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1. Summary
Innovative usage of satellite altimetry has enabled accurate observations of water level
changes in small inland hydrologic bodies, and coastal sea-level variations. The
iInnovation is based on advances in altimetry radar waveform retracking technique, in
that robust identification is feasible for distinct leading edges for a variety of multi-peak
pattern or distorted waveforms, due to land/ice contaminations or in regions of
energetic ocean dynamics. Here, we demonstrate two novel techniques developed to
mitigate either land or ice contaminated waveforms. When the satellite traverses
across the ocean/lake shorelines or over ice, entering or leaving the water, the
heterogeneous radar response could induce spurious peaks which migrate into the
waveform patterns and lead to an overestimate of the telemetered range. Our first
waveform modification, or Sub-waveform Filtering (SF) method is shown to be
effective to mitigate overlapped peaks and yield improved Envisat altimetry ranges in
1-7 km offshore off various coastal study regions including seasonally sea-ice covered
ocean near NE Greenland (Fig. 1). Our second method, the Track Offset Correction
(TOC), is aimed at mitigating waveforms traversing 72"
from/to ice-covered boreal lakes to/from water,
typically with a sharp leading edge and anomalously
high power. Here we demonstrate this technique
over the Qinghai Lake, Tibetan Plateau.

Figure 1. A study area picked to examine SF method
near east Greenland. Black lines are Envisat passes
and yellow star is the location of gauge station. Other
study regions include: (1) Los Angeles, California, (2)
Freshwater Canal Locks, Louisiana, (3) Cape May, New
Jersey, and (4) Fort Myers, Florida.

2. Subwaveform Filtering (SF) Method

Waveforms at deeper ocean region (20~30km) are used for each altimeter pass as a
reference (Eq.1) in this method to mitigate coastal (<7km) waveforms with erroneous
or spurious peaks (Eq.2), which are induced from radar returns of non-water surfaces.
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where P.= coastal waveform (<7km), P.(out) = gate outliers in coastal waveform
= standard deviation of P.(i)— P, (i)
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The flawed waveform is then “repaired” by a 2D linear interpolation from
neighboring gates, both in-waveform (adjacent gates) and along-track
waveforms (same and diagonal gates in nearby measurements) (Eq.3).
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where P, = repaired coastal waveform

In addition, we apply an energy compensation correction for repaired waveform
based on the reference waveform (Eq. 4).
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45 b= 128 for Envisat (4)
31 104 for Jason-2

This correction is necessary because the total return energy is limited by the
Automatic Gain Control (AGC) loop In the onboard altimeter. Once an extra
high return signal existed in the waveform has been removed, the remaining
bins following noise level are underestimated and need to be amplified to a
similar level to the reference waveform. Finally, we compute an averaged height
between 1~7km off the coastline for each pass and compare with tide gauge 6-
minute water level data® nearby. * Data from NOAA (http://tidesandcurrents.noaa.gov/index.shtml)

3. Example Application of SF Method (Coastal Louisiana)

Fig. 2 demonstrates the SF method on Envisat data (cycle 91, pass 305) near
Freshwater Canal Locks gauge station. Waveforms were contaminated by land at 7km
offshore. An erroneous peak in 2D view of the stack waveforms shown (red curve,
middle, upper corner) was migrated from the radar footprint edge (end of trailing edge)
to nadir (nominal tracking gate #46). SF method mitigated the waveform (left panel).
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Figure 2. Waveform modification exemplified by Envisat pass near coastal Louisiana region

4. Track Offset Correction (TOC) for Boreal Lake Waveforms

Seasonal patterns of waveform shapes evident in Envisat measurements over the
seasonally ice-covered boreal lake, Qinghai Lake on the Tibetan Plateau (Fig. 3).
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Figure 3. Typical along-track waveforms returned from different surface conditions and
corresponding months: (left) water (Apr—Nov), (middle) ice (Dec—Mar), and (right) water with ice
floes (Mar and Dec). X-axis is waveform gates (or bins), Y-axis is latitude in degree, and Z-axis is
returned energy in power unit. These waveform samples are examples of Envisat pass #240 within
cycles 53, 54, and 56 (from left to right).

The specular shape of waveform over frozen lake (Fig. 4) has steeper leading and
trailing edges, thus shortens the telemetered range and yield a higher lake surface
height retrieval applying the Threshold waveform retracker.
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Thus we introduce a TOC method to adjust the track offset error due to a shift
of waveform peak leaning towards the front.

Agy = Py X (tan @, —tang,) = P, X (=2 — =5) (5)
Y Vs
This correction in range is thus expressed as
R, =R—-Ag.Xgm (6)

where

R, = retracked height after applying gate correction [m]

R = original 20% TR retracked height

gm = 0.4684375 (gate to meter conversion, based on 320 MHz bandwidth)

5. Results — SF Method

Table 1. (For four N. America cases) RMSE of different retrackers computed from Envisat
and Jason-2 altimeters. Recommended retracker is highlighted in the entry of each zone.

, Tkm-7km 0.5km-1km
Satellite and Retracker
RMSE [cm] | RMSE [cm]
ICE-1 23 38
i OCEAN 35 48 SF method works
wisat 50 TR-SF 17 73 -
AR ! : better in the 1-7 km
20%TR-org 26 38 :
CE 58 a8 offshore region
— OCEAN 36 7 than in 0.5—1 km.
Jason-2 —onoTR-SF 78 7
20%TR-org 33 67
ICE/ICE-1 25 50
Overall OCEAN 56 i
20%TR-SF 22 54
Legend: 20%TR-org 29 50 | |
RMSE = root-mean-square error of retracked SSH time series; * too many invalid cycles

20%TR-SF = 20% Threshold retracker using SF modified waveforms;
20%TR-org = 20% Threshold retracker using original waveforms
Correlation = correlation coefficient between retracked and gauge time series

Table 2. RMSE of available pass/cycles over east Greenland coastal

region. Shaded cells indicate recommended retrackers based on the SF thod
evaluation of RMSE and correlation against tide gauge data. metno

Pass ICE-1 | OCEAN | SEAICE | 20%TR | 20%TRSF | AUJLSRIUE
RMSE [cm] | 21 41 42 22 17 while sea
224 (c);orrlelation 0.(;7 045 0.(4)]-2 0.g6 0.(5)37 ice floes
ycle gap :
RMSE [cm] |14 61 34 15 14 exist
24 | Correlation | 0.88 0.25 0.43 0.86 0.88
Cycle gap 0 0 0 0 0
RMSE [cm] [ 30 72 62 30 23
15 | Correlation | 0.58 0.43 0.42 0.58 0.71
Cycle gap 0 0 0 0 0

Results — TOC Method

Table 3. RMSE and correlation coefficient compared among different retrackers and gauge
data at Qinghai Lake.

Retracker Pass #240 (lat: 36.90°N-37.10°N) | Pass #276 (lat: 36.73°N—-36.79°N)
RMSE [cm] Correlation RMSE [cm] Correlation
ICE-1 13+2 0.87 14+1 0.86
ICE-2 1712 0.79 1712 0.80
OCEAN 3944 0.40 3714 0.45
20% TR (uncorrected) 15+4 0.85 15+4 0.84
20%TR (TOC corrected) 617 0.98 67 0.97
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