

2

		

(8)

(a)

(b)

Fig. 7. A demonstration of water waveforms collected over different months. Top: Four waveforms have a similar leading/trailing edge slope and the
power level computed from 20% peak power amplitude also located at a comparable level. Bottom: A blow-up view of the retracked gate denoted as
a gray box in the top panel. Vertical line indicates the retracked gate obtained from the intersection between 20% threshold power level (horizontal
line) and the leading edge. The offset among retracked gates is less than 0.15 (or 7 cm in length equivalent) in given examples.
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(a)

(b)

Fig. 8. Top: A comparison of water level variation for Envisat pass #240, between gauge (gray), Envisat ICE-1 (blue), 20% TR without correction
(green), and 20% TR after correction (red). Bottom: A similar comparison for Envisat pass # 276.

Table 1. Statistics of RMSE and correlation coefficient compared among different radar altimeter waveform
retrackers and lake gauge data.
Retracker

Pass #240 (lat: 36.9 - 37.1°N)

Pass #276 (lat: 36.73 - 36.79°N)

RMSE [cm]

Correlation

ICE-1

13 ± 2

0.87

14 ± 1

0.86

ICE-2

17 ± 2

0.79

17 ± 2

0.80

SEAICE

19 ± 5

0.76

19 ± 3

0.76

OCEAN

39 ± 4

0.40

37 ± 4

0.45

20% TR (uncorrected)

15 ± 4

0.85

15 ± 4

0.84

6±7

0.98

6±7

0.97

20%TR (corrected)

RMSE [cm]

Correlation
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where
n
= number of valid cycles for certain passes #240 and
#276;
H (c, j) = retracked height computed from cth waveform in
j th cycle;
k
= number of waveforms within selected spatial
box.
To assess the performance between retrackers in the following discussion we use an improvement percentage (IMP)
factor introduced in Hwang et al. (2006):
IMP =

vcompared - vcomparing
vcompared

# 100 ^ % h 			

(9)

where v is the RMSE of each retracker’s estimate against
gauge data.
For pass #240, the corrected 20% TR with 6 cm RMSE
has significant improvement over ICE-1 (13 cm, IMP =
54%), ICE-2 (17 cm, 65%), SEAICE (19 cm, 68%),
OCEAN (39 cm, 85%), and is better than uncorrected 20%
TR (15 cm, 60%). The improvement is also noted in the
enhanced correlation (0.98) compared with gauge time series. Similarly, pass #276 with a shorter range of along-track
measurements, between latitude 36.73°N - 36.79°N (about
6.8 km, corresponding to ~18 points for 18-Hz data in each
cycle) has almost identical results with #240 among compared retrackers. The corrected 20% TR outperform other
retrackers at least 57% in RMSE and > 0.11 improvement in
correlation. We conclude that the empirical gate corrections
developed in this study efficiently suppressed the effects of
spurious signals in winter and at the same time, increase
the accuracy in other seasons when sporadic specular waveforms also have chances to occur. However, an increase of
uncertainty is also noticed in the corrected time series. This
problem may be due to a fluctuation of correction for a series of waveforms that have inconsistent peak amplitudes
as we can observe in Fig. 3b. As a subject of future work,
a more sophisticated technique to accommodate the instability of peak values could potentially further improves the
accuracy in the along-track measurements.
4. CONCLUSIONS
Current retrackers developed for radar altimetry waveforms are primarily designed for Brown-like (OCEAN) or
multi-peaks (ICE) echoes by using several fitting parameters. However, there are only limited algorithms dedicated
to waveform classification and retrackers for the occurrence
of numerous return waveform shapes. Recent developments
of radar altimeter retracking algorithms include adaptive
retracking (e.g., Wang et al. 2010) or sub-waveform extraction (Yang et al. 2010, 2011, 2012), and the algorithms described in the PISTACH project (Gómez-Enri et al. 2008;
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Vignudelli et al. 2009). These algorithms are intended to
potentially extend radar altimeter data coverage toward the
coastlines, in circumpolar seas, and over inland water bodies. In this study, we demonstrate a viable algorithm to effectively identify quasi-specular waveforms for ice-contaminated data and use adjacent waveform samples to estimate
the lake surface height at the seasonally ice-covered Qinghai
Lake. The improved retrieval of radar altimeter elevation
measurements over an alpine lake like the Qinghai Lake
benefits studies in atmosphere and hydrology. Although
this technique is hitherto only experimentally verified at the
study region, it is envisioned that the method could be effectively applied to other alpine lakes with similar seasonally
surface changes, to improve the accuracy of radar altimetry
lake level measurements. The only prerequisite condition
for the target area is less snow accumulation year-round
as the penetration depth of electromagnetic radiation in the
snow layers is still difficult to model. Further research applying this technique to other regions is needed to improve
the robustness of the algorithm developed in this study.
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