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CAN	  WE	  IMPROVE	  THE	  SIGNIFICANT	  WAVE	  
HEIGHT	  RETRIEVAL	  IN	  THE	  COASTAL	  ZONE?	  
	  
CAN	  WE	  IMPROVE	  THE	  CURRENT	  “OPEN	  SEA”	  	  
SIGNIFICANT	  WAVE	  HEIGHT	  ESTIMATES?	  

THE	  NEW	  FRONTIER	  OF	  OPERATIONAL	  OCEANOGRAPHY	  IS	  THE	  COASTAL	  ZONE,	  
and	  wave	  height	  es&ma&on	  is	  at	  the	  forefront!	  
	  
Wave	  models	  have	  a	  hard	  &me	  in	  the	  coast:	  	  

	  -‐	  energy	  dissipa&on	  in	  shallow	  areas	  
	  -‐	  varying	  wave	  height	  with	  depth	  (shoaling	  effect)	  

	  
OUR	  COMMUNITY	  MUST	  PROVIDE	  RELIABLE	  OBSERVATIONS!	  

MOTIVATION	  
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Introduc&on	  
-‐	  Significant	  Wave	  Height	  (SWH)	  is	  related	  to	  the	  rising	  &me	  of	  a	  waveform,	  i.e.	  the	  
slope	  of	  the	  leading	  edge	  

-‐	  Two	  main	  issues	  in	  SWH	  es&ma&on:	  
1)	  COAST:	  Coastal	  waveforms	  are	  hard	  to	  fit	  due	  to	  land	  and	  calm	  water	  interference	  in	  
the	  al&meter	  footprint	  
2)	  	  LOW	  SEA	  STATES:	  low	  SWH	  produces	  a	  very	  sharp	  leading	  edge	  that	  is	  therefore	  
poorly	  sampled	  

RETRACKING:	  the	  on-‐ground	  
process	  of	  fi_ng	  a	  modelled	  
waveform	   to	   the	   real	   signal	  
in	   order	   to	   es&mate	   the	  
parameters	  of	  interest	  



The	  area	  of	  study	  
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The	  German	  Bight:	  shallow	  water	  +	  large	  exposed	  &dal	  flats	  during	  low	  &de	  
3	  Envisat	  Tracks,	  1	  Jason1/Jason2	  track	  -‐>	  validated	  against	  3	  buoys	  (Helgoland,	  Elbe,	  Westerland)	  
Buoy	  data	  -‐>	  courtesy	  of	  German	  Waterway	  and	  Shipping	  Administra&on	  (WSV)	  and	  Federal	  Mari&me	  and	  Hydrographic	  
Agency	  (BSH)	  

HIGH	  TIDE	  

LOW	  TIDE	  

LAND	  



Al&metry	  data:	  ALES	  retracker	  
-‐	  COASTAL-‐DEDICATED:	  by	  extrac&ng	  a	  sub-‐waveform,	  it	  avoids	  contamina&on	  from	  bright	  
targets	  in	  the	  tail	  
	  
-‐	  ADAPTIVE:	  it	  adapts	  the	  width	  of	  the	  subwaveform	  to	  the	  sea-‐state	  in	  order	  to	  maintain	  
the	  same	  level	  of	  accuracy	  
	  
-‐	  HOMOGENOUS:	  it	  applies	  the	  same	  strategy	  for	  both	  open	  ocean	  and	  coastal	  waveform	  

ALGORITHM	  DESCRIPTION	  AND	  SEA	  LEVEL	  RETRIEVAL	  VALIDATION	  IN	  Passaro	  et	  al.	  (2014)!	  
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Introduction 
 

Satellite altimetry has revolutionized our 
understanding of ocean dynamics thanks to 
precise measurements of sea surface height on a 
frequent and near-global basis. Nevertheless, 
coastal data has been flagged as unreliable due to 
land and calm water interference in the altimeter 
and radiometer footprint and high frequency tidal 
and atmospheric forcing.  
 
Our study addresses the first issue, i.e. retracking, 
the fitting of a waveform model to the observed 
echoes, the process that allows the estimation of 
the parameters. To create a coastal-dedicated 
altimetry dataset we have designed ALES, the 
Adaptive Leading Edge Subwaveform Retracker.  
 
ALES is potentially applicable to all the pulse-
limited altimetry missions and its aim is to retrack 
with the same precision both open ocean and 
coastal data with the same algorithm. 

ALES, the multi-mission Adaptive Leading Edge Sub-Waveform 
Retracker, design and validation  

Marcello Passaro1, Paolo Cipollini2, Stefano Vignudelli3, Graham Quartly4, Helen Snaith5 
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ALES: the solution 

1) MULTI-MISSION: it retracks high-rate 
averaged Envisat, Jason-1, Jason-2  
waveforms (1 measurement every 300-350 
metres). Applicable to all pulse-limited 
altimetry missions 

2) COASTAL-DEDICATED: by extracting 
a sub-waveform, it avoids contamination 
from bright targets in the tail 

3) UNBIASED: it adapts the width of the 
subwaveform to the sea-state in order to 
maintain the same accuracy  

4) HOMOGENOUS: it applies the same 
strategy for both open ocean and coastal 
waveform. It does not need any waveform 
classification. 

Coastal altimetry: the challenge 

From the returned altimeter echo, it is 
possible to extract information related to 
Sea Surface Height (Epoch), Significant 
Wave Height (SWH) and Wind Speed 
(Backscatter coefficient) as shown in the 
figure above. 
 
Open-ocean satellite altimeter retracking is 
based on the Brown physical model [2], 
which simulates the ocean response by an 
error function which decays in the trailing 
edge. This model is less ideal when 
approaching the coast (depending on 
altimeter footprint size and sea state), where 
waveforms are often corrupted by highly 
reflective features (bright targets) that 
‘travel’ along the trailing edge of the 
waveform [1].   

Contact author: Marcello Passaro, marcello.passaro@noc.soton.ac.uk 

Conclusions 
Sea Level estimation from ALES improves the 
amount of high-rate valid data in the coastal 
zone, whilst it does not degrade the open-
ocean performance either in terms of accuracy 
or in terms of noise. 

The bias with standard SGDR product is about 
1 cm and comparability with ground truth is 
increased. It is possible to retrieve Sea Level 
in areas where no 1-Hz post-processed 
products are available 

 Idealized radar altimeter return and parameters of interest 
that are estimated by retracking 

For more info: COASTALT: http://www.coastalt.eu/  eSurge: 
http://www.storm-surge.info 
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Bright targets are not constant in time, location or distance 
from the coast. They are caused by localized areas of very 
smooth sea. On the right: an example of radargrams of 
Envisat track 416 over the Adriatic Sea for three different 
cycles. Can we exclude them in the estimation by selecting 
a sub-waveform focused on the leading edge? 

We simulated 500 noisy ‘Brown-like’ waveforms and 
compared the Epoch estimation from full-waveform and 
sub-waveform retracking with a variable number of gates 
and at different SWH. The plot on the left shows the Root 
Mean Square (RMS) Error Difference of full-waveform – 
sub-waveforms. A tolerance of 1 cm (on 18-Hz-like data) 
was set to derive a relationship between sub-waveform 
width and sea state.  

Above are examples of ALES retracking for low 
SWH (left), coastal waveform (centre) and high SWH 
(right). For every high-rate waveform, ALES: 
1) Finds the leading-edge  
2) Computes a first estimate of SWH and Epoch 
3) Adapts the width of the sub-waveform depending 
on SWH 
4) Retracks the new sub-waveform for an accurate 
estimation of Epoch, SWH and Sigma0 

Retrieval of Total Water Level Envelope (TWLE, sea 
surface height with tidal signal included) has been 
validated on the Adriatic Sea and the Agulhas Bank. 
Here we show the first location. For more details see 
Passaro et al. (2014) [3]. 

TWLE retrievals are validated against tide gauge values 
from Trieste, using all the available cycles for each 
satellite track. Raw high-rate data from ALES and 
standard product (SGDR)  are compared with CTOH 
post-processed 1-Hz coastal altimetry product. 
 
In 1) the percentage of highly correlated cycles is shown 
for each along-track location is shown. For each location 
they are defined as the number of cycles that guarantee a 
correlation coefficient of at least 0.9. 
 
In 2) RMS difference between absolute sea level 
(referred to ellipsoid) from tide gauges and ALES is 
shown. For the analysis, outliers from ALES have been 
detected and excluded. RMS difference using SGDR 
estimations at the same points is shown for comparison. 
 
In 3) histograms of the modulus of consecutive TWLE 
differences are shown. Consecutive differences are 
considered a first approximation of noise. 
Biases between SGDR and ALES for each track are 
computed. Only points with correlation coefficient 
higher than 0.9 are taken into consideration for this 
computation. 

TEST DATA ARE AVAILABLE!!! 

We are searching for collaboration regarding data assimilation, coastal circulation 
and synergy with other sensors. Drop us an e-mail! 

* For all locations, the amount of cycles we can use to have a high correlation coefficient is 
equivalent or higher using ALES 
* Approaching the coast and in the entire Gulf of Trieste, the improvement is particularly 
striking 
* High-rate retracking can provide reliable data even in areas where analysis is currently 
prevented by standard coastal altimetry data 
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Envisat	  retracking:	  technical	  issues	  
Rising	  &me	  of	  the	  leading	  edge	  (es&mated	  by	  
retracking)	  

Width	  of	  point-‐target	  response	  func&on	  

0.53	  *	  3.125	  ns	  (“old”	  SGDR)	  

0.66	  *	  3.125	  ns	  (“new”	  SGDR)	  

ENVISAT	  SGDR	  provide	  2	  addi&onal	  gates	  to	  describe	  the	  leading	  edge:	  
	  
“DFT”	  gates	  -‐>	  generated	  by	  applying	  a	  discrete	  Fourier	  transform	  at	  2	  intermediate	  
frequencies	  star&ng	  from	  the	  individual	  echo	  
	  
Does	  the	  DFT-‐gates	  inser&on	  improve	  the	  retracking?	  

1	  

Which	  value	  gives	  the	  best	  results?	  

2	  

σc2	  =	  σp2+σs2	  	   σs	  =	  SWH/2c	  



Warning:	  no	  nega&ve	  SWH	  

For	  low	  sea	  states,	  the	  SWH	  can	  be	  related	  to	  a	  nega&ve	  square	  root	  if	  σp2	  >	  σc2	  	  	  	  

Two	  possible	  interpreta&ons:	  
1)	  Derive	  a	  nega&ve	  SWH	  
	  
2)	  Set	  the	  SWH	  =	  0	  
	  
Here	  we	  chose	  2)	  because:	  
-‐	  for	  the	  sake	  of	  comparison,	  because	  this	  has	  been	  done	  in	  the	  Jason	  SGDR	  	  
-‐	  a	  nega&ve	  SWH	  is	  not	  plausible	  and	  therefore	  SWH=0	  would	  be	  the	  closest	  guess	  
to	  the	  truth	  in	  the	  comparison	  with	  a	  buoy	  

σc2	  =	  σp2+σs2	  	   σs	  =	  SWH/2c	  

DEBATABLE	  CHOICE	  -‐>	  “bad”	  consequences	  in	  next	  slide	  
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HOW	  TO	  GET	  AN	  ANSWER:	  	  
-‐	  consider	  the	  20	  high-‐rate	  points	  closest	  to	  each	  buoy	  for	  all	  the	  tracks	  
-‐	  check	  the	  bias	  and	  standard	  devia&on	  	  of	  the	  difference	  Al&metry	  –	  Buoy	  	  	  	  
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N.B.:	  Conclusions	  are	  restricted	  to	  low	  SHW	  (<2.5	  m)	  
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1)	  The	  use	  of	  the	  new	  PTR	  value	  (0.66*gate	  resolu&on)	  is	  responsible	  for	  an	  evident	  
underes&ma&on	  (~20	  cm	  at	  low	  sea-‐state)	  [strategy	  of	  choice	  for	  ALES	  -‐>	  σp=0.53rt	  ]	  
	  
2)	  The	  addi&on	  of	  the	  DFT	  gates	  (‘ALES+2’)	  lowers	  the	  noise!	  [strategy	  of	  choice	  for	  the	  
following	  slides]	  
	  
3)	  The	  ‘anomalous’	  low	  std	  at	  SWH=0.25	  m	  for	  σp=0.66rt	  is	  caused	  by	  the	  points	  where	  SWH	  
assumes	  null	  values.	  	  
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TABLES 32

TABLE II

Correlation Slope Bias (m) StD (m)

Env 85 (Helgoland) SGDR 0.56 (0.52) 0.71 (0.57) -0.23 (0.12) 0.69 (0.69)

ALES 0.89 0.63 0.09 0.27

Env 85 (Elbe) SGDR 0.97 (0.97) 0.99 (0.85) -0.22 (0.13) 0.18 (0.15)

ALES 0.97 0.88 -0.01 0.13

Env 474 (Helgoland) SGDR 0.63 (0.60) 0.76 (0.63) -0.31 (0.05) 0.56 (0.58)

ALES 0.93 0.65 0.00 0.20

Env 474 (Elbe) SGDR 0.91 (0.90) 1.06 (0.90) -0.05 (0.23) 0.21 (0.22)

ALES 0.97 0.97 0.09 0.08

Env 543 (Westerland) SGDR 0.20 (0.15) 0.42 (0.63) -0.48 (0.16) 0.67 (0.58)

ALES 0.55 0.55 -0.01 0.41

June 25, 2014 DRAFT

TABLES 33

TABLE III

Correlation Slope Bias (m) StD (m)

J2 213 - 1 Hz (Helgoland) SGDR 0.85 0.93 - 0.04 0.34

ALES 0.95 0.90 -0.01 0.15

J2 213 - 20 Hz (Helgoland) SGDR 0.80 0.83 0.07 0.67

ALES 0.85 0.87 0.01 0.57

J1 213 - 1 Hz (Helgoland) SGDR 0.81 0.95 0.03 0.52

ALES 0.93 0.98 0.11 0.23

J1 213 - 20 Hz (Helgoland) SGDR 0.86 1.04 -0.02 0.55

ALES 0.87 1.06 -0.01 0.33

June 25, 2014 DRAFT
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Introduction 
 

Significant Wave Height (SWH) is mapped 
globally through Satellite Altimetry. SWH 
estimation is possible because the shape of a 
pulse-limited altimetric waveform depends on the 
sea state. The algorithm for SWH also depends on 
the width of the point target response (PTR) 
function. Particularly challenging for SWH 
detection are coastal data, due to land and calm 
water interference in the altimeter footprint, and 
low sea states, due to an extremely sharp leading 
edge in the waveform that is consequently poorly 
sampled.  
 
Here ALES, a new algorithm for reprocessing 
altimetric waveforms, is validated for SWH 
estimation in the German Bight. Reprocessed data 
from Envisat, Jason-1 and Jason-2 missions are 
validated against three buoys. The in-situ 
validation is applied both at the point nearest to 
the buoy and at all other points along-track. The 
skill metrics is based on bias, standard deviation, 
slope of regression line, number of cycles with 
correlation larger than 90%.  
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ALES RETRACKER 

ALES is a subwaveform retracker that 
select the width of the estimation window 
depending on a first estimation of the sea 
state. The second estimation gives Epoch, 
rising time and amplitude of the waveform 
with the same precision of a full-waveform 
estimation, but avoiding the noise in the 
trailing edge. The algorithm is extensively 
described in [1]. 

Contact author: Marcello Passaro, marcello.passaro@noc.soton.ac.uk 

Conclusions 
ALES is able to extend the quality and the 
quantity of SWH retrievals towards the 
coast, for about 7 to 22 km in terms of 
spatial improvement. The bias with buoy 
values is within 10 cm and in general the 
comparability with ground truth is 
increased.  

ALES 1-Hz estimations have a constantly 
lower standard deviation compared to the 
original SGDR product.  

For Envisat mission the addition of the 2 
DFT gates and the use of σp=0.53rt brings 
improvements respectively in terms of 
noise and bias. 

 Idealized radar altimeter return and parameters of interest 
that are estimated by retracking 
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I. ENVISAT: choice of retracking strategy 
 
1) ALES estimates σc, the RISING TIME of the waveform:   
Where c is the speed of light and σp is connected to the approximation of the PTR response. The current SGDR product uses σp=0.66rt, where rt is the 
time resolution. We have compared ALES performances with this value and the previous SGDR value of σp=0.53rt. The σp=0.66rt value is responsible 
for an evident underestimation (~20 cm) at low sea-state. We conclude that the value of choice for ALES is σp=0.53rt. This value is used in section II. 
 
2) We also tested the impact of the inclusion of two additional waveform samples that are provided in the Envisat SGDR. The samples come from a 
Discrete Fourier Transform (DFT) algorithm computed on-board at two intermediate frequencies chosen to be in the leading edge portion of the 
waveform. The addition (ALES+2) has a positive effect in terms of noise reduction (lower standard deviation). ALES+2 is therefore used for the 
validation of section II. 

CLOSEST POINT ANALYSIS 
 
* Envisat 
- underestimation of SGDR (>20 cm for all tracks but 
one). Several estimations are zeroes, due σp=0.66rt.  
- The median bias of ALES is less than 10 cm for all 
the comparisons.  
- The use of a “corrected” SGDR product with 
σp=0.53rt brings to an improvement, but the low wave 
heights are overestimated. 
 
* Jason 
- in ALES, standard deviation of the differences 
between altimetry estimations and buoy values, leads to 
a variance reduction by a factor of 5 at 1 Hz. 
 

ALONG-TRACK ANALYSIS 
 
- Wave height signal is well correlated along the entire considered length of the satellite tracks (except close to the tidal flats) 
- ALES improves the amout of correct estimations when getting close to the coast 
- ALES succeeds in keeping the STD below 0.5 m all along the track in the open sea showing a constant improvement if compared to the SGDR 
product 
- For Envisat the bias of ALES reaches its minimum at the point closest to the buoy, as expected, while SGDR is constantly biased all along the tracks. 
- In the tidal flats ALES succeeds to retrieve more data for Jason, while in Envisat the values averaged at 1 Hz have a lower amount of valid data than 
the 18-Hz data, suggesting that a more careful screening is requested in these areas. 
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THE AREA OF STUDY 

The German Bight is a particularly 
challenging testbed for satellite altimetry: it 
is dominated by tides ranging from 2 to 4 m 
and characterised by shallow water and 
large exposed tidal flats during low tide. 
Other peculiar targets in the area are patches 
of still water in the tidal flats and the land of 
the numerous islets, both impacting the 
radar return when they enter the satellite 
footprint. Figure 2 show a radargram of an 
Envisat track for a low-tide and a high-tide 
cycle. Each line correspond to a waveform, 
with the latitude on the y-axis and the gate 
number on the x-axis. Bright targets in the 
trailing edges are evident near the coast 
(shaded in the grey) in the high-tide case, 
but land (very sharp) returns are seen at 
low-tide well before the coastline.  

4. Performances of different ALES retracking strategies against buoy values for varying SWH 3. Area of study. The buoys are represented by cyan points 

II. VALIDATION is performed in terms of correlation, mean bias and standard deviation (std) at the point nearest to the buoy and at all other 
points along-track. For the along-track correlation analysis, the maximum percentage of cycles of data  that could be retained whilst guaranteeing a 
correlation with the buoy time series of at least 0.9 is shown. Plots are shown for Envisat 85 and Jason-2 213. The tables below summarise the 
statistics for the other tracks. Comprehensive analysis for all the tracks is found in Passaro et al. (2014b). 
  

1. Idealised altimetric waveform with parameters of interest 

2. Radargrams of Envisat 85 approaching the coast in high 
tide (left) and low tide (right) conditions 

PSG

6

The rise time of the leading edge (�
c

) depends on the width of the radar point target response76

�
p

and on a term �
s

linked to SWH by the following equation:77

�2
c

= �2
p

+ �2
s

�
s

=
SWH

2c
(1)

where c is the speed of light. It is important here to stress the meaning of �
p

. The PTR78

convolved with the probability density function of the sea surface height distribution and the79

step function defines the average of the illuminated area within the satellite footprint [3]. The80

PTR has the form of a sinc2 function and, in order to simplify the convolution, is approximated81

in the Brown model by a Gaussian function of which �
p

describes the width:82

PTR(t) ⇡ exp

 
�t2

2�2
p

!

(2)

The value of �
p

changes depending on the mission. In the Jason processing, �
p

= 0.513r
t

is83

used, with r
t

the time resolution (3.125 ns). Envisat data have been originally processed with84

�
p

= 0.53r
t

[14]. These are also the values used by ALES for both missions.85

In the latest version of the Envisat SGDR, the value of �
p

was switched to 0.6567r
t

. As noted86

in [15], this had a particularly strong impact at low SWH: for real SWH of 1 m, the new values87

are lower than previously by 30 cm and too small compared to buoys or models. Moreover88

the noise of the retrieval for small waves is now higher and this is attributed to be a direct89

consequence of the non linear dependancy of SWH from �
p

. In this article, the effect of the two90

different values of �
p

for Envisat is tested on ALES estimations. Moreover, using the estimates91

of SWH2 available in the SGDR product (only for Envisat), an adjusted SGDR SWH field is92

generated with �
p

= 0.53r
t

through the following relationship:93

SWH
corrected

=
q
SWH2 + [(0.6567r

t

)2 � (0.53r
t

)2](2c)2 (3)

ALES performs two estimations for each waveform. The first estimation is performed on the94

portion of the waveform that goes from the first gates to the end of the leading edge. The SWH95

obtained from the first step is used to determine the width of the subwaveform to be used in the96

second estimation, following a linear relationship derived from experiments on simulated data97

which aims at preserving the precision of the range retrieval at different sea states. Aim of this98

June 25, 2014 DRAFT

ALES	  median	  bias	  <	  10	  cm!	  

ALES	  scores	  best	  for	  
correla&on	  and	  std!	  

*	  SGDR	  ‘corrected’	  with	  the	  ‘old’	  σp	  overes&mates	  low	  SWH.	  ALES	  doesn’t,	  despite	  
using	  the	  same	  value.	  
Possible	  reason	  -‐>	  the	  noisy	  trailing	  edge	  tends	  to	  increase	  the	  es&mated	  rising	  &me	  
of	  the	  leading	  edge.	  

Distance	  from	  buoy:	  3.2	  Km	  
Distance	  from	  coast:	  17.3	  Km	  
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TABLE II

Correlation Slope Bias (m) StD (m)

Env 85 (Helgoland) SGDR 0.56 (0.52) 0.71 (0.57) -0.23 (0.12) 0.69 (0.69)

ALES 0.89 0.63 0.09 0.27

Env 85 (Elbe) SGDR 0.97 (0.97) 0.99 (0.85) -0.22 (0.13) 0.18 (0.15)

ALES 0.97 0.88 -0.01 0.13

Env 474 (Helgoland) SGDR 0.63 (0.60) 0.76 (0.63) -0.31 (0.05) 0.56 (0.58)

ALES 0.93 0.65 0.00 0.20

Env 474 (Elbe) SGDR 0.91 (0.90) 1.06 (0.90) -0.05 (0.23) 0.21 (0.22)

ALES 0.97 0.97 0.09 0.08

Env 543 (Westerland) SGDR 0.20 (0.15) 0.42 (0.63) -0.48 (0.16) 0.67 (0.58)

ALES 0.55 0.55 -0.01 0.41

June 25, 2014 DRAFT

TABLES 33

TABLE III

Correlation Slope Bias (m) StD (m)

J2 213 - 1 Hz (Helgoland) SGDR 0.85 0.93 - 0.04 0.34

ALES 0.95 0.90 -0.01 0.15

J2 213 - 20 Hz (Helgoland) SGDR 0.80 0.83 0.07 0.67

ALES 0.85 0.87 0.01 0.57

J1 213 - 1 Hz (Helgoland) SGDR 0.81 0.95 0.03 0.52

ALES 0.93 0.98 0.11 0.23

J1 213 - 20 Hz (Helgoland) SGDR 0.86 1.04 -0.02 0.55

ALES 0.87 1.06 -0.01 0.33

June 25, 2014 DRAFT
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Introduction 
 

Significant Wave Height (SWH) is mapped 
globally through Satellite Altimetry. SWH 
estimation is possible because the shape of a 
pulse-limited altimetric waveform depends on the 
sea state. The algorithm for SWH also depends on 
the width of the point target response (PTR) 
function. Particularly challenging for SWH 
detection are coastal data, due to land and calm 
water interference in the altimeter footprint, and 
low sea states, due to an extremely sharp leading 
edge in the waveform that is consequently poorly 
sampled.  
 
Here ALES, a new algorithm for reprocessing 
altimetric waveforms, is validated for SWH 
estimation in the German Bight. Reprocessed data 
from Envisat, Jason-1 and Jason-2 missions are 
validated against three buoys. The in-situ 
validation is applied both at the point nearest to 
the buoy and at all other points along-track. The 
skill metrics is based on bias, standard deviation, 
slope of regression line, number of cycles with 
correlation larger than 90%.  

Validation of Significant Wave Height From Improved Satellite 
Altimetry in the German Bight 

Marcello Passaro1,4, Luciana Fenoglio-Marc 2, Paolo Cipollini3, Jérôme Benveniste4 
1 School of Ocean and Earth Science, Univ. of Southampton, U.K.  

2Institute of Physical Geodesy, Technische Universitaet, Darmstadt, Germany 
3Marine Physics and Ocean Climate Group, National Oceanography Centre, Southampton, U.K. 

4European Space Agency – ESRIN, Frascati, Italy 

Acknowledgments 
The authors acknowledge the kind support from the German Waterway and Shipping Administration (WSV) and the Federal 
Maritime and Hydrographic Agency (BSH) for the in-situ data, ESA and NOAA for the altimeter data. This work has also been 
partially supported by the project Deutsch Forschungsgemeinschaft (DFG, Project Cosele) and by THE ESA/DUE ESURGE 
(ESA/ESRIN Contract Number 4000103880/11/I-LG) project. Special thanks go to Graham Quartly, Walter Smith and 
Christopher Buchhaupt for their suggestions and genuine interest. 

ALES RETRACKER 

ALES is a subwaveform retracker that 
select the width of the estimation window 
depending on a first estimation of the sea 
state. The second estimation gives Epoch, 
rising time and amplitude of the waveform 
with the same precision of a full-waveform 
estimation, but avoiding the noise in the 
trailing edge. The algorithm is extensively 
described in [1]. 

Contact author: Marcello Passaro, marcello.passaro@noc.soton.ac.uk 

Conclusions 
ALES is able to extend the quality and the 
quantity of SWH retrievals towards the 
coast, for about 7 to 22 km in terms of 
spatial improvement. The bias with buoy 
values is within 10 cm and in general the 
comparability with ground truth is 
increased.  

ALES 1-Hz estimations have a constantly 
lower standard deviation compared to the 
original SGDR product.  

For Envisat mission the addition of the 2 
DFT gates and the use of σp=0.53rt brings 
improvements respectively in terms of 
noise and bias. 

 Idealized radar altimeter return and parameters of interest 
that are estimated by retracking 
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I. ENVISAT: choice of retracking strategy 
 
1) ALES estimates σc, the RISING TIME of the waveform:   
Where c is the speed of light and σp is connected to the approximation of the PTR response. The current SGDR product uses σp=0.66rt, where rt is the 
time resolution. We have compared ALES performances with this value and the previous SGDR value of σp=0.53rt. The σp=0.66rt value is responsible 
for an evident underestimation (~20 cm) at low sea-state. We conclude that the value of choice for ALES is σp=0.53rt. This value is used in section II. 
 
2) We also tested the impact of the inclusion of two additional waveform samples that are provided in the Envisat SGDR. The samples come from a 
Discrete Fourier Transform (DFT) algorithm computed on-board at two intermediate frequencies chosen to be in the leading edge portion of the 
waveform. The addition (ALES+2) has a positive effect in terms of noise reduction (lower standard deviation). ALES+2 is therefore used for the 
validation of section II. 

CLOSEST POINT ANALYSIS 
 
* Envisat 
- underestimation of SGDR (>20 cm for all tracks but 
one). Several estimations are zeroes, due σp=0.66rt.  
- The median bias of ALES is less than 10 cm for all 
the comparisons.  
- The use of a “corrected” SGDR product with 
σp=0.53rt brings to an improvement, but the low wave 
heights are overestimated. 
 
* Jason 
- in ALES, standard deviation of the differences 
between altimetry estimations and buoy values, leads to 
a variance reduction by a factor of 5 at 1 Hz. 
 

ALONG-TRACK ANALYSIS 
 
- Wave height signal is well correlated along the entire considered length of the satellite tracks (except close to the tidal flats) 
- ALES improves the amout of correct estimations when getting close to the coast 
- ALES succeeds in keeping the STD below 0.5 m all along the track in the open sea showing a constant improvement if compared to the SGDR 
product 
- For Envisat the bias of ALES reaches its minimum at the point closest to the buoy, as expected, while SGDR is constantly biased all along the tracks. 
- In the tidal flats ALES succeeds to retrieve more data for Jason, while in Envisat the values averaged at 1 Hz have a lower amount of valid data than 
the 18-Hz data, suggesting that a more careful screening is requested in these areas. 
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THE AREA OF STUDY 

The German Bight is a particularly 
challenging testbed for satellite altimetry: it 
is dominated by tides ranging from 2 to 4 m 
and characterised by shallow water and 
large exposed tidal flats during low tide. 
Other peculiar targets in the area are patches 
of still water in the tidal flats and the land of 
the numerous islets, both impacting the 
radar return when they enter the satellite 
footprint. Figure 2 show a radargram of an 
Envisat track for a low-tide and a high-tide 
cycle. Each line correspond to a waveform, 
with the latitude on the y-axis and the gate 
number on the x-axis. Bright targets in the 
trailing edges are evident near the coast 
(shaded in the grey) in the high-tide case, 
but land (very sharp) returns are seen at 
low-tide well before the coastline.  

4. Performances of different ALES retracking strategies against buoy values for varying SWH 3. Area of study. The buoys are represented by cyan points 

II. VALIDATION is performed in terms of correlation, mean bias and standard deviation (std) at the point nearest to the buoy and at all other 
points along-track. For the along-track correlation analysis, the maximum percentage of cycles of data  that could be retained whilst guaranteeing a 
correlation with the buoy time series of at least 0.9 is shown. Plots are shown for Envisat 85 and Jason-2 213. The tables below summarise the 
statistics for the other tracks. Comprehensive analysis for all the tracks is found in Passaro et al. (2014b). 
  

1. Idealised altimetric waveform with parameters of interest 

2. Radargrams of Envisat 85 approaching the coast in high 
tide (left) and low tide (right) conditions 
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The rise time of the leading edge (�
c

) depends on the width of the radar point target response76

�
p

and on a term �
s

linked to SWH by the following equation:77

�2
c

= �2
p

+ �2
s

�
s

=
SWH

2c
(1)

where c is the speed of light. It is important here to stress the meaning of �
p

. The PTR78

convolved with the probability density function of the sea surface height distribution and the79

step function defines the average of the illuminated area within the satellite footprint [3]. The80

PTR has the form of a sinc2 function and, in order to simplify the convolution, is approximated81

in the Brown model by a Gaussian function of which �
p

describes the width:82

PTR(t) ⇡ exp

 
�t2

2�2
p

!

(2)

The value of �
p

changes depending on the mission. In the Jason processing, �
p

= 0.513r
t

is83

used, with r
t

the time resolution (3.125 ns). Envisat data have been originally processed with84

�
p

= 0.53r
t

[14]. These are also the values used by ALES for both missions.85

In the latest version of the Envisat SGDR, the value of �
p

was switched to 0.6567r
t

. As noted86

in [15], this had a particularly strong impact at low SWH: for real SWH of 1 m, the new values87

are lower than previously by 30 cm and too small compared to buoys or models. Moreover88

the noise of the retrieval for small waves is now higher and this is attributed to be a direct89

consequence of the non linear dependancy of SWH from �
p

. In this article, the effect of the two90

different values of �
p

for Envisat is tested on ALES estimations. Moreover, using the estimates91

of SWH2 available in the SGDR product (only for Envisat), an adjusted SGDR SWH field is92

generated with �
p

= 0.53r
t

through the following relationship:93

SWH
corrected

=
q
SWH2 + [(0.6567r

t

)2 � (0.53r
t

)2](2c)2 (3)

ALES performs two estimations for each waveform. The first estimation is performed on the94

portion of the waveform that goes from the first gates to the end of the leading edge. The SWH95

obtained from the first step is used to determine the width of the subwaveform to be used in the96

second estimation, following a linear relationship derived from experiments on simulated data97

which aims at preserving the precision of the range retrieval at different sea states. Aim of this98
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*	  Jason	  SGDR	  include	  high	  rate	  
(20	  Hz)	  SWH	  (unlike	  for	  Envisat)	  

Std(al&metry	  –	  buoy)	  

ALES	  brings	  a	  variance	  
reduc&on	  by	  a	  factor	  of	  
5	  at	  1	  Hz!	  

No	  systema&c	  bias	  
issues	  in	  Jason	  

SGDR	   wrong	   es&ma&ons	  
(influence	   of	   Helgoland	  
island	  in	  the	  footprint)	  

Distance	  from	  buoy:	  10.7	  Km	  
Distance	  from	  coast:	  9.2	  Km	  



Valida&on:	  Along	  track-‐	  Envisat	  
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The	  maximum	  percentage	  of	   cycles	   of	   data	  
that	  could	  be	  retained	  whilst	  guaranteeing	  a	  
correla&on	  with	   the	   buoy	   &me	   series	   of	   at	  
least	  0.9.	  	  

-‐	  ALES	  improves	  the	  amount	  of	  correct	  
es&ma&ons	  ge_ng	  close	  to	  the	  coast	  
	  
-‐	  Systema&c	  bias	  of	  SGDR,	  ALES	  has	  the	  
minimum	  bias	  at	  the	  point	  closest	  to	  the	  
buoy	  
	  
-‐	  In	  the	  &dal	  flats,	  high-‐rate	  data	  bexer	  
than	  1	  Hz	  averages	  -‐>	  need	  of	  a	  dedicated	  
data	  screening	  and	  outlier	  detec&on	  
	  
-‐	  ALES	  noise	  performances	  do	  not	  degrade	  
close	  to	  the	  coast	  (std	  w.r.t.	  buoy	  value)	   TIDAL	  FLATS	  



Valida&on:	  Along	  
track-‐	  Jason	  
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TIDAL	  FLATS	  TIDAL	  FLATS	  

-‐	  ALES	  brings	  very	  significant	  
improvements	  in	  terms	  of	  correla&on	  
and	  std	  all	  along	  the	  track	  
	  
-‐	  Retrieval	  of	  SWH	  in	  the	  &dal	  flats	  at	  
high	  &de,	  where	  SGDR	  does	  not	  
provide	  any	  value	  



Conclusions	  
For	  Envisat	  mission,	  the	  addi&on	  of	  the	  2	  DFT	  gates	  and	  the	  use	  of	  σp=0.53rt	  brings	  
improvements	  respec&vely	  in	  terms	  of	  noise	  and	  bias	  
	  
ALES	  is	  able	  to	  extend	  the	  quality	  and	  the	  quan&ty	  of	  SWH	  retrievals	  towards	  the	  
coast,	  for	  about	  7	  to	  22	  km	  in	  terms	  of	  spa&al	  improvement.	  	  
	  
ALES	  bias	  with	  buoy	  values	  is	  within	  10	  cm.	  The	  comparability	  with	  the	  ground	  truth	  is	  
increased.	  
	  
ALES	  1-‐Hz	  es&ma&ons	  have	  a	  constantly	  lower	  standard	  devia&on	  compared	  to	  the	  
original	  SGDR	  product.	  
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