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Evaluating the use of High-Frequency Radar coastal currents to correct Satellite Altimetry

Thesis directed by Dr. William J. Emery

Conventional satellite altimetry provides very satisfactory results in open ocean condi-
tions. Yet in coastal zones altimetry faces various problems, including less reliable standard
corrections, and altimeter waveform (return echo) degradation arising from the rapid changes
in the sea state or land contamination in the altimeter footprint. Different retracking (tech-
nique to retrieve geophysical information from the waveforms) methods have been developed,
but the optimal method may turn out to be a combination of several retrackers, and may
depend on the sea state. The coastal High-Frequency Radar (HFR) ocean surface currents
are evaluated to test if they can be exploited to validate the coastal altimeter Sea Surface
Height (SSH) measurements.

A method to retrieve the geostrophic velocities from the HFR sea surface currents
is established in the offshore region where the altimeter data are trusted. At the large
mesoscales this method provides HFR SSH that are in very good agreement with altimetry
gridded products with correlations larger than 0.8. Along a Jason-1 or Jason-2 altimeter track
the agreement depends essentially on the wind history, and a limitation is the smooth field
produced by the method. Nevertheless, more than half the cases match with a mean root-
mean-square difference of 2.5 cm (6.7 cm/s) in sea level anomaly (across track geostrophic
velocity anomaly).

Even without land contamination in the altimeter footprint, the waveforms may be
degraded by non-homogeneous ocean dynamics, and during rain or low wind events. The
HFR surface currents provide information on the sea surface height, so that various altimetry
retrackers are tested under those conditions. Also referencing to the HFR SSH, several coastal

retrackers can be evaluated in the near-shore regions.
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Even though these studies demonstrate the value of HFR as a tool to correct coastal
satellite altimetry measurements over a section of an altimeter track, which is an improve-
ment compared to sparse in-situ measurements, caution must be taken when generalizing
the methodology since the inferred geostrophic HFR datasets may still be contaminated by

ageostrophic components, especially during high wind events.
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Chapter 1

Introduction

1.1 Introduction

This chapter presents the motivation and scientific background behind the research
presented in this dissertation. An overview of the prevailing methods developed for using
altimetry in coastal regions and their validation is given. The major research goals are
described. The study region and the data sets are presented. Finally the organization of the

dissertation document is detailed at the end.

1.2 Motivation

Global climate change and its regional impact has become the focus of the global
approach to research in recent decades. Climate and oceanic researchers consider that one
of the most important roles played by the planet’s oceans is the regulation of the Earth’s
climate. In particular, the ocean is known to modulate atmospheric temperatures and carbon
dioxide due to its much longer time constant for change than that of the atmosphere. Ocean-
surface currents strongly influence ocean-atmosphere interaction. The periodic ENSO (El
Nino/Southern Oscillation) event, for example, is characterized by changes in surface currents
is certain regions. Many marine organisms have their life cycle linked with ocean currents.
The vast ocean plays an important role in shaping global climate on a rapidly changing
planet. There is a need to observe, understand and model the diverse physical mechanisms

that,contribute to.theocean,circulation to preserve this vast marine environment as well as
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to study its complex interaction with the Earth as a system.

The use of remote sensing devices on Earth-orbiting satellites since the 1970s developed
by the American (NOAA, NASA) and European (CNES, ESA) spatial agency has revealed
unseen aspects of the sea. This vantage point from space with its coverage, repeatability and
sampling capabilities, provides new insights in ocean science and new ways of understanding
the global ocean compared to the less dense in situ measurements. Measuring the sea surface
heights (SSH), the ocean surface winds and the wave heights are a set of parameters needed
for the study of the oceans and their evolutions. Satellite altimetry is one technique that
estimates these parameters.

With over twenty years of experience conventional satellite altimetry is a mature tech-
nology over the open ocean. The conventional altimeters are of the type ERS-1 and 2,
ENVISAT, TOPEX/Poseidon, Jason-1 and 2 and will be the focus of this thesis, in contrast
to the most recently launched altimeters such as CRYOSAT and SARAL/Altika with new
technologies. The basic altimetric measurement is the sea surface topography, its mounds
and depressions, from which are derived the sea surface slopes and hence surface currents.
With the correct constellation of satellites, multi-mission altimetry provides globally homoge-
neous, high resolution, and regular mapping of the mesoscale sea level and ocean circulation
variations (Morrow and Le Traon 2006 [61]). The climate record over more than 20 years
enables monitoring of, for example, the global mean sea level rise (Leuliette and Miller 2009
[56]) as well as the mesoscale eddy processes and their response to climate (Chelton et al.
2007 [20]).

Yet conventional altimetry and its application still face many challenges in coastal
regions. This is an area where human interaction with the ocean is a maximum. The shelf
regions have the most productive marine fisheries, they facilitate the development of oil
and gas systems, they are the focus of marine recreation, and they are the location of a
large number of search and rescue operations. With the increase of anthropogenic global

climate change this zone is susceptible to anthropogenic stresses as well as natural hazards.
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Monitoring of the coastal ocean parameters can yield observations that can benefit various
users of the sea, especially when the data are supplied in a timely way. These include
information needed by mariners about waves, wind, and currents, or data for environmental
quality managers concerning natural phenomena such as the occurrence of algal blooms or
anthropogenic events like oil spills.

In coastal regions, the accuracy of the nadir-looking, pulse-limited satellite radar al-
timeter Sea Surface Height (SSH) measurement degrades. The geophysical (tides, dynamic
atmospheric correction) and environmental (ionospheric, dry and wet tropospheric, sea state
corrections) corrections, that need to be applied to the altimeter range, become less reliable
and yet more variable (Andersen and Scharroo 2011 [2]) Secondly, the altimeter waveform
(return echo) becomes distorted. Coastal waters differ from the open ocean due to rapid
changes in bathymetry on the continental slopes, shallow waters and the presence of coast-
line boundaries. This induces greater variability resulting in shorter time and space scales.
Possible rapid changes in sea state and/or the presence of land within the altimeter foot-
print affect the shape of the waveform. Deng et al. (2002, 2003 [26] [27]) observed that the
waveforms from ERS-2 and TOPEX/Poseidon could be affected by land up to 20 km off
the Australian coast. Furthermore waveforms can be degraded by the presence of unrealistic
high radar return cross sections (Sig0) in the altimeter footprint, called Sig0-bloom events
(Mitchum 2004 [60], Tournadre 2006 [73]). These Sig0-bloom events can occur from weak
wind patches, as well as surface slicks, that create a highly reflective specular surface. These
contaminated waveforms will not conform to the shape of the standard open-ocean Brown
model formulated by Brown (1977 [14]). The ocean geophysical parameter (SSH, Significant
Wave Height (SWH) and Sig0 related to surface wind speed) retrievals from these waveforms
(retracking), fitted to the Brown model, will be unreliable.

Recovering these coastal altimetry data would be valuable for studies of the complex
coastal circulation, sea level change and the impact on this coastal circulation. Some of the

reasons are that the long-term altimetric measurements are repeatable, stable, and are the

www.manaraa.com



4

only long-term coastal measurements available in some remote areas. Altimetry data are
also important for undrestanding the interaction between coastal currents and open ocean
circulation, for mesoscale and coastal variability. At present, altimetry alone, even with
corrected high-resolution along-track coastal data, will not resolve all the various time and
spatial scales of coastal dynamics. The revisit time (10 days for Jason-2; a cycle) and the
distances between tracks (~200 km at 40 latitude for Jason-2) are too large, even with
multiple altimeters. It must be considered as an important input to a coastal observing
system. As such studies combining coastal altimetry and in situ data are adopted (Ruiz et
al. 2009 [66], Le Hénaff et al. 2010 [50]). New regional coastal products are emerging and
with them the prospect of exciting new applications. Developing tools for the generation
and quality check of these coastal products is a pertinent area of research. About twenty

years of archived altimeter data in the coastal zones are waiting to be reprocessed.

1.3 Coastal altimetry background

Current altimetry products use generic open-ocean processing which are retracked with
the ocean Brown model and have been optimized for high precision along track 1-Hz (or 7
km ground resolution) SSH open-ocean variability. There is a loss of data in coastal regions
from stringent quality checks (distorted waveforms, non-available corrections, ...) (Lee et
al. 2009 [54]). The use of altimeter data in the coastal zone requires the development of new
retrackers, applying improved local corrections and reprocessing techniques to increase data
coverage (Cipollini et al. 2008 [21] , Bouffard. et al. 2008 [12]).

Some of the new strategies have recently been implemented and demonstrated their val-
ues (Birol et al. 2010 [11], Herbert et al. 2011 [38]). The COASTal ALTimetry (COASTALT)
project (http://www.coastalt.eu) provides experimental coastal data for several regions in
the European seas. The PISTACH (Prototype Innovant de Systéeme de Traitement pour
I'Altimétrie Cotiere et 'Hydrologie) coastal product (PISTACH handbook 2010 [4]) is ded-

icated to the processing of Jason-2 altimeter data for the global coastal zone. But there
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are still many challenges to overcome for the full exploitation of coastal altimetry and their
validation.

Improving the quality of altimeter geophysical retrievals is an important issue before
using them for oceanographic applications. In this study we will focus on the effect of
retracking. Retracking is a key element to extend the use of coastal altimetry (whether
pulse-limited or the new Cryosat-2 SAR/InSAR technology) and produces improved results
in shallow-water tide modeling and sea surface topography determination (Hwang and Chen
2000 [40], Deng and Featherstone 2006 [25]).

Over the last few years we have seen the development of new retrackers specific to
coastal problems. Fach has its own advantages and drawbacks. A review of waveform
retracking methods can be found in Gommenginger et al. (2011 [34]. To optimize the choice
of the retracking method waveform classifications are done (Deng and Featherstone 2006 [25])
and are even included as a data element (waveform class) in the PISTACH coastal product.
However, there is a lack of a clear recommendation on which retracker to use depending on
the situation. There is, also, a need to minimize the discontinuity of geophysical parameters
from the open ocean to the coast. Changing retrackers from point to point along the track,
depending only on the classification of the waveform, will create discontinuities from the
relative biases between the various techniques. Consistency between the retrackers has to
be investigated (Deng 2004 [24]).

The performance of retrackers can be estimated in a variety of ways. One possibility
computes the statistics of residuals, using the geoid heights as a quasi-independent reference
(Deng and Featherstone 2006 [25], Hwang et al. 2006 [41]). But the geoid may not be
well resolved in the coastal regions. The validation of coastal altimetry data has been
performed using tide gauges (Lebedev et al. 2011 [52]) for the SSH, moored ADCP for
near surface geostrophic velocity and wave-rider buoys (Gémez-Enri et al. 2011 [33]) for
the SWH measurements. The problem is that in these validations one compares sparse

point measurements that may not lie exactly over the satellite track, in a highly dynamic
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region. High-Frequency Radar (HFR) radial velocities perpendicular to the satellite track
were used to estimate the quality of the altimeter-derived velocity. The geometry of the
HFR configuration, however, limits the number of collocations (Liu et al. 2012 [58]).

This thesis presents a novel approach to independently validate the coastal retrackers,
using the HFR sea surface information that extends up to 150 km offshore along a continuous
altimeter track and at the time of passage of the altimeter. The optimal method for altimetry
retracking may turn out to be a combination of different retrackers for different parts of an
altimeter track (Deng and Featherstone 2006 [25]) or it may change for different cycles on
the same track. The HFR data will ensure a continuity of the corrected altimetric SSH from
the open ocean to the coast. These relationships will be explored in the west coast of the
U.S. over the years 2008 to 2010, where the coverage of HFR surface current is excellent,
with resolutions of 2 km and 6 km depending on HFR operating frequency (Fig.1.1).

Previous studies have compared altimetry and HFR surface current maps that support
the potential of our methodology. Saracenco et al. (2008 [67]) show good correlations
between a yearly time series of HFR velocities and an improved coastal SSH product at three
locations along the Oregon coast. Two studies confirm that HFR contain more submesoscale
information (Chavanne and Klein 2010 [17], Kim et al. 2011 [47]] than present-day satellite
altimetry. Consequently, the 2-km HFR data can help assess the feasibility of creating a
higher resolution coastal product by exploiting the higher frequency 20-Hz (or ~ 330 m
ground resolution) altimetric range rate measurements and implementing new editing and
filtering techniques. This enhanced resolution coastal data set will better resolve the smaller
scale of oceanographic processes in coastal zones. Even without land contamination in the
altimeter footprint, the waveforms may be degraded by non-homogeneous ocean dynamics or
the occurrence of unusually high radar return backscattering cross section. We will explore
the possibility of exploiting the HFR sea surface information that extends up to 150 km
offshore to correct for these effects as well.

The main innovative research objective of this thesis is to answer how can the HFR cur-

www.manaraa.com



7

rents be exploited to correct for conventional satellite altimetry over the continental shelves
and the coastal regions. The HFR set could enable a systematic validation of altimetry
retrievals along the continental shelf at the time of passage of the altimeter. It could also
provide steps to understand the behavior of the waveforms and impact on the choice of re-
trackers, and might offer helpful insights on how to evaluate other corrections included in

the altimeter SSH.

1.4 Objectives

(1) To define a robust methodology to compare HF coastal radars and altimetry mea-
surements. This methodology will be explored first in the offshore regions, when the

altimeter data are reliable, at the large-scale level, then along an altimeter track.

(2) HFRs main measurements are surface currents, whereas it is SSH for altimetry.
Should we compare along-track SSHs or cross-track currents? What information

gain could we get from one or the other method?

(3) No measurement system is perfect. The physical content and limitations of each

dataset needs to be understood, and a consistent way to compare them developed.

(4) What conditions are required to get a good fit between the two sets? Does it depend

on the seasons, the structure of the currents or the winds?

(5) To investigate how we can use HF coastal radars to correct the problems related to

altimetry and get some insight on the causes.
(6) In the coastal region, explore the use of HFR currents to validate several retrackers.

(7) In the coastal region, explore the use of the 2-km resolution HFR currents to refine

the spatial resolution of the altimeter data using the 20-Hz measurements.
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1.5 Data sets

1.5.1 High-frequency coastal radars

HFR surface current maps spanning the entire California and Oregon coastline have
been available since August 2008 at a 6-km resolution. On the U.S West coast we have
collected the HFR network coastal current set generated by Kim et al. (2008 [46]) at the
Scripps Institution of Oceanography. They provide hourly ocean surface currents resampled
and post-processed to 6-km and 2-km gridded map products from the combined radials with
a range of 150 km and 50 km offshore respectively (Fig.1.1), as well as their uncertainty.
We have data sets from 2008 till 2010. Their 2-km resolution grids became available since

2009 in some selected regions and is extending as the network increases (Fig. 1.2).

1.5.2 Altimeters

We will focus on Jason-1 and Jason-2 (launched in July 2008) altimeters that were
coincident (July 08- Feb 09) then interleaved from February 2009 until March 2012. After
March 2012, Jason-1 has been placed in a geodetic orbit. The advantage of Jason-2 is
that its performance is improved in coastal region, due to several technical innovations.
Also the Jason-2 PISTACH level-2 product includes several retrackers and dedicated coastal
corrections. The region of data coverage offer distinct, more or less challenging zones, with
and without islands; with some track transitioning from ocean to land (P221) and from land

to ocean (J2 P206) (Fig.1.2).

1.6 Dissertation Overview

The remainder of this document is organized as follows:
Chapter 2 describes the Satellite altimetry and HFR measurements as well as the

datasets.
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Figure 1.1: U.S. west coast HFR and altimeter data set coverage. Green corresponds to
the HFR 6-km spatial resolution while the red is the 2-km resolution coverage. The blue
lines are the ground tracks of the Jason-2 altimeter satellite. The dotted line is P206 for the
interleaved Jason-1.
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background. Not all areas are sampled equally. The blue lines are the ground tracks of the
Jason-2 altimeter satellite. The black lines are the ground tracks for the interleaved Jason-1.
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Chapter 3 provides the mesoscales characteristics of the Altimeter and HFR derived
velocity observation in the California Current Systems.

Chapter 4 studies the large mesoscale relationship between the altimeter and HFR data
along a 100-km wide coastal strip. It details the methodology for processing the HFR, surface
currents to make them comparable with altimeter currents and sea level measurements for
a weekly and 30 km gridded resolution product.

Chapter 5 presents the HFR data processing along a descending offshore altimeter
track, where the altimeter data is not contaminated by the coastal problems. This altimeter
track is parallel to the coastline and provides 750 km of along track data coincident with the
6-km resolution HFR currents.

Chapter 6 details the HFR data processing along the ascending tracks that transition
from the ocean to land. There is about 100 km of along track data coincident with the
6-km and/or 2-km HFR product closer to shore. It tests the feasibility of retrieving a 2-km
resolution altimeter product closer to shore, and compares several retrackers.

Chapter 7 presents some applications.

Chapter 8 summarizes the conclusions.
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Chapter 2

Satellite Altimeter and HFR measurements and Data sets

This chapter describes the distinct radar technique involved for the satellite radar
altimeter and the HFR to remotely sense the ocean surface, the methods to extract their
main ocean surface geophysical measurements from the signal, as well as error sources in

their estimates. This section also specifies the datasets that are used in this study.

2.1 Satellite Altimetry

2.1.1 Concept

With more than 20 years of experience since the launch of Geosat (1985) and the
following successive missions including ERS-1-2, Envisat, TOPEX/Poseidon, and Jason-1-2,
satellite radar altimetry data has become a standard tool for studying the ocean circulation.
The satellite altimeter measures the range to the ocean’s surface via the two-way time travel
between the emission of the radar pulse and the reception of the echo. The difference
between the altitude of the orbit above a reference ellipsoid and the range corrected for
various instrumental, propagation and environmental effects provides the SSH above the
reference ellipsoid. The accuracy required for oceanographic studies is of a few centimeters.

The Jason type satellite altimeters are dual frequencies (Ku (13.5 GHz) and C (5.3
GHz) bands) nadir-pointing instruments that emit short pulses reflected by the sea surface.
The geometry of the footprint is pulse-limited. Pulse compression based on the transmission

of vag chitpspadlinear time fiequency modulated, radar impulsion, is used to achieve high
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accuracy ranging. An onboard Fast Fourier Transform (FFT) generates an echo spreading
over 128 range gates, separated by about 47 cm. This is the intrinsic range resolution of
the altimeter. The time evolution of the echo, the waveform, represents the mean return
backscattered power as a function of time. To reduce speckle the individual return echoes
are averaged, on-board, typically over 100 successive echoes (at Ku-band) over a period of
50 ms. These 20-Hz waveforms are transmitted to the ground where retracking is applied
to refine the extraction of the oceanic parameters, which will lead to the ultimate range
accuracy. For open ocean generic products, the data are averaged to 1-Hz (Chelton et al.
2001 [19]) the range accuracy is 1.5 cm for a SWH of 2 m, and the orbit accuracy is at the
1 cm level for Jason-1-2.

Over water, after the pulse hits the surface, the illuminated surface area grows from a
point to a disk, and then spreads as an annulus, increasing in diameter but with a constant
surface area. The corresponding waveform shows a characteristic shape with a sharp rise to a
maximum level (leading edge), followed by a gradually sloping trailing edge, as the off-nadir
signal slowly reaches the edge of the radar beam (Fig.2.1). The waveform gives information
about the ocean surface. The waveform provides the range between the satellite and the
surface at nadir via the two-way travel time of the transmitted pulse, the Significant Wave
Height (SWH) via the slope of the leading edge, and the backscattering coefficient (Sig0
pronounced ’sigma naught’) which represents the surface roughness via the returned power
(Fig.2.2). This ocean-shape can be represented by an analytical Brown model (Brown 1977
[14]). Jason-1 and Jason-2 waveforms are ground-retracked using a Maximum Likelihood
Estimator (MLE) fit to the Brown model. The MLE-3 retrieves 3 geophysical parameters
(range, SWH, and Sig0), the MLE-4 also estimates the antenna mispointing angle (slope of

the trailing edge) (Amarouche et al. 2004 [1])
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Figure 2.1: Interaction of a pulse of duration 7 with a smooth sea surface; the illuminated
surface geometry; and the resulting waveform
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Figure 2.2: Jason-2 Ku Band Echo (in black). Brown waveform (in green) and parameters
retrieved by MLE-4

2.1.2 Waveform contamination

The Brown model has been derived from the physical properties of a rough and homo-
geneous scattering surface, for near normal incidence. It is based on physical optics theory

where the surface is treated as a set of specular facets with a given height and slope prob-
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ability density function. The waveform can be expressed as a convolution of three terms,
the average impulse function from a flat surface, the surface elevation probability density
function of specular points within the altimeter footprint and the radar system point target
response (Brown 1977 [14], Hayne 1980 [35]). Although different refined analytical forms
exist, one of the main assumptions related to the surface properties (not the instrument,
or pulse shape) are that the sea surface is homogeneous over the footprint and that the
Probability Distribution Function (PDF) of the surface slope and elevation has a pre-defined
shape, essentially Gaussian. When this is not the case, the waveform will not conform to
the Brown model, and new retracking strategies will need to be implemented.

The altimeter waveforms may be corrupted by non-uniform radar return backscattering
cross section Sig0 in the altimeter footprint. In the occurrence of unusually high SigO due
to highly reflecting ocean patches, these events are called Sig0 blooms (Mitchum 2004 [60],
Tournadre 2006 [73]). Sig0 blooms could occur in regions of weak winds, in the presence of
surface slicks, and possibly other geophysical coastal conditions. They can create various
waveform shapes (Fig. 2.3).

For an ocean to land transition, the altimeter footprint will gradually contain more
and more land returns (Fig.2.4). First the trailing edge part will be perturbed by land;
then more waveforms samples become affected by the land reflections, moving towards the
leading edge. The shape of the coastline, the relief, the backscattering properties of the
terrain will produce a variety of coastal waveform shapes. On a same location, they could
change depending on the season, or the position of the satellite track, which can deviate + /-
1 km from the nominal track. In addition to land return effects, calm water surfaces near
the coastline, such a as bays or estuaries, make the return power higher and narrower, thus
contaminating the waveform as well.

Retracking is a procedure of waveform data post processing to improve parameter esti-
mates over those given by the generic open ocean product. Waveform retracking has different

emphasis for different applications depending on the reflecting surfaces.
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Figure 2.3: (a) 20-Hz Waveforms from Jason-2 Cycle 26 pass 221, February 3 2008; (b) typical
Brown Waveform; (c) Consecutive 20-Hz Waveforms, 30 km off shore in the presence of a
Sig0-bloom event, over the region indicated by a black box in a) (d) other bloom waveform
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Figure 2.4: 20-Hz Waveforms from J2 C026 Pass 221, within 10 km to shore: ocean to land
transition. On the right, waveforms distorted by the presence of land, starting from 7 km
offshore, every 330 m until 2.5 km.
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2.1.3 Altimetric sea-level height corrections

Retracking improves the estimate of the range, but as the radar signal does not travel
in vacuum it must be adjusted for propagation effects through the atmosphere (dry and
wet) and the ionosphere. The ionospheric delay is proportional to the square of the wave
frequency, and is corrected based on the range difference between the Ku and C band. The
very variable wet tropospheric delay is estimated by the onboard radiometer instrument.
The range must also be corrected from on electromagnetic bias, the Sea State Bias (SSB),
which is the difference between the true sea surface and the one seen by the radar depending
on sea state conditions. Over the open ocean the final sea surface height with respect to
a reference ellipsoid has an accuracy of about 4 cm averaged over 1 second (Chelton et al.
2001 [19)).

However these corrections can be problematic in the littoral regions. The Jason type
altimeters carry onboard Microwave Radiometers (MRs) to correct for the water vapor, but
close to shore the MR footprint will be contaminated by land. Due to technical improvements
the Advance Microwave Radiometer (AMR), onboard Jason-2, water vapor estimates are
probably not corrupted by land until 25 km offshore relative to 50 km for the Jason-1
MR. For the highly variable in time and space water vapor corrections, different strategies
exist such as correcting the altimeter radiometer due to land contamination (Desportes et al.
2007 [28], Brown 2010 [15]). The frequency dependent ionospheric path delay is calculated
from the dual-frequency altimeter (C-band and Ku-band); but land also contaminates their
footprints (C-band has a larger beam width). The ionospheric correction Global Ionospheric
Map (GIM) derived from the Global Positioning System (GPS) network is recommended in
coastal areas. The Sea State Bias (SSB) correction compensates for the bias of the altimeter
range measurement toward the troughs of the ocean waves, as well as for an instrumental bias.
It depends on the sea state (wave types and wind field). The open ocean SSB is empirically

determined from the Significant Wave Height (SWH) and the wind speed (Tran et al. 2010
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[74]. In the coastal zone, with complex wind and wave dynamics, this empirical relationship
may not be valid. Depending on the application, the SSB will or not be included. Finally
once the range has been corrected, the SLA is computed relative to a Mean Sea Surface

(MSS) level:
SLA = Satellite height — Correctedrange — MSS — T'ides height

— Atmospheric pressure loading

where
Correctedrange = Altimeter Range + Atmospheric corrections + SSB

Other important considerations in the coastal regions are the tidal and HF atmospheric
pressure loading corrections that are less accurate. All of the aforementioned environmental
corrections are subjects of ongoing research. Depending on the altimeter data set used and
the focus of the analysis (more on the open ocean or on the littoral regions) some improved
corrections will, or will not, be implemented. It is important to acknowledge these problems,
so that we understand that the altimeter segments could be affected by these corrections

and, each one of them, in variable amounts and at variable distances from the shoreline.

2.1.4 Datasets

Several altimeter data sets all distributed by AVISO are used. The first one is the
weekly multi-mission altimetry Merged Sea Level Anomaly (MSLA) product ((M)SLA hand-
book 2013 [6]), gridded sea surface heights computed with respect to a seven-year mean, on
a 1/3 x 1/3 Mercator grid. This product combines data from different missions. More specif-
ically, we use the Delayed-Time, Updated series. This data set usually has no valid values
for off shore distances closer than about 30 km, where the along track altimeter data has

been flagged bad due to its proximity to land.
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The second set is the global delayed-time along-track Sea Level Anomalies (SLA) prod-
uct (DT SLA handbook 2012 [5]), which provides standard open-ocean 1-Hz (ground track
spacing of ~6 km) along-track sea level anomalies computed with respect to a seven-year
mean, with all standard corrections already applied. For the previous two sets, the cor-
rections applied to the sea surface heights are from the regular open ocean processing; no
specific coastal corrections have been applied.

The third set is the Sensor Geophysical Data Record (SDGR) along track product.
They contain the MLE-4 at the 1-Hz and 20-Hz data rates as well as the 20-Hz waveforms
and the information about the tracker.

The last set is the Jason-2 PISTACH coastal product [PISTACH handbook 2010 [4]].
For each correction affected by the proximity of land (such as the wet tropospheric correction)
it offers a varied choice of correction scenarios. PISTACH also gives output for three new
retracking schemes at the 20-Hz rate: Oce3, Red3 and Ice3. These three specific PISTACH
retrackers will be analyzed together with one of the conventional Jason-2 deep-ocean retracker
MLE-4. The Oce3 retracker represents the output of MLE-3 performed on a de-noised
waveform, filtered after a Singular Value Decomposition (SVD) (Severini J. 2010 [68]). The
Red3 retracker also uses MLE-3 but is done on a restricted analysis window around the
leading edge, to remove the eventual gates corrupted by the effects of land. The Ice3 retracker
is a 30% threshold method (Davis 1997 [23]), also implemented on a restricted analysis
window. The PISTACH sea level anomalies will be computed from the 20-Hz data stream
for the various retrackers.

The processing of the several data sets will be explained in more details for each chapter

as they depend on the application.

2.2 HFR

High Frequency Radar (HFR) ocean systems provide vector maps of currents in the

coastal region. It is a land-based system that remotely scans the sea surface day and night
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in all weather conditions at a rapid rate (minutes) and close spatial interval (kilometers).
The measurements are unique in their proximity to the ocean surface and the extent of
the coastal coverage. While conventional in-situ measurements only provide sparse single-
point measurements at a great distance from one another, HFR provide 2 dimensional maps
of oceanic flow over a much larger area. This relatively new operational technology in
oceanography produces real time results available to the scientific community. The studies
and applications of coastal ocean currents based on HFR have recently flourished (Paduan
et al. 1996 [63], Kim et al. 2010 [45], Gurgel et al. 2011 [36]). The evaluation and limitation
of the measurements are on ongoing process.

Radio oceanography was developed during World War II in order to provide ship,
aircrafts and even submarine locations. Sea echoes from the ocean were then undesirable.
But an unexpected application was discovered. The sea clutter at the HF has a large and
well-defined return in the Doppler Spectrum. It caught the interest of Crombie (1955 [22])
who established the relationship between the backscatter of coherent HFR, operating at
frequencies 3-30 MHz, and wave trains on the ocean surface. Barrick, Evans and Weber
(Barrick et al., 1977 [7]) were among the first to exploit this phenomenon for the extraction

of geophysical information about ocean surface currents and ocean wave directional spectrum.

2.2.1 Concept

A transmitted radio wave is scattered from any surface of the ocean with which it
interacts. The radar detects the sea backscatter and measures the time and phase difference
between the transmitted and received waves (Fig.2.5). The time signal is converted into
the frequency domain using an FFT. The resulting power spectrum is referred to as the
Sea echo Doppler spectrum and is essential to extract the ocean surface information such as
currents and waves. In particular, the sea echo Doppler spectrum at HF (Fig. 2.6) is generally
dominated by two very sharp peaks above and below the transmit frequency. These well-

defined peaks enable the extraction of surface currents. It was deduced by Crombie (Crombie,
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1955 [22]) that these peaks in the spectrum is a form of Bragg scattering (same phenomenon
responsible for scatter of X-rays in crystals), resulting from sea surface wave trains lining
up to form a diffraction grating for the radio waves. The Bragg resonant ocean waves are
those having a wavelength of exactly half the radar wavelength, so that the backscattered
coherent radio waves will interfere constructively on the receiver. The two prominent peaks,
symmetrically spaced about the carrier frequency, correspond to ocean waves propagating
directly toward and away from the radar. For the HF band, the corresponding wavelengths
of the Bragg resonant ocean waves are 5 to 50 m. The range of Bragg resonant ocean wave
frequencies is about 0.2 to 0.6 Hz and the phase speeds range from about 3 to 10 m/s.
In many of the coastal marine environments where HFR systems are deployed, these Bragg
waves are propagating in all directions and have high enough amplitudes to result in a strong

sea echo nearly continuously.

A2
~=Current

OCEAN WAVETRAIN ADVANCING TOWARD RADAR

Figure 2.5: Left: Diagram showing the Bragg Scatter mechanism (from COCMP). Rigth:
CODAR, compact HFR design, on Santa Catalina Island (from COCMP)

2.2.2 Sea Doppler Spectrum and sea surface current measurements

Fig. 2.6 is a typical HFR Doppler Spectrum. In the figure two strong peaks are seen
at about £0.5 Hz, one is due to the wave propagating toward the radar (positive peak),
the other away (negative peak) and are due to the first order Bragg scatter. The two sharp
Doppler peaks caused by the celerity of the resonant Bragg waves relative to the radar.

This celerity is the sum of two components: the sea surface current over which the waves
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Figure 2.6: A typical sea Echo Doppler spectrum. The sharp peaks around +0.5 Hz are
due to the first order Bragg scatter. The frequency scales have been shifted so that the 25
MHz radar operating frequency corresponds to 0 Hz. The dash lines represent the expected
position of the first order peaks in still water. There is a frequency shift of the peaks of
Af = 0.1Hz which corresponds to a radial surface current speed of 60 cm/s.

are travelling and the still water phase velocity of the wave trains. The wave trains have
wavelengths of the order of 1 meter, and are gravity waves (restoring force gravity) as
opposed to the much smaller capillarity waves (restoring force surface tension). The

phase velocity of gravity waves propagating in the deep ocean (depths greater than about

half the wavelength) is well known: ¢, = 2%9 where A is the wavelength of the ocean wave

and ¢ is the acceleration due to gravity. The Doppler shift for the still water phase speed is:

Af = 2/\&, where )\, is the wavelength of the transmitted radar signal. Bragg resonance occur

when A = 2= (this is true for collocated transmit and receive antennas), so that Af = , /=%

and depends only on the frequency of the radar. Deviations from the expected Bragg Doppler
shift can be attributed to the radial component of the surface current relative to the radar.
Only the resonant sea waves that are travelling radially away or toward the radar contribute
to the energy of the first order spectrum. These narrow peaks are not sensitive to the sea
state. The higher order sea echo spectrum varies with sea state, and includes secondary

peaks and a continuum around the first order spikes. Their distribution varies with the wave
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directional spectrum and their amplitude with the SWH. Two independent second order
effects contribute to this continuum. One component corresponds to radar waves scattered
twice from ocean waves. The other corresponds to nonlinear surface waves that interact
to satisfy the Bragg wavelength. These are highly sensitive to the sea state and manifest
as a natural broadening of the first order peak without affecting their position, and do not

perturb the current measurements from the Doppler peaks, except in the limit of very high

SWH (SWH > 5.4 m for a 12.5 MHz system).

2.2.3 HFR Systems

The first commercial HF ocean radar for the measurement of ocean surface properties
was the Coastal Dynamic Application Radar (CODAR), and then upgraded to the SeaSonde,
a compact commercial radar built by CODAR Ocean Sensors, Ltd California (Fig.2.5).
Other systems have been developed, such as the Ocean Surface Current Radar (OSCR) in
the United Kingdom and the Wellen Radar (WERA) in Germany. The HF radio wavelengths
span the range 10-100 m. With Conventional radar design, angular resolution is determined
by the width of the radio signal beam, which is proportional to the radar wavelength and
inversely proportional to the antenna size. To obtain good resolution requires huge antennas:
a 5° angular resolution demands an HF receive antenna that is 100 -1000 m in length and
would be difficult to steer. However it is only at the HF that the Sea Echo Doppler spectrum
relates neatly to the ocean currents and waves. To solve this problem two methods for angular
resolution exit: one is Direction Finding (DF) and is implemented by the CODAR system,
the other is Beam Forming used by linear phased array systems (WERA, OSCR). Both have
advantages and disadvantages. One advantage of Beam Forming is that the beam can be
steered electronically to a particular angle. But these systems are still large, and difficult
to place on a line along the coastline. For example, OSCR comprises a linear array of 16
receiving antennas spanning 85-m long. On the other hand DF enables the use of collocated

antenna, which requires a sophisticated algorithm to solve for the incoming direction.
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HF ocean radar emits vertical polarization. Firstly, the average ocean vertical polar-
ization radar cross section per unit area is nearly independent of the incidence angle near 30°
of the grazing angle, unlike the horizontal polarization radar cross section, which is, anyway,
at least 30 dB lower than the vertical component. Secondly, HF radars are in groundwave
propagation mode, which means that the radar signal follows the surface of the sea. This
method only works for a vertically polarized signal in contact with the salty conductive
water.

In 2002, the coastal Ocean Currents Monitoring Program (COCMP) began creating
a California network of HFR instrument to monitor coastal ocean surface currents in real
time and provide surface current forecasting capability. In 2009 there were over 54 land-
based stations spanning the California coastline. The CODAR system is prevalent on the

California coast due to the limited space needed for its deployment (Fig.2.7).

Table 2.1: The 3 color zones refer to

the frequency-operating radar coverage;

. . brown: 4 MHz, blue: 12.5 MHz and

s CRE , green: 25 Mhz. The table specifies their
: \ extent and spatial resolution.

SAN FRANCISCO

Very Long Long range | Short range
range

SANTA BARBARA £ > Frequency 4 MHz 12.5 MHz 25 MHz
Resolution 6 km 2 km 1km
LOS ANGELES
Up to 150 km 50 km 20 km

SAN DIEGO

Costal Ocess Cusrrenes Moriaaring Program

Figure 2.7: Map of the location of the HFR
along the California coastline since 2009, as

well as their coverage extent (Courtesy of
COMCP).
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2.2.4 CODAR compact design

One advantage of the CODAR sensor is that it consists of a compact one-mast antenna
system, easily portable and non-obtrusive in coastal areas. It operates at a single frequency
near 4, 12 and 25 MHz. Because of the physics of the propagation of the radiowaves,
lower frequencies travel further. The transmit frequency determines the offshore coverage
extent: 150 km (50 km) for a 4 MHz (12 MHz) operating radar frequency. CODAR consists
of three co-located antennas, coaxial elements, 2 crossed loop and a monopole. The unit
transmits from the vertical monopole and receives from the 3 antennas. In order to separate
between the receiving and transmitting signal the Seasonde uses a Frequency Modulated
Interrupted Continuous Wave (FMICW). This frequency sweeping and pulsing provides the
range resolution of about 3 km (depends on the bandwidth available for transmission). The
monopole is omnidirectional, while the loops have a cosine pattern. The signals from the 3
antennas are combined to find the direction of arrival of the radar echo using the MUltiple
Slgnal Classification (MUSIC) algorithm (Barrick and Lipa, 1999 [9]).

The processing varies slightly depending on the radar operating frequency. For each

antenna, every T seconds a Doppler Spectrum is computed. At 12 MHz and an integration

time T of 256 seconds, this results in a velocity resolution of AV = éTT ~ 4.5 cm/s ( For a
4 MHz system AV ~ 5 cm/s, the integration time is longer). To reduce the noise level, for
each antenna, three Doppler Spectrum are averaged over 10 minutes (~ 18 minutes for a 4
MHz system). For each Bragg peak where a radial current is detected, the MUSIC algorithm
determines the bearing angle through analysis of the 3x3 sample-averaged covariance matrix
among the three receiver signals. The largest eigenvalues are associated with a signal, the
lowest with noise. There could be different locations on the sea surface with the same radial
velocity. With 2 eigenvalues associated with a signal, 2 bearing angles for each identical

radial speed can be solved for. But each Bragg Peak (receding and advancing) contains

independent information so up to 4 bearing angles can be found. MUSIC accumulates the
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bearing angle versus radial velocity every 10 minutes (~ 18 minutes for a 4 MHz system)
over an hour. Finally the bearing angles are filtered over 10° stepped along every 2°. The
end product is an estimate of radial velocities every hour with an angular resolution of 2°
and range resolution of about 3 km, and a velocity resolution of ~ 5 cm/s. (Barrick 1997

8], Codar Ocean Sensors website http://www.codar.com)

2.2.5 Maps of Sea surface vector currents

Each radar station can only determine the radial component of the surface current
directed toward or away from the radar. Two or more stations separated in space (typically
20-30 km apart) are needed to estimate the total two-dimensional sea surface current vector
field, by combining their radial measurements. The precision of the current velocity will vary
in space because it depends on the angle between the radar radial beams pointing to the
same ocean patch. For instance two radials nearly orthogonal will provide accurate current
velocities. But in the baseline region, along the line of sight of two radars, where the two
beams are almost parallel, it will not be possible to estimate the vector currents from the
resulting near parallel radial velocities. This factor is referred to as the Geometric Dilution of
Precision (GDOP), or the baseline problem. The closest to the coast the HFR can measure
reliable currents depends on its frequency, and is about 9 km (4 km) for a 6 km (2 km)
resolution product Radar signals operating at the same frequency can interfere. Since HF
Radar produce data continuously, and the frequency spectrum is becoming crowded, each HF

radar signal is synchronized and time-tagged with a GPS mark avoiding mutual interference.

2.2.6 Depth extent of HFR surface currents

The depth extent of the HFR surface current measurement is not related to the pen-
etration depth of the emitted electromagnetic radiation, which is less then 10 cm. Instead

it_depends on the extent of the waves responsible for the Bragg scattering. According to
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Figure 2.8: HFR geometry in Monterey Bay. Green dot: HFR radar sites. Red line: Baseline
between two stations. Blue zone: part of HFR coverage area. Dotted line: radial line. Vector:
radial surface current

linear wave theory the value U, of the current estimated from the radar (after removal of

the gravity wave phase velocity) in deep water is:

0
U, = 2k3e9/ V(z) exp(2kp z)dz

where ey is the unit vector in the radial direction toward the radar, kp is the wavenum-
ber of the Bragg waves and V(z) is the vertical current profile over depth z. U, is a depth
averaged current of V'(z) weighted by the Bragg wave Stokes Drift profile ( Kirby and Chen
1989 [48]). Half of the weight exp(2kp z) comes from water depths less than 2.4 m at 4
MHz and 0.68 m at 12 Mhz . The contribution of the deeper layers decreases exponentially
with depth. Therefore U, can be interpreted as representative of the current on the top one
or two meter on the ocean. This near-surface current contains wind-driven (which includes

Ekman and inertial currents) and wave-induced currents.

2.2.7 Stokes Drift or wave-induced currents

The phase speed of the Bragg gravity waves is computed from linear theory. But there
exits a non-linear wave interaction that creates an additional current called Stokes Drift.

It is.the result of .a.single.wave train interacting with itself. The deep-water waves cause
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water particles to move in a nearly circular orbit. So the trace left by the path of the water
particles is not closed but progresses and results in a net transport of water called Stokes
Drift (Stokes 1947 [32]) in the direction of the wave propagation. Stokes Drift is included
in the current estimates because the temporal and spatial averaging of the HFR data are
large relative to the wavelengths (tens of meters) and periods (a few seconds) of the Bragg
waves. The Stokes Drift at the surface is typically 1 % of the wind speed, much less than the
Bragg wave phase speed, and decrease exponentially with depth as exp(—2kp z) (Ardhuin
2009 [3]).

2.2.8 Measurements errors

The precision of the radials is limited by the frequency resolution of the Doppler spec-
trum and is typically 2-5 cm/s. The accuracy is controlled by many factors including the
Signal to Noise Ratio (SNR), pointing errors, geometry, sea-state, and the eventual presence
of radio frequency interference. The distortions in the antenna beam pattern are mitigated
by frequent calibration. The errors have been found to depend on the structure of the cur-
rents present (Laws et al. 2011, [49]) and are also likely to depend on the wave field. In
the limit of very large SWH (SWH >5.4 m for 12.5 MHz system) it could be impossible to
make accurate measurements (Lipa and Barrick 1986 [57]). Occasionally there could be a
lack of Bragg scattering in the presence of low winds. The errors can therefore be assumed
to vary as a function of time with the changing currents and other conditions (Fig. 2.9). Law
and Paduan (2011 [49]) review the errors in HF radar measurements from various authors.
Through comparisons with current meter and drifters errors have been estimated from about
7 to 19 em/s. Such comparisons have limitations, in part because the radar and the in-situ
instrument are responsive to different horizontal scales, and do not record the current at the
same depth. Using averaged values in space and time over a dense array of drifters to better
simulate the HF radar measurements, lower errors of 3 to 7 cm/s were found. Using radial

velocities of multiple HFE radars, errors of 5 to 12 cm/s were reported.
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2.2.9 HFR dataset

In this research the hourly maps of HFR surface currents off the California coast were
kindly provided by the Scripps Institution of Oceanography. Theses maps were generated
with an Optimal Interpolation (OI) method from the HFR radial velocity measurements
(Kim et al. 2008 [46], Kim 2010 [45]). This OI assumes a smooth spatial covariance re-
lationship between neighboring vector currents, in contrast to the more commonly used
un-weighted least square fitting method, which assumes a constant velocity within a search
radius. It increases the coverage area, resolves the baseline inconsistencies and provides the
mapping error uncertainties. This work analyzes the gridded optimally interpolated HFR-
derived surface currents off California coast for three years (2008-2010) with the resolution
of 2 km and 6 km in space and hourly in time. The 2 km (6 km) resolution HFR data have
a minimum near-shore range of 3 km (9 km) and maximum offshore range of 50 km (150

km) (Fig.1.1)

Mapping Error u 4:00 Mapping Error u 6:00

08

06 -124 -123 -122 -121
04

02

Figure 2.9: Mapping Error uncertainties provided with the gridded 6-km HFR surface cur-
rents, for (top) the zonal (u) and (bottom) meridional (v) component, on May 23, 2009, at
two different times (Left) UTC 4:00 and (Right) UTC 6:00.
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The Fig. 2.9 presents an example of the mapping error uncertainties in both the zonal
(u) and meridional (v) current component which are provided with the HFR dataset. This
figure shows that the uncertainties vary from time to time, but also that there are residual
errors from the radials, i.e. from the location of the ocean patch relative to the radar. In
this study only the current vectors with a mapping uncertainty below 0.8 in both the zonal

and meridional components are kept.
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Chapter 3

Dynamics in the California Current System

3.1 Introduction

The California Current System (CCS) is one of the best-sampled ocean regions, yet
some physical and biological processes are misunderstood and inadequately sampled, espe-
cially in the coastal zones. Quite a few studies have used satellite altimetry alone or in
combination with other satellite, in-situ or model fields to investigate the CCS. They have
concentrated on the variability of the features found in the several hundred kilometers off-
shore (Strub et al. 1997 [69], Kelly et al. 1998 [44], Strub and James 2002 [70], Marchesiello
et al. 2003 [59]). Only recently have there been attempts to retrieve and use altimetry SSH
in the coastal ocean (Saraceno et al. 2008 [67], Lee et al. 2010 [53]). The following presents
the mesoscales dynamics of the CCS and checks that its variability can be captured by both

the altimetry and the HFR datasets in the region of their mutual coverage.

3.2 California Current System

The CCS is relatively well understood at the meso and large scales and its circulation
is summarized in reviews by Hickey [39] and Checkley et al. [18]. The CCS comprises two
surface large-scale currents, the California Current, a broad slow surface current fowing
equatorward extending about 1000 km offshore with a mean speed of 10 cm/s, and the
coastal Davidson Current with seasonal reversals.

The CCSis.anequatorward, eastern boundary current that supports one of the worlds
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largest productive coastal upwelling regions. During Spring-Summer (April to August) sur-
face winds are aligned nearly along-shore, persistently blowing equatorward so that wind-
driven upwelling occurs (due to offshore Ekman transport). As a consequence, near the
coast, cold nutrient rich water is upwelled from depth and is a source of biogenic surface
slicks. The presence of cold water next to the coast creates a density gradient across the
shelf since it is denser (lower sea levels) then warm water found offshore, and creates a
strong southward flow that can reach speeds of 50 cm/s. But this current can shift when
the direction and/or speed of the wind changes. The winds vary on a 2-10 day time scale,
so that periods of strong southward, upwelling favorable, winds are separated by low winds
(relaxation) or even northward winds, during which the upwelling jet can weaken and change
its location.

In fall and winter there is continued weakening of the alongshore equatoward wind,
eventually allowing for the development of the nearshore (~ 30-50 km to the coast) northward
Davidson Current that can reach speeds of 1 m/s. The Davidson Current initially turns north
at Point Conception and moves along the whole California coastline, then slowly reduces its
span to only the Northern regions. This period is characterized by a gradual increase in sea
level along the coast, and contrast with the Spring transition which happens in a periods of
several days with sea levels dropping by 10 cm (Barth and Hickey 2005 [10]).

The majority of the seasonal variations in the CCS occurs in a relatively narrow band
(~ 120 km) next to the coast, which is the study region of this research, and has been
described using satellite altimetry data (Strub and James, 2002 [70]). This leads to the
concept of a coastal transition zone (CTZ), a region of energetic jets and eddies marking the
transition between the inshore coastal zone and open ocean waters.

Strong wind forcing, the coastal and bottom topography, and a narrow shelf about
10 km wide that transition abruptly to deep basins affect the dynamics and scales of the
CCS. Coastal upwelling along coastlines with large promontories and over strongly sloping

bottom topography, a source of baraoclinic instability, generates a rich eddy field. Maps
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MODIS Terra SST 25-Sep , 2010 at 18:50
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Figure 3.1: MODIS Terra SST image on Sep-25 2010, at UTC 18:50. It shows the narrow
band of dark blue upwelled water next to the coast, stirred and distorted by all kinds of
mesoscale eddies end jets. The black line is the Jason-1 interleaved track P206

of surface currents and SST reveal narrow energetic squirts and jets and larger-scale eddies
near particular topographic features, which transport materials far from the coast. During
the upwelling season the eddies are energized. Upwelling centers are typically located south
of coastal headlands, where wind-stress curl is enhanced by orographic effects and where the
alongshore coastal upwelling jet may turns offshore with 50 cm /s peak velocities. The coastal
upwelling jet meanders and produces narrow cold filaments extending several hundred kilo-
meters seaward. This results in the presence of submesoscale fronts and filaments squeezed
between the mesoscale and submesoscale eddies in this region (Capet et al. 2008 [16]). The
upwelling cold filaments can range from submesoscale (1-10 km) to mesoscale (20-100 km)
and sometimes grow as large as 200 km. These filaments develop and decay over a period

of a few weeks, and can be about 50 km wide at the peak of their development. The strong
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annual cycle of wind stress curl produces alongshore seasonal reversing of SSH, which then
move westward.

Throughout the rest of this section and in the next chapter, the analyses focus on the
variations of the large mesoscale dynamics of the CCS (100 km and 7 days). The reason
is to determine if the HFR and altimeter datasets can provide the same information at
these scales before investigating their relationship at the finer along track scales provided by
the altimeter. The other reason is that it enables to take advantage of the weekly gridded

altimetry geostrophic current maps.

3.3 Spatial and temporal characteristics of the Ocean currents and Wind

This section describes the mesoscales characteristics of the various components of the
ocean currents: the geostrophic currents as seen by altimetry, the total surface current
defined by the HFR currents, the tides and the regional wind fields which produce, among
other oceanic responses, the Ekman surface drift included in the HFR currents. The spatial
and temporal statistics of the products are presented. Finally a first correspondence between
the altimeter and HFR current anomalies is displayed. This step is essential to verify that
the geostrophic currents are dynamic and that the HFR currents can capture this geostrophic
flow. Within the scope of this study the surface drifts arising from the wind-driven surface
forcing, tides or other ageostrophic components are considered as noise, that need to be

removed in order to extract the geostrophic signal from the HFR currents.

3.3.1 Datasets

We use the altimeter absolute geostrophic velocities provided in the weekly Maps of
Absolute Dynamic Topography (MADT) product distributed by AVISO [6]. MADT is a
gridded product on a 1/3° x 1/3° Mercator grid. This map combines data from the entire
altimeter missions. At the latitudes of California, all the along track SLA are smoothed over

100k and sub-sampled.every 21 km, then the mapping uses and optimal interpolation with
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correlation space scale of 100 km and time scale of 10 days, to estimate the weekly gridded
SLA (or MSLA). The mean dynamic topography is then added to the MSLA to obtain the
Map of Absolute dynamic topography (MADT), which represents the sea surface height
above the geoid. Through geostrophy the component of the geostrophic surface velocities
are estimated using finite differences (Le Traon et al. 1998 [51]). This data set usually has
no valid velocity values for offshore distances closer than about 30 km, where the along track
data has been flagged as bad due to its proximity to land.

The HFR currents and Winds are averaged weekly and interpolated on the same Mer-
cator grid. In the following discussion the region of interest is concerned mainly with the
valid grid points from both the HFR and altimetry currents.

The winds are from the NCEP reanalysis data provided by the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, from their web site at http://www.esrl.noaa.gov/psd/. We
use the daily NCEP North American Regional Reanalysis (NARR) on a grid resolution of
about 25 km at the Californian latitudes.

The tides are computed using the Oregon State University (OSU) Tidal Inversion
Software and the OSU tidal model from the Pacific Ocean at a resolution of 1/12° (Egbert

et al. 1998, 2002 [29, 30]).

3.3.2 Ocean Currents: Mean and principal axes of variance

The 3-year mean is observed over the region extending from 34°N to 39°N. Except
for the region above latitude 38.5° where each product captures a strong southwestward
flow, with velocities of 12 cm/s (17 cm/s) for altimetry (HFR), probably generated by the
coastal promontory of Cape Mendocino (40°), the mean currents derived from HFR and
altimetry (Fig.3.2) share have few features in common. The altimetry mean field captures
some eddy like patterns and a more energetic general southeastward flow (5 cm/s) in the
southern region. On the other hand, the HFR mean field presents essentially an offshore

flow, with little variations in speed (7-10 cm/s) or direction. It is expected that the two
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currents should look different, because the altimetry depicts only the geostrophic part of the
currents and the optimal interpolation scales to create this product are large. On the figures
there is a factor two magnification difference between the magnitude of the two mean flows.

To examine the patterns of variability of the currents the principal axes, or variance
ellipses are calculated. In contrast to the mean flows, the variance ellipses share some
common patterns. The magnitude and direction of the offshore variability is very similar
for HFR and the altimeter currents until about the mid section of the coverage, with and
a standard deviation (STD) around 7 cm/s in u and v. Note that there is again a factor
two magnification difference between the two figures. Yet the same high-energy areas can
be seen. Close to the coast, the major axes of variance are alongshore, which is consistent
with the fact that the low frequency parts of the coastal currents are generally steered to the
coastline or bottom contours and may also include the signature of the Davidson current.
The HFR currents can have a major axis STD larger than 10 cm/s, but the altimetry data
is less energetic near shore compared to the HFR currents and this may be an artifact of the
altimeter gridded product generated using large covariance scales.

The region above 38°N, presents the largest variability with an STD of 10 cm/s (15
cm/s) for the altimeter (HFR) currents. Offshore the major axes of the HFR are generally
oriented cross-shore. The magnitudes of the major axes for the altimetry currents are similar
to the minor axes, indicating a relatively turbulent eddy-like flow. The HFR variability
depicts a less turbulent flow with larger major axes magnitudes than the minor axes.

The tidal variability (not shown) is almost 10 times less than the HFR variability, in
the exception of the near shore. The tides may reach 30 cm/s during the high tide season
(at the 10-km resolution grid), but their amplitude is usually less than 10 cm/s. The tides
represent one component of the current, but are not dominant. Consequently, it will not
overwhelm the geostrophic part of the current contained in the HFR signal. Eventually
more detailed analyses would be required near shore as the tides depend on local bottom

topography and coastline geometry.
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Figure 3.2: 3-year mean (Right) and Principal Axis of Variance (Left) for HFR currents
(top), Altimetry currents (middle), in the region where altimetry and HFR currents are
coincident on a 25-km resolution grid
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3.3.3

Wind: Mean and Principal axes of variance

37

Seasonal wind variations are large and play an important role in the ocean dynamics.

The winds vary on a 2-10 day time scale. The California coastal region usually experiences

its strongest winds (mean 8-10 m/s) during the spring months (March- May). Light winds

(5 m/s) are associated with the autumn months (August- October). The 3-year mean wind

velocity of 5 m/s is oriented primarily alongshore in the southeastward direction (Fig.3.3)

as well as its major axes of variance. The magnitude of the major axes increases to the

north, and its related STD almost doubles from 3m/s at 34°N to 6m/s at 39°N. During

spring and summer, wind direction is primarily to the south. In fall and winter the poleward

wind stress increases, eventually reversing in the winter north of 38°N. The wind-generated

surface Ekman current varies proportionally to the wind speed squared, and is about 2.5

cm/s (10cm/s and 20 cm/s) for the mean 5 m/s wind speed (for a 10 m/s and a 15 m/s

wind speed). It is present in the HFR current.
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Figure 3.3: 3-year mean (left) and Principal Axis of Variance (right) for the Winds, in the
region where altimetry and HFR currents are coincident on a 25- km resolution grid
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3.3.4 Ocean Currents and Wind time series

This section presents the 3-year time series of zonal and meridional ocean currents and
winds, averaged over the complete 100-km wide coastal strip between latitude 34° and 38°N.
This area contains 54 grid points. The weekly gridded HFR wind and altimetry datasets are
each processed in a slightly different way in time and space. It is noticed that the 3-year
time series of the HFR and wind observations are noisier than the one obtained from the
altimetry data ((Fig. 3.4 and Fig. 3.5). An additional 5-week moving average is chosen to be
applied to the HFR and wind 3-year time series to clarify the patterns included in the time
series and to match the smoothness of the altimetry time series.

The HFR and altimetry ocean current time series (Fig. 3.4) show that the two currents
behave differently. The currents oscillate around distinct means, and the HFR level of
variability is much larger. For instance the altimetry has a positive zonal current (eastward)
around 3 cm/s, and a negative (southward) meridional current around -3 cm/s. On the
contrary, the more energetic zonal HFR currents are almost always negative (westward) and
the meridional currents oscillate between positive (northward) and negative (southward)

currents.

Meridional

V cm/s

5 i i i i i
2008 Apr Jul Oct 2009 Apr Jul Oct 2010 Apr Jul Oct 201

U cm/s

5 i Ll i i i i i i i i
2008 Apr Jul Qct 2009 Apr Jul QOct 2010 Apr Jul QOct 2011

Figure 3.4: Meridional and zonal 3-year time series averaged over the 100-km wide coastal
strip for HFR (in blue) and Altimetry (in red) currents
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However, the time series of the current anomalies (Fig. 3.5 top) provide a more satis-
fying comparison. The meridional anomalies show a strong annual periodic behavior with
of northward flow in spring. The zonal anomalies pattern is less clear, although there is a
systematic westward flow in fall and winter. The two meridional current anomalies are very
similar with a correlation of 0.7. The zonal current anomalies are also consistent but with
more offsets, especially at the beginning of each year, and have a correlation of 0.5. These
offsets seem to correspond with strong wind anomalies, relative to a mean wind of 5 m/s
flowing southeastward (Fig3.5 middle): a higher meridional velocity tending to be positive
and a lower (almost null) zonal velocity component (i.e. the winds are low or flowing north-
ward), which also match the high peaks in the wind Eddy Kinetic Energy (EKE) (Fig. 3.5
bottom).

The EKE represents the variable part of the horizontal kinetic energy per unit mass
at a point contained within the flow of a fluid, i.e. after removing the Mean Kinetic energy
associated with the mean velocity. The term “Eddy” flow in this context refers to the current

anomaly.

1
EKE = §(u —u)?+ (v—"1)?

where u is the zonal current component and @ its time mean, and v is the meridional current
component and U its time mean. The time series of the EKE presents another perspective
to check the dynamics of the currents, their similarities and inconsistencies.

The altimetry and HFR EKE oscillations match well, with the HFR EKE having
larger amplitudes because it contains, a part connected to the wind forcing variability. The
large peaks in the HFR EKE (April-June) seem to lag after the large peaks in the wind
EKE (February). Only 3-years of observation does not allow to clearly define the ocean
annual oscillation structures especially because there is an El Nino starting fall of 2009 and
persisting until spring of 2010. The typical wind patterns are altered and can change the

ocean dynamics. In California, the northwest winds tend to be weaker during El Nino events,
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Figure 3.5: Meridional and zonal 3-year time series averaged over the 100-km wide coastal
strip (top) for HFR (in blue) and Altimetry (in red) currents anomalies; (middle) for the
winds (in black). (bottom) 3-year time series of the EKE for the HFR (in blue) and altimetry

(in red) currents and for the winds (in black)
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which reduces the coastal upwelling.

In summary, this chapter provides the large scales characteristics and dynamics that
prevail in the California Coastal Current. The wind forcing plays a large role in the ocean
dynamics, and its upwelling pattern. The tides are not dominant. The altimetry and HFR
current anomalies are comparable, and they are dynamic with significant temporal variations.
So the aim of this research study, which is to define a methodology to retrieve the geostrophic
component from the HFR makes sense and can be undertaken. And because the HFR signal
contains the wind induced surface drift, we expect this relationship to depend on the wind
patterns. In the following chapter, the study will continue using the gridded altimetric
product to experiment with a technique to extract the large-scale geostrophic HFR currents.
In subsequent chapters the methodology will be refined to take into account the smaller

mesoscale features that occur along the California coast and will be investigated using the

along track altimeter data.
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Chapter 4

Processing of the HFR currents for the gridded Altimetry product

4.1 Introduction

This chapter defines the methodology to process the HFR currents in order to make
them comparable with the gridded altimetry observation at the large mesoscales (100 km
and 7 days). First the technique will be developed for the ocean currents, then an SSH
product from the HFR currents will be generated and analyzed with respect to the altimeter

SSH measurements.

4.2 Estimating geostrophic currents from the HFR surface currents

4.2.1 Ekman Correction

The strong offshore flow seen in the HFR mean field (Fig. 3.2) demonstrates little eddy
variability, which is the characteristics of a geostrophic flow. This indicates that the HFR
currents measure also a surface ageostrophic current. The residuals of the mean HFR currents
minus the mean geostrophic currents derived from satellite altimeter gives an estimate of the
mean horizontal ageostrophic currents. The residuals show velocities that are predominantly
to the right of the wind and show a coherent spatial structure (Fig.4.1). This suggests
that the residuals contain the Ekman surface drift induced by the effect of wind stress on
the sea surface and the Earth’s rotation. Ekman (1905 [31]) first theorized this effect on

the upper ocean and concludes that in the northern hemisphere, the drift current at the
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surface will be deviated 45° to the right of the wind, relative to the water. To simplify
the mathematical treatment of the problem, Ekman assumed a steady wind, a large ocean
of uniform depth, water as an incompressible fluid and a constant coefficient of turbulent
viscosity. The influence of neighboring ocean currents and continents are neglected. This

leads to a solution at depth z below the surface:

2 T 2
Ve = Vyexp( —WD—E) exp(—i (Z + WD—E)) (4.1)

In these expressions, the notation V' = u + ¢v is a complex current vector; V; is in
the direction of the wind W and its magnitude provides the velocity of the water at the sea

surface:
T

pw VAL f
Here, T' is the wind stress given by the Bulk formula pui Carag [|W || W5 pair is the

Vo =

density of air (2.22 kg/m?) ; Cyqq is the drag coefficient (1.2 107%); A, is the coefficient of
turbulent viscosity (0.01 m?/s); p,, is the density of water (1025 kg/m?) ; f is the Coriolis
parameter given by f = 2w sin(¢) at geographical latitude ¢ and w is the Earth’s angular
velocity of rotation (7.29 10-5 radian/s); Dg is the Ekman depth or depth of frictional
influence. These equations predict a spiral structure for the currents in the surface layers of
the sea, with a decrease of current speed with increasing depth, and a progressive deviation on
the direction of the deeper current. This wind driven Ekman spiral becomes fully developed
in a day or two after the rise of the generating wind. Dg is usually around 30 m but varies
with location and season. The HFR current represents an average current over the top 1 m

of the ocean surface. So the simplified expression will be used:

Ve = ag Voexp(—iygg) (4.2)

derived from Eq4.1 to express the Ekman current observed by the HFR, where afg is the
amplitude relating the Ekman current to the surface winds and g is the angle between the
wind and Ekman current, with positive values indicating a current rotated clockwise from

the wind directionsIn theory at the surface ap = 1 and pp = 7/4.
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Figure 4.1: Residuals of the mean HFR currents minus mean Altimetry currents (in blue);
3-year mean wind tensor ||[W| W (in red) on a 25 km resolution grid

The parameters ap and @g are estimated for each of the 54 collocated grid points,
using a least square technique to find the parameter values that minimize the sum of the
squares of the residuals between the modeled and the observed Ekman currents over 3 years
of weekly data. Here the mathematical model is from Eq4.2 and is computed using the
NCEP winds; the observations are the observed Ekman currents derived from the residuals
HFR minus Altimeter currents. The observations have some errors, but these are ignored in
this simple estimation technique.

Fig. 4.2 shows the spatial distribution of the parameters ap and pg. @g is usually
more than 60°, with lower values in the nearshore regions, and ag is around 1, with higher
values nearshore. Since the color scales vary in opposition, they reveal a similar spatial
structure, except around 34°N. Near the coastline, there is a periodic pattern of increasing
and decreasing ¢g. Further offshore the distribution is more uniform, with the intrusion of
filament like structure more evident for ¢ g, around 36°N, the other for ap around 34°N. The
southern region reveals deeper values of @i turning as much as 110°. Similar structures were

also observed by Matthews (2008 [43]) with Ekman currents estimated from ocean currents
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calculated from Sea Surface Temperature (SST) satellite measurements and altimeter data.
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Figure 4.2: Estimates of pg in degrees (left) and ap (right) from the Least Squares
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Figure 4.3: 3-year mean of the residuals HFR - Estimated Ekman currents (left) and 3-year

mean

Altimetry currents (right)

The relationship that exists between ¢ and ag arises from their connection via the

Ekman depth as expressed in the theoretical formulation: ¢g

= —7n/4+ mz/Dg and

Dg)emAadeeper Ekman depth will induce less rotation and a larger am-
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plitude coefficient, and indicates where the frictional influence of the wind is higher. When
the Ekman depth derived from the first does not correspond to the second, there is a break-
down in the classical Ekman solution. Also the Ekman depth may be limited by a vertical
stratification with larger velocities in shallow mixed layers and directions of Vg more strongly
deflected to the right of the wind than previously expected. For example, Rascle (2007 [62])
extrapolated to the surface measurements from mooring data and found directions of Vg be-
tween 45° and 90°, more than the 45° given by the constant eddy-viscosity model of Ekman.
Analyses of HFR data by Ardhuin et al. (2009 [3]) give an average Ekman deviation of 60°.

The two spatially dependent Ekman parameters are used to generate a 3-year time
series model of the Ekman currents, which are then removed from the HFR total currents.
This HFR corrected Ekman current should provide a better estimate of the geostrophic
current. Indeed the 3-year mean of the HFR corrected Ekman current now reveals quite
similar patterns to the altimeter derived geostrophic currents (Fig.4.3), as opposed to the
persistent offshore flow from the mean HFR currents (Fig.3.2). The RMS of the zonal
and meridional components between the altimetry and the HFR Ekman corrected currents
decreases from an RMS in u=5.5 cm/s and RMS in v= 5.4 cm/s (using HFR only) to an
RMS in u=1.8 cm/s and RMS in v= 2.2 cm/s, an improvement of more than 60 %.

The quality of the Ekman correction is important, and probably depends on the season
because of the changes in the ocean stratifications, and also the wind history since the Ekman
theory assumes a steady wind. But this Ekman correction is not easy to estimate because
there exist other ageostrophic surface current components. The surface wind also induces
a Stokes Drift, and baroclinic currents and other phenomena that are difficult to separate
from the wind-driven component. The quantitative variations of surface drift as a function

of forcing parameters is still relatively poorly understood.
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4.2.2 Optimal Interpolation to force geostrophy

The methodology is explained in detail in Roesler et al. (2013 [65]), a short version is
given here.

Altimetry maps the vertically integrated SSH that can be related to the geostrophic
flow, whereas HFR data gives us a surface total velocity and includes ageostrophic processes
that need to be removed to compare the two data sets. In this research an Optimal Inter-
polation (OI) is chosen to retrieve the geostrophic currents from the total velocity surface
measured by the HFRs. More precisely, the OI estimates the non-divergent stream func-
tion and, assuming near-geostrophy, the HFR two-dimensional SSH and geostrophic velocity
fields. The OI requires an analysis of the time and spatial scales of the coastal oceanic
features.

The variable to be estimated is the stream function 1, because we are interested in
capturing the geostrophic (non-divergent) part of the HFR observed-flow. If the flow is
assumed to be nearly geostrophic, there is a linear relationship between the stream function
and the observed velocities: (u = —di/dy and v = dip/dx). The stream function v can,
then, be calculated directly from the HFR derived currents using an OI (Bretherton et
al. 1976 [13], Wilkin et al. 2002 [75]). The OI forces the flow to be non-divergent, but
if the assumptions of near geostrophy are erroneous, this non-divergent field may not be
representative of the true geostrophic structures.

The mapping procedure using an Optimal Interpolation (OI) generates weekly maps
of geostrophic currents from the HFR total currents, on the MADT 1/3° x 1/3° resolution
grid. The time and spatial scales of the CCS oceanic features are derived from an analysis
of the observed HFR velocity structures. In the open ocean (> 50 km), the time scales
are about 7-10 days and the spatial scales larger than 60 km, with the Walstadt covariance
function fitting the observed spatial covariance function from the HFR data.

Before applying the OI, the HFR currents are averaged over a week, which is consistent
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with the time scales of the mesoscale features. This removes the effects of tides and wind
generated inertial currents. The velocity noise error for the HFR is assumed to be constant
e = 15 em/s although in reality this error varies depending primarily on the radar and current
geometry. This value is chosen considering the typical errors found in the HFR velocities.
In this section the OI uses the realistic Walstadt covariance function with spatial scales of
60 km. As long as we are studying the coincident coverage area of the altimeter and HFR
current fields, the OI mapping error is constant throughout because the underlying HFR are
gridded with a resolution of 6 km and there are rarely missing data over a weekly period.
The number of averaged points on a particular grid point over a week was not taken into

consideration and is a supplemental uncertainty in the HFR observations.

4.3 Comparison of Altimetry currents with various HFR processing

The effect of using several methods to process the HFR data before comparing it with

the altimetry currents anomalies are analyzed. Four options are considered:
(1) simply use the HFR as given.
(2) remove the Ekman current from the HFR.
(3) force geostrophy by applying the OI.
(4) remove the Ekman current from the HFR before applying the OI.
All these products are re-gridded to the altimeter grid
4.3.1 3-year time series of Current anomalies averaged over the 100-km
wide coastal zone

The first option was already presented in the previous chapter in Fig.3.5 top and
displays that, already, when there is no specific processing the meridional component of HFR

and-altimeter,currentzanomalies are surprisingly well correlated (0.75). The most significant
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differences appear for the zonal current anomalies, especially in the winter times; and this is
the component that will be analyzed more in depth here. Although the correlation and RMS
for all the options and both meridional and zonal current components are summarized in
Table 5.1. Fig. 4.4 shows the 3-year time series of the zonal current anomalies averaged over
the coincident 100-km wide coastal strip for different options of HFR current processing,
together with the altimeter data. This is first improved by removing the Ekman currents
from the HFR (Fig.4.4 middle), the correlation for the zonal part increases from 0.45 to
0.7. This 3-year time series also reveals that the estimated Ekman parameters may not be
adequate for all seasons and/or weather conditions. For example, in the fall 2010 removing
the Ekman currents creates an additional offset that is not present in the original HFR.

However the third option by forcing geostrophy provides a clear improvement (not
shown) with a zonal correlation of 0.83, expect that this smoothes the OI processed currents
by a factor of 1.7. Once this multiplicative factor is applied, the RMS for the zonal and
meridional current anomalies are reduced by 50 % compared to the first option. Finally
there is only a marginal difference between the method 4 (OI and Ekman Corrected) and
the previous method (OI only). For this reason only the OI and Ekman Corrected method
is presented in Fig. 4.4 bottom.

To conclude, for the gridded product, at the large time and spatial scales, the OI
method provides the most noticeable approximation to geostrophy, and adding the removal
of the Ekman component only improves slightly the geostrophy. In the following sections

the OI Ekman Corrected method will be used for further quantitative comparisons.

4.3.2 Spatial statistics using the OI and Ekman Corrected HFR method

The spatial distribution for the 3-year correlation between the weekly altimetry and
HFR current anomalies is presented, for each 54 grid-points. Fig. 4.5 displays the correlation
obtained from two HFR products: the first one derived from method 1 (HFR only) and the

second one generated by the OI Ekman Corrected method (method 4).
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Figure 4.4: 3-year time series of Zonal current anomalies for various processing of the HFR
currents. Top: HFR only, Middle: Ekman Corrected HFR, Bottom: OI Ekman Corrected
HFR

Table 4.1: Statistics for the 3-year time series of zonal (u) and meridional (v) current anoma-
lies averaged over the 100-km wide coastal zone, between altimetry and 4 processed HFR
sets.

HFR only HFR Ekman Ol only OI and Ekman
Corrected Corrected
Corru 0.45 0.7 0.83 0.83
Corrv 0.77 0.85 0.89 0.89
RMSu (cm/s) 0.16 0.16 0.066 0.065
RMSv (cm/s) 0.16 0.1 0.045 0.044

Both methods give very similar spatial distribution of the correlation, but the correla-
tions calculated from the OI Ekman Corrected HFR currents show more spatial uniformity

and an improvement of 20% compared to the unprocessed HFR (Table 4.2). Overall the
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meridional currents agree better with correlations larger than 0.5 except in the central area
of 36°N. The low correlation areas differ for the zonal and meridional currents. The main
improvements are for the zonal component with weaker correlations in two regions, the south-
ern part and the western area around 37°N. But even after the amelioration the correlations

stay low in these regions around 0.35.

Table 4.2: The 3-year mean correlation between altimetry and the various processed HFR
current anomalies. The mean correlation for the zonal (u) and meridional (v) current anoma-
lies is computed for the 54 collocated grid points.

HFR only HFR Ekman Ol only Ol and Ekman
Corrected Corrected
Corr(u) 0.46 + 0.23 0.5+0.23 0.56 +0.22 0.57 £ 0.22
Corr(v) 0.53 £0.16 0.54+0.16 0.58 £ 0.15 0.6 +0.14

To get another quantitative measure of how well the altimetry and OI Ekman Corrected
HFR currents agree, their complex correlation is calculated. Complex correlation is defined

as follows (after Kundu, 1976[42])

Varr Viipr

p= =|p] e?
\/ Varr Vier Varr Vipg

where the velocity field (u,v) for either altimetry (ALT) or HFR is represented by the
complex number V, and V* is its complex conjugate. Physically, the magnitude correlation
| p| is a measure of the relative magnitude variations between the two datasets. The phase
angle ¢ gives the mean counter-clockwise rotation of the HFR radar current vectors with
respect to the altimeter vectors, and is meaningful only when the magnitude correlation is
high.

Complex correlations were computed for each of the 157 sets of coincident HFR and
altimetry vectors and then averaged over 3 years. They were calculated for each option of

processed-HER and the results are summarized in Table 4.3. Fig. 4.6 displays their spatial
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Figure 4.5: a) 3-year mean correlation in u and v between altimetry and OI Ekman Corrected
HFR current anomalies. (b) 3-year mean correlation in u and v between altimetry HFR
current anomalies.
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distribution for the OI Ekman Corrected method. The magnitude correlation is well uni-
formly spread with values mainly larger than 0.6 and a mean of 0.72, so that the correlation
angle can easily be interpreted. The spatial distribution of ¢ reveals that there are more
differences in direction of the currents in the Northern section, varying between -25° and
15°, so that the direction errors in the geostrophic derived HFR currents, seem related to

specific oceanic conditions. The mean correlation angle is -2 4+ 15°.

Table 4.3: The phase and magnitude of 3-year mean Complex correlation between altimetry
and the various processed HFR current anomalies, computed for the 54 collocated grid points.

HFR only HFR Ekman Ol only Ol and Ekman
Corrected Corrected
Angle (Complex Corr) in 9+16 -4+17 -3.7+16 -2+15
degrees
Magnitude 0.64 +0.16 0.65 = 0.14 0.7+0.13 0.72+0.12
(Complex Corr)
4.3.3 Hovmoller diagram of OI and Ekman Corrected HFR and Altimeter

currents

The 3-year Hovmoller diagram for both velocity component anomalies and instruments
are examined for 7 grid points along a fixed longitude of - 122.33° between the latitudes
of 35.5°and 37° (Fig.4.7). The HFR currents are processed following the OI and Ekman
corrected method and are magnified by a factor of 1.7 to match the altimeter levels of
variations. First, the Hovmoller diagrams display very similar patterns for altimetry and
HFR currents, with current anomalies in the range [-20 25] cm/s. Compared to the meridional
(v) component, the zonal (u) currents have moderately less amplitude variations and for a
fixed time present more heterogeneity in the latitudinal response, with the point around

36°N being more energetic. The zonal currents also behave quite periodically with extrema
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between April and July. The RMS in u is 4.39 &+ 0.58 cm/s and the RMS in v is 5.58 + 0.69
cm/s. The difference (Altimetry minus HFR) Hovméller diagram shows a structure with
high and low patches related to higher and lower values of altimeter geostrophic currents
which is more emphasied for the meridional component.
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Figure 4.7: 3-year time series of zonal(left) and meridional (right) current anomalies for
altimetry and OI Ekman Corrected HFR and their difference (ALT - HFR), along longitude
-122.33°

4.4 Processing HFR from currents to Sea Surface Heights

4.4.1 Methodology

As previously mentioned, the OI estimates directly from the HFR currents the non-
divergent stream function . If the field is geostrophic then ¢ and sea level SSH are pro-
portional with a factor g, the gravitational acceleration, divided by f, the local Coriolis
parameter: ¥ = ?SSH . The SSH field is inherently less noisy than the derived OI veloc-
ity field which are calculated from a derivation of the SSH (or v): uosr = —%,001 = %.

But this also implies that these SSH contain an unknown integration bias, that will be the

weekly set, but different for each weekly set, because they are

—
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estimated from currents. In this section the synthetic SSH will be computed with the OI
Ekman Corrected method that was found to be more appropriate in the previous analyses.
Here the weekly altimetry MSLA (Merged Sea Level Anomalies) from AVISO/DUACS over
the years 2008 till 2010 are analyzied, with the corresponding weekly HFR synthetic SLAs,
on the 1/3° x 1/3°grid for the Californian coastal region. The mean of the sea level time
series is removed from both data sets. To adjust for the unknown bias for each weekly HFR
sea levels (derived from the OI method), an estimate of the bias over the complete region
is computed, and then subtracted. The bias for each week is computed by taking the mean
of the difference between the HFR adjusted by a factor 1.7 and MSLA sea levels, over the

entire region.

4.4.2 Results

For the year 2008, a movie for the weekly time series of both sets was created and is
presented as snap shots in Fig. 11 of Roesler et al. (2013 [65]) with a sampling of every 6
weeks. After August 2008, the field extends to the north, because the coverage of the 6-km-
HFR grid increases. The time evolution of these two fields for the year 2008 shows excellent
agreement: the formation and development of eddies is nearly identical in both series. The
time series has now been extended over 3 years. To quantify this relationship the SLA time
series for the 157 weeks, for each grid point, in the sub-region 34° to 38° available for the
whole 3 years, have been retrieved for both HFR and altimetry. The correlations for the
81 grid points between the two SLA time series (Fig. 4.8 left) are excellent and is over 0.8.
Note that the coverage for the SLA is slightly larger than the one for the current anomalies,
because the derivation required to obtain the OI currents reduces their availability around
the region boundaries. This spatial correlation has been observed to vary from year to year,
and was larger for the year 2010, which is also connected with lower winds.

The 3-year Hovmoller diagram for both SLAs along longitude -122.33° for 10 grid

points, displayed in_(Fig 4.8 right), shows very similar SLA behavior for both datasets.
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Figure 4.8: (Left) 3-year mean correlation in SLA between altimetry and OI Ekman Cor-
rected HFR. (Right) 3-year time series of the SLA for altimetry and OI Ekman Corrected
HFR and their difference (ALT - HFR), along longitude -122.33.°

Overall besides some phase shifts, the altimeter SLA seem to deamplify the lows and highs
relative to HFR synthetic SLA. The averaged RMS for the time series is 1.8 + 0.25 cm.
This chapter developed a methodology to retrieve the geostrophic part of the HFR
currents, by averaging the HFR currents in time, removing the Ekman current, and applying
an Ol to force geostrophy. These results, although on a large time scale and low resolution
spatial grid, suggests that the HFR synthetic SSHs can be used as a proxy for the altimetric
measured heights in the open ocean where the waveforms are, usually, not distorted due to

proximity to land. Next the methodology is improved and evaluated to fit the characteristics

of an altimeter track.
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Chapter 5

Methodology along an offshore altimeter track parallel to the coastline

5.1 Introduction

The methodology to retrieve the geostrophic signal from the HFR currents is tested and
improved to fit the characteristics of an offshore Jason-1 altimeter along track measurements.
This track offers 750 km of altimeter data that are coincident with the 6-km HFR currents.
Using this offshore altimeter track, where the altimeter data are trusted, provides a testbed
to explore the validity of the technique at the 1-Hz level (i.e. a sampling every 6 km), and
at the altimeter time of passage. This will be a marked improvement relative to the large
time and space scales that were investigated in the previous chapter. In this section the

comparison of the HFR/Altimetry datasets for the year 2010 is studied in detail.

5.2 Altimeter Track Location

Jason-2, after its launch in June 2008, shared the same orbit as Jason-1 for calibration
purposes. Jason-1 assumed a new orbit, the interleaved orbit, midway between its original
ground tracks after March 2009 (until March 2012, when it was placed in a geodetic orbit).
With Jason-1 in its interleaved orbit there is the opportunity to use the Pass 206 (P206),
which is very conveniently located for this study. Jason-1 P206 runs parallel to the Cali-
fornia coastline with on offshore distance of at least 50 km, in a region where the altimeter
measurements are reliable, that is not affected by the nearshore coastal problems. Fig.5.1

shows.the location of . J1.P206 in relation to the coastline and the HFR currents coverage.
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P206 is a descending track; the altimeter is travelling north to south. Fig.5.1 also presents
the repartition of the number of hourly 6-km resolution HFR data samples for the year 2010.
The along track segment between lat 34° and 39°, is sampled almost all year around, and
is chosen for the comparison. This track offers 750 km of continuous along track altimeter

data that are coincident with the 6-km HFR currents.
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Figure 5.1: 6-km resolution HFR data coverage for the year 2010. The color indicates the
number of HFR hourly samplings over the year. The white line is Jason-1 P206 in its
interleaved orbit

5.3 Data Processing

5.3.1 Processing of the altimeter data

The along-track altimetry data used in this section are from the GDR product for
Jason-1 (version C), obtained from AVISO. The 1-Hz MLE-4 data rate (equivalent to a
resolution of approximately 6-7 km) have been reprocessed, using the 20-Hz data rate to

remove outliers following specific criteria to generate a good quality estimate of SLA.

e The editing criteria provided in the altimetry handbook have been applied to the

auxiliary corrections so that they are edited when they are beyond a certain thresh-
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e The dual-frequency rain flag algorithm based on MLE3 sig0 (Tournadre 2004 [71])

is used to detect rain events.

e In addition, specific measurements at the 20-Hz level have been remove: with sig0
larger than 16 dB: to remove waveforms contaminated by low winds, or surface slicks;

With SWH higher than 5 m, which increases the noise level in the SLA data.

e All the usual corrections to the range measurements have been applied, to obtain

the SLA.

e The extreme outliers have been removed using a Lee-filter (Lee 1980 [55]) at the

20-Hz level, with a 3 sigma boundary editing.

e The data are interpolated at equally sampled reference points along a nominal
ground-track. Each along-track can deviate from 0 to 1 km from a reference ground
track. The nominal ground-track for 2010 has been selected as the along track that

falls in the middle of the cluster of the 2010 along tracks.

e Since the noise level limits the ability to observe the smaller along-track wavelengths,
an along track spatial low-pass filtering, using a minimum 30 km (91 points) boxcar
window is applied before data analysis. The altimeter SLA have been sampled at the
1-Hz data rate, which is also the resolution of the HFR currents. The mean of the
2010 time series is removed from the SLA dataset, so that the sea level variability

will be consistent with the one derived from the HFR currents.

5.3.2 Processing of the HFR currents

In this section the 6-km resolution gridded HFR surface currents are used, because
there are no 2-km resolution HFR, currents that reach P206. Altimetry maps the vertically
integrated SSH that can be related to the geostrophic flow, whereas HFR data gives us a

surface total velocity.and.includes ageostrophic processes that need to be removed to compare
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the two data sets. In this study an OI is chosen to retrieve the SSH from the total velocity
surface measured by the HFRs. The OI requires an analysis of the time and spatial scales
of the coastal oceanic features.

The methodology is explained in detail in section3 of Roesler et al. (2013 [65]) for
an ascending altimeter track approaching the coastline, where the spatial covariance scales
decrease from about 100 km offshore to 10 km near-shore. The oceanic spatial scales have
been computed from the analysis the HFR currents over the year 2008. Jason-1 P206 is
located in a dynamic offshore region, further than 60 km offshore. Statistically the size of
the eddies are about 60 km wide and squeezed between them there could be upwelled coastal
filaments or jets, with a width of 50 km or less, and flowing with speeds that could reach
50 cm/s. The OI will be applied by using only one spatial covariance scale chosen to be
30 km. This spatial scale has been selected as a compromise between too much smoothing
by using too large of a spatial scale and not being able to track the small features, and not
enough so that the eddy structure will not be adequately detected. The velocity noise error
for the HFR currents is assumed to be constant e = 15 cm/s.

Before applying the OI, the HFR surface currents are averaged over 3-days to remove
the short-term ocean variability due to winds and other factors, which are not in geostrophic
balance. Also, in case there is a gap in the HFR time series, the tides estimated from the
10 km OSU Pacific Ocean tide model are removed. This data will generate one set of sea
level heights derived from the HFR currents. Another set will be produced by removing an
estimate of the Ekman Currents to the HFR currents, before applying the OI. The Ekman
currents are estimated using the 4-hour NARR NCEP reanalysis wind data distributed on
a 25 km resolution grid. This wind data is interpolated hourly on the 6-km HFR grid. The
Ekman coefficients are chosen to be constant along the track, with ag = 1 for the amplitude
and a deviation pg of 60° to the right of the wind, that were estimated from the previous
analysis (Chap4.2.1). Note that the closer the input set is in geostrophic balance, the closer

the OI derived sea levels should be to the true sea surface dynamic heights. This fact will
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Figure 5.2: OI output. (Left) OI retrieved SSH around J1 P206. (Right) Corresponding
6-km OI output currents in black; HFR input currents in red, every other 6 km

Only a 40-km-wide strip around P206 is inverted. Fig.5.2 shows one SSH map derived
from the HFR currents on April 20, as well as the corresponding output OI currents (in
black) and the original input HFR currents (in red). The OI mapping error is relatively
constant throughout the whole year and throughout the strip. The residuals of the optimally
interpolated field should be consistent with the assumed error variance of the data. Over
2010, we find that the root mean square (RMS) difference of the HFR and the OI mapped
velocities in the u and v component are 3.6 +/- 0.93 cm/s and 3.9 +/- 0.75 cm/s less than
the estimated error variance of 15 cm/s. Recall that the HFR synthetic sea surface heights
contain an unknown bias, because the OI cannot determine the absolute SSH. The mean of

the HFR synthetic SSH time series over 2010 is removed to obtain the HFR SLA.
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5.4 Results

5.4.1 Along track SLA

Fig. 5.3 displays the altimeter SLA filtered with a boxcar window of 45 km for the 36
Jason-1 cycles repeating every 10 tens days for the year 2010. Cycle C315 at the end of July
is unavailable, and the altimeter data for C296, on January 21, with our stringent outliers
removal for high SWH are invalid. This leaves 34 cycles, which is just above the minimum
number of 30 (central limit theorem) required so that the cycle measurements errors can be
assumed to have a population with normal probability density function. In Fig. 5.3 for each
cycle, the SLA are demeaned over the along track, so that each cycle can be viewed in a [-15,
15] em window. This mean, that is being removed, and which is calculated as the mean over
the section of the along track between 34° and 39°N for each cycle, represents the seasonal
variation of the altimeter SLA. The SLA seasonal variation (Fig.5.4) during the year 2010,
are typical for the California coastal region, and are characterized by higher sea levels in
winter; a rapid decrease in spring an low sea levels lasting until mid-summer, here with an
extreme low event in July; and finally a steady increase of sea levels after August.

Two HFR SLA datasets are also presented in Fig. 5.3 , one without (raw HFR SLA )( in
red) and the other with the Ekman correction (Ekman corrected HFR SLA) ( in blue). The
datasets are demeaned over the along track, for each cycle. This has the effect of removing
the unknown bias contained in each HFR SLA set, since the OI processing cannot determine
the absolute sea surface heights. No amplification factor has been applied to the HFR SLA.
The first noticeable fact is that the quality of the HFR SLA are remarkably improved after
the Ekman correction is applied, relative to the assumed true SLA given by altimetry. The
cycles C300 (Mar-02), C306 (Apr-30) and C330 (Dec-24) are good representative cases of
the amelioration. The strong linear deviation observed in some of the raw HFR SLA, such
as €295, C300, C330, can easily be explained. To simplify, assume a steady wind field that

generates an Ekman current of 5 cm/s. It can add an additional 5 cm in sea level height
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Figure 5.3: Altimeter and HFR sea levels along P206; Jason-1 SLA smoothed with a 45-km
low pass filter (green); Raw HFR SLA (red); OI Ekman Corrected HFR SLA (blue)
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every 100 km, which is seen as a linear trend superimposed on the true SLA signal. The
obvious case C295 (Jan-11) presents clearly a strong decreasing linear trend in the raw HFR
SLA about the level just mentioned. It is reduced, after the Ekman correction, but not
completely resolved, as there is still a linear residual. On the other hand, the large SLA
linear trends observed before the Ekman Correction for the cycles C300 (Mar-02) and C330
(Dec-24) are satisfactorily eliminated after. These examples confirm that the problem of

reducing the wind driven components is not straightforward.

SLA (cm)

1 1 1 1 1 1 1
Jan11  Feb 20 Mar31 May10 Jun19  Jul20  Sep06 Oct16  Nov24

Figure 5.4: Seasonal variation of the altimeter SLA averaged along the Californian portion
of P206 during 2010

5.4.2 Spectral Analysis

Fig. 5.3 also reveals that in this region the 6-km HFR SLA contain less high frequency
levels than the altimeter data. This is a limitation for the purpose of this study, because in
order to compare the two products, the altimeter along-track data need to be filtered to the
same level of smoothness as the HFR SLA. This implies that the detection of the small scales
oceanic or atmospheric perturbations that affect the altimeter measurements may be left un-
noticed using the HFR currents as a validation reference. This threshold on the tractable
spatial scale is limited by the frequencies in the HFR currents, as well as the weakness of

the perturbation. To better understand the difference in the spatial spectral characteristics
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between the altimeter and the Ekman corrected HFR SLA, the power spectral density (PSD)
have been computed along the California portion of P206 (Fig.5.5). For both datasets, the
average spatial spectrum over the year 2010 has been computed using a sampling rate of
6 km (the resolution of the HFR) and restricted to the 750 km along track segment. Two
spectra for the altimeter SLA are obtained, one directly from the 1-Hz data (in black); the
other after applying two successive filters to the 20-Hz data, first a running average over 91

points (i.e. 30 km), then another over 150 points (45 km) and finally resampled to 1-Hz.

The Ekman corrected HFR SLA have been used. Its spectrum (in blue) shows that the
HFR SLA noise level starts just below wavelengths of about 50 km, unlike the 1-Hz altimeter
SLA noise level that starts below 30 km. The altimeter white noise due to geophysical and
instrument noise will vary from one region to another, and will also depend on the processing
techniques. Statistically for this location, the eddy sizes are about 60 km but squeezed
between them there could be coastal filaments or jets, with a maximum width of 50 km. So
part of the altimeter SLA content at the mesoscales is of dynamical content. Being able to
separate the signal from noise is a delicate issue. For wavelengths higher than 50 km the
HFR spectra present a steeper increasing slope with lower spectral content, until the larger
wavelengths of 200 km. The spectrum from the filtered altimeter SLA is very similar to the
HFR spectrum with slightly more energetic content. This filtered altimeter SLA dataset will

be the one used to compute more in depth statistics between the HFR /altimeter SLA.

5.5 Statistics RMS/ Correlation

To quantify the amelioration in the quality of the HFR SLA, the RMS between the
altimeter SLA and both HFR SLA datasets are computed for each cycle, together with their
correlation. The results for each cycle are presented in Fig.5.6. The RMS computed using
the raw HFR SLA are generally higher than the RMS derived from the Ekman Corrected

HER SLA. Over the 34 cycles the mean RMS = 5.74 + /- 3.4 cm for the first set, compared to

www.manaraa.com



66

Wavelength (km)

Figure 5.5: Spectrum for the Ekman Corrected HFR SLA (blue); for the Jason-1 at the 1-Hz
level (black) and filtered with a boxcar window of 50 km (red)

RMS = 3.51 +/- 1.4 e¢m for the other. This represents an improvement of 40 % of the RMS
after removing the Ekman current. Also shown on Figh.6 are the standard deviations (STD)
of the altimeter SLA along the track for each cycle. They indicate cycles that have large SLA
variations along the track. For instance the altimeter SLA have STD higher than 4 cm, from
April until the end of June. This corresponds to the upwelling season, with strong winds, the
generation and strengthening of eddies as well as the intrusion of upwelled filaments. During
this period the RMS from the raw HFR SLA are also very high with values above 8 cm.
But the RMS from the corrected Ekman do not follow this trend, and are usually similar or
less than the altimeter STD (except on May 10th). The meaningful correlations above 0.6
between the HFR and altimeter SLA are also plotted on this Fig. There are 17 cycles with
such correlations and only 2 cycles (C312 June -29 and C327 Nov-24) when the correlation
is better by calculating it from the raw HFR SLA, but those are also cases when the RMS

for the two HFR SLA datasets are similar. The mean correlation, over the 17 cycles that
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have a correlation larger than 0.6, is computed for both HFR SLA datasets. It is 0.63 £ 0.3
using the raw HFR SLA and the one derived from the Ekman corrected HFR SLA is 0.73

+ 0.11. There is an amelioration of 17%. For these 17 cycles the RMS lowers to 2.51 cm.

S TD (cm)

Correlation

RMS (cm)

295 300 305 310 315 320 325 330
J1 Cycles since Jan 11, 2010

Figure 5.6: Statistics for the 2010 Jason-1 cycles. STD of the altimeter SLA (blue). RMS
between the raw HFR and altimeter SLA (dotted black). RMS between the Ekman Corrected
HFR and altimeter SLA (red). Correlation between Ekman corrected HFR and altimeter
SLA above 0.6 (red stars). Two cases are better correlated using the raw HFR SLA (black

stars)

5.5.1 Time Averaging choice for the HFR currents

So far a 3-day averaging of the HFR currents has been applied to remove the inertial
currents. The question remains whether a smaller time averaging would contain more high
frequencies spectral information and improve the relationship with the altimeter measure-
ments, which are taken at one specific time. To answer this question, the Ekman corrected
HFR SLA are processed using 5 different time averaging: 3-day, 2-day, 1day, 15-hour and
1-hour. Table 5.1 displays the statistical results in terms of mean RMS and correlation
between the various time-averaged HFR datasets and altimeter SLA over the cycles. The

3-day-averaging.provides.the.best statistics with an RMS = 3.5 4+ 1.4 and correlation 0.5 £+
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0.3 and the 1-hour the lowest with an RMS = 6.5 £+ 3 cm and correlation 0.32 + 4.

One of the problems is that the Ekman correction is difficult to apply for the 1-hour av-
eraging, because this is done using the wind at that time, which may not be suited as the
theoretical Ekman correction assumes a steady wind condition. So that even if the 1-hour
SLA datasets contain slightly higher frequency features, they are superimposed on unrealistic
SSH patterns caused by short-term surface wind drifts that are difficult to remove. Although
there is not much significant difference between the 2-day and 3-day averaging statistics, the

3-day time average is chosen in this study.

Table 5.1: RMS and correlation between the HFR/Altimeter SLA for various time-averaging
of the HFR currents

3-day 2-day 1-day 15-hour 1-hour
RMS (cm) 35214 3.8+1.6 392 4.7+2.2 653
Correlation 0.5+0.3 0.49+0.3 0.48£0.31 0.45+0.34 0.32+04
5.6 Influence of the wind history

The HFR surface currents contain some wind-driven drift, so there must be a relation-
ship between the wind history and the quality of the geostrophic HFR SSH. This relationship

is investigated in this section.

5.6.1 Wind anomaly and quality of the HFR SLA in terms of RMS

The wind tensor ||W|[W anomaly is interpolated along the altimeter track and av-
eraged over 3 days, for each cycle. The mean magnitude and mean direction of the wind

tensor anomaly are calculated over the 1000 km segment, for each cycle. This provides and
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indication for the wind condition at the altimeter time of passage. Fig. 5.7 displays the wind
tensor anomaly magnitude and direction, together with the RMS between the HFR and
altimeter SLA. First lets look at the RMS derived from the raw HFR SLA. These RMS are
higher when either the wind tensor anomaly in direction or/and speed is large. This behavior
is also seen in the RMS computed from the Ekman corrected HFR, but with more subtle
variations. Clearly, the winds play a role in the quality of the extraction of the geostrophic

signal from the HFR currents.

magnitude ( m?/s?)
direction ( degree)

i L Il 1 i
285 300 305 310 315 320 325 330

RMS (cm)

0 i 1 i
295 300 305 310 315 320 325 330
J1 Cycles since Jan 11th, 2010

Figure 5.7: SLA and wind tensor anomaly Statistics for each 2010 Jason-1 Cycle. Top: mean
averaged over the segment of the wind tensor anomaly magnitude (red) and direction (blue).
(bottom) RMS between the raw HFR and altimeter SLA (dotted black). RMS between the
Ekman Corrected HFR and altimeter SLA (red).

5.6.2 Concerned only with the across-track Ekman current

In this section one example will provide a better understanding of the influence of the
wind on the methodology. The case C326 (November 14) is a situation when at each along

track-locationythe wind.direction and speed stay relatively constant, but vary with latitude
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(Fig.5.8). So locally, the steady wind condition is valid. The theoretical Ekman current will
be 60 © to the right of the wind tensor, for the HFR current in this California coastal region,
as estimated in the previous chapter. Because the altimeter can only measure the across
track geostrophic currents, only the projection of the Ekman current perpendicular to the
track are of concern and will influence the quality the HFR geostrophic current retrievals.
At the California latitudes, Jason-1 P206 is inclined 30° to the left of the North direction
and runs almost parallel to the coastline. The wind variability is mainly in the north-south
direction, and with a rotation of 60° to the right of the wind the Ekman current will be
directed mainly across-track. Thus, their influence cannot be neglected for this specific track
P206. For the case (C326) the across-track Ekman current will be larger as we move to the
North, because not only the wind tensor magnitude increases but also the direction changes.
This can be related to the strong linear deviation observed in the raw HFR SLA after the
latitude 37°. Since locally the steady wind condition is valid, the Ekman corrected HFR

SLA match the altimeter data.

C326 Nov-14
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Figure 5.8: Case study for C326. (Left) Altimeter (green) and HFR (blue) SLA for (top) Raw
HFR SLA (bottom) OI EKman Corrected HFR SLA. (Middle) Hourly wind speed along the
altimter track. (Right) 3-day averaged wind tensor on P206 (black); Ekman Current (red)
not to scale
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5.6.3 Wind history: 4 general case studies

For each cycle, the mean and STD as a function of latitude, along P206, of the wind
direction and speed over 3 days, can help characterize the wind behavior. But these indices
have no indication of when or how the wind changes in time. The use of the daily averaged
wind over the California region will provide a hint about their time evolution. Next, four

typical scenarios of wind event are discussed as well as their effect on the quality of the HFR

SLA.

(1) Constant wind speed and direction
The cases when the wind is not changing over time (Fig. 5.9) satisfy the requirement
of the steady wind assumed for the theoretical Ekman drift. These events are typ-
ical of upwelling conditions, with strong winds blowing to the south. They can be
observed on April 30, May 30, June 19, July 18, Sep 26 and Nov 14. For all these
dates, the Ekman Corrected HFR SLA resolves a lot of the ageostrophic surface
wind drift, and is a much better fit to the altimeter SLA; especially considering that
during these events, the sea level variations are large along the track. Looking more
closely at our statistic and time indicators, can explain some of the misfits. For
example on April 30, and July 19, the winds are overall higher than the other cases,
with winds larger than 10 m/s. The consequence is that an incorrect estimate of
the Ekman coefficients or winds will have a larger error on the correction, since the

Ekman current varies as a function of the wind speed squared.

(2) Winds turning and high speed
On January 11, there is an atmospheric perturbation passing through the California
coastal ocean. Initially on January 10, the region is separated into a northern section
above 37° where the winds are blowing to the north, and a southern section with
southward winds. Then as the perturbation travels, on January 12, all the winds

are-blowing mere consistently to the north. The winds also change in speed, with
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increasing speeds in the northern area.

This is a case where in the northern section there is a clear deviation in direction from
the 3-year mean direction, which is around -50°. This section of northward blowing
winds also has wind speeds that are increasing throughout the 3 days to reach 15 m/s.
These indicate complications with the Ekman correction. Furthermore the winds in
the southern section are slowly turning to the north. There is a perturbation passing
by. Indeed, even if the Ekman corrected HFR SLA are improved relative to the raw

HFR SLA, they still contain some large wind drift residuals.

(3) Winds turning but decreasing in speed after the passage of the altimeter
October 6, October 26 and November 4 are cases when the STD in direction are large.
But the medium wind field before the passage of the altimeter has been blowing in a
steadily way to create a steady Ekman response. Progressively the winds decrease,
so that even if they turn, the induced wind drift error becomes small. For those
cases the Ekman Corrected SLA fits the Altimeter SLA, except in the boundary
parts where the altimeter could still be in error (maybe there are some outliers not

removed and/or there are some smoothing effect at the boundaries).

(4) Low winds turning but increasing in speed after the passage of the altimeter
These cases are represented by the cycles of August 27, and December 4. The winds
are low before the passage of the altimeter. But suddenly increases to a constant
speed and direction. The Ekman response takes several hours to a day to arrive at
its steady state condition. In these cases there are still some wind driven residuals

in the Ekman corrected HFR SLA.

Studying the wind history at the hourly scales also explains why a smaller-time averaging

would give a better estimate in certain cases.
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Figure 5.9: a) (Left) Daily winds centered at the time of passage for C311. (Right) 3-day
(centered at the time of passage of the altimeter) mean and STD of the wind direction and
magnitude along P206 for 2 similar cases C311 and C321. (b, ¢, d) Three consecutive daily
winds, with the middle one centered at the time of passage of the altimeter. (Right) 3-day
mean and STD of the wind direction and magnitude along P206.

5.7 Using an SST image to decide between HFR or Altimetry SLA as a

closer estimate

FR/altimetry sea level sets may have a phase shift between
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them arises from the filtering processes. What is more of a concern is when the altime-
try SLA have a strong signal that is not observed by the HFR SLA. For instance on June 29,
(C312 the SLA variations between 38° and 39°N, are much larger. There are several possible
reasons: The Ekman correction was inappropriate: too much/not enough; the 3-day average
reduces too much of the variability present at the time of passage of the altimeter track. The
event captured by the altimeter could be short lived, or drifting away; the HFR currents

simply do not capture the signal observed by the altimeter.

MODIS Terra SST Jun-29, 2010 at 19:40

10

SLA (cm)

34 36 38

-1245 -123

-126 -124

Figure 5.10: (Left) SST image from the MODIS sensor on Terra on Jun 29, 2010 at UTC
19:40, 18 hours after the altimeter time of passage (Right) Altimeter and HFR sea levels
along P206 for C312 on June 29. In green: The Jason-1 SLA are smoothed with a 45-km
low pass filter; In red: the raw HFR SLA; In blue: The OI Ekman Corrected HFR SLA

Using the Terra SST image from the MODIS satellite sensor on June 29, taken 18
hours after the satellite altimeter measurements, will help to debate whether the altimeter
SLA over amplifies the signal or not (Fig.5.10). The satellite SST only measures the sea

surface temperature and may not reveal the dynamic height structure, unless the surface
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temperatures are representation of deep temperature features. This holds true for the cold
upwelled filament, centered at 38.7 deg and approximately 30 km wide, flowing across the
altimeter track. This filament carries the signature of the upwelled water, while being in

geostrophic adjustment associated with the meandering jet. The cold upwelling filament can

ASLA g __

generate strong currents. The across track velocity observed by the altimeter is =3~ ;=

Sen 91‘331’;5__12 = 32 cm/s which seems reasonable. The OI Ekman corrected HFR SLA
measure a current half that velocity. Because the wind speeds are relatively high, around 39°
with strength exceeding 15 cm/s, there is a strong argument for the case of a misestimated
Ekman correction. And because the winds at this location are strongest at the time of
passage of the altimeter, shorter HFR currents averaging times do not resolve the problem,

unlike the cases of C311 (June 19) and C319 (September 6). Finally this upwelling event is

well captured for C314 (July 18) and C316 (August 7), when the winds are slower.

5.8 HFR and Altimetry across track velocity anomaly comparison

The cross-track geostrophic velocities from both the altimeter and HFR datasets are

compared. The altimeter cross-track velocities are computed directly from the 20-Hz data

g dSLA

stream of sea level heights, v, = & <3

, using finite difference, where v, is chosen to be
positive if it contains an eastward component, and dz is the distance between two 20-Hz
measurements which is around 300 m. The finite difference operator acts as a high pass
filter. To mitigate this noise, the resulting 20-Hz velocities are filtered with a Lee filter over
a window of 41 points (~12 km). Finally two consecutive boxcar filter are applied over 91
points (~35 km) and 151 points (~45 km). For absolute height accuracy, path length and
environmental correction (i.e. ionospheric, dry and wet tropospheric, tides, ect) are applied
to the altimeter range measurements. These corrections are typically of large wavelength
and it is unnecessary to include them for the calculation of the 20-Hz velocities, where the

distance between the measurements is around 300 m. This is an advantage, especially in

coastal regions when the inaccuracies in the corrections increase at the 1-Hz level and can
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magnify the noise floor of the slope without improving the slope accuracy (Powell and Leben,
2004 [64])

Due to the noise content the altimeter geostrophic velocities require more filtering
relative to the SLA to retrieve estimates consistent with the variability of the HFR cross-

track velocities.

C300 Mar-02 C304 Apr-10 C308 May-20

V, (cm/s)

34 35 36 37 38 39 34 35 36 37 38 39 34 35 36 37 38 39

Latitude

Figure 5.11: Cross track Geostrophic velocities for 9 cycles in 2010: Altimeter (in green), OI
Ekman Corrected HFR (in blue), 3-day averaged Ekman Corrected HFR surface currents
projected across track P206 (in red)

The cross-track HFR geostrophic velocities are computed in two ways. The first way
is simply to project the 3-day averaged and Ekman corrected HFR currents across the
P206 track. The other way is to calculate the cross velocities directly from the Ol Ekman
Corrected HFR SLA, using finite difference, without any additional filtering. As can be seen
in Fig. 5.11, the two HFR cross-track velocities are very similar, which means that in regions

O implemented such as in nearshore coastal areas, or close to islands,
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the first method can still provide satisfying estimates of geostrophic velocities.

Another advantage of using the cross-track velocities is that differences between the
altimeter and HFR measurements, that were observed as linear trends in the SLA, are
now represented as local offsets, thus are less susceptible to create large RMS difference
discrepancies over long distances. However, the velocity variations are noisier than for the
SLA, and may be harder to interpret in terms of validating the altimeter measurements
because it requires an additional differentiating step.

The correlations between the altimeter and HFR cross-track velocity anomalies are
larger than 0.6 for 22 cases in 2010, with a mean correlation of 0.71 + 0.07 (0.68 4 0.1), and
the RMS differences is 6.6 £ 1.55 cm/s (7.4 £ 1.9 cm/s) using the HFR velocities computed
from the OI Ekman Corrected SLA (3-day averaged Ekman Corrected currents). The cross-
track current anomalies STD were 14.3 cm/s over the year 2010. The velocity RMS is within
the limit of the geostrophic altimeter velocity error estimates found in the California Current
System of 3-5 cm/s (Strub et al. 1997 [69], Powell and Leben 2004 [64]), and the velocity
resolution of 5 cm/s from the HFR. Also the velocity RMS differences are consistent with
the ones between current meters and altimetry observed to be 7-8 cm/s in the CCS (Strub
et al. 1997 [69]), and the ones between HFR and altimetry around 8 cm/s for time series at

specific locations along the Oregon Coastline (Saraceno et al. 2008 [67])

5.9 Discussion-Overview

In this section the HFR and altimeter SLA were compared and analyzed over a 750
km long offshore altimeter track. There are some cases that match well, but not all and
the fundamental reasons are due to the wind history. There are also some limitations that
arise from the smoothness of the HFR SLA product. There are some unresolved wind
or wave induce surface drifts in the HFR current which are seen as linear drifts in the
HFR SLA. These are hard to account for, especially in the presence of strong winds. The

comparison of cross track geostrophic velocity anomalies reduces this problem, but it adds
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an additional noisy processing step of the altimeter sea levels measurements which we would
like to validate. Taking into account the wind history can help decide whether the HFR
geostrophic approximation will be adequate.

There are also other surface generated drifts, such as wave induced Stokes Drift. Stokes
drift is a surface current produced by the waves propagating on the surface of the ocean.
Its strength, depends linearly on the wind speed, instead of quadratically for the Ekman
current. A wind speed of 10 m/s can induce a 10 cm/s Stokes Drift. As a test, the ECMWF
Stokes Drift current produced every 6-hours on a 25 km resolution grid, were removed from
the HFR currents, before the OI processing. The Stokes Drift and Ekman Corrected HFR
SLA did not generate a better quality product. One reason is that the HFR surface current
captures only a filtered version of this Stokes Drift, in a direction that may be distinct from
the one on the surface.

In the next chapter, some Jason-2 ascending altimeter tracks are studied in a similar
way near shore over a maximum along track of length of 150 km. However in this section the
HFR/Altimeter datasets were analyzed over a 750 km long track. To make the transition
to the next chapter more meaningful, the statistics from this chapter are reevaluated. The
RMS between the HFR /altimeter SLA are recomputed for 5 independent 150 km segments
along P206, for each cycle. But before the RMS is computed, for each segment the HFR
unknown offset is now being adjusted to the altimeter SLA on this 150 km long segment
instead of the whole track. The overall HFR SLA will be discontinuous, but continuous by
segments. This has the consequence to eliminate some of the linear drifts inconveniencies,
and because this study is concerned with relative calibration of the altimeter data, and that
both the HFR and altimeter spectrum indicates similarities above the 150 km wavelengths,
this should not compromise the comparison too much. The mean of the RMS over the 36
cycles and over these 5 segments (a total of 180 segments) is 2.16 4+ 0.7 c¢cm, which is 30%
less than the one calculated over the whole track. This segmentation may be a solution to

the problem of the linear HER SLA drifts, regarding the validation of the altimeter SLA.
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Chapter 6

Methodology along altimeter tracks crossing the coastline

6.1 Introduction

The Jason-1 and 2 ascending tracks moving from northwest to southeast, and travel-
ling almost cross-shore to the California coastline are analyzed, especially the one passing
over Conception Point, P221 travelling through Monterey Bay. The cross-track altimeter
geostrophic velocities capture the variable alongshore flow. There are about 150 km of col-
located altimeter and HFR data which is the furthest extent of the HFR surface currents. A
novelty of this section is that the 2-km resolution HFR surface currents are available closer
to shore, and the information gained by using them will be assessed on the validation of the
altimeter data. Also several coastal retrackers included in the Jason-2 PISTACH product
will be evaluated using the HFR SSH as the reference. Finally the altimeter is moving from
the open ocean to the nearshore regions, and the space and time scales will be reduced.
These changes need to be taken into consideration in the methodology to infer the SSH from

the HFR surface currents. This section is a summary of the paper from Roesler et al. (2013

[65]).

6.2 Motivation

The region of interest will be mainly 25 km till about 150 km offshore and over the years
2008-2009 . Our domain does not include the near shore area. This was chosen to reduce the

eIrOES il range-correction-that accumulate in the SSH altimetric estimates as the altimeter
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approaches the coastal regions. The potential of HFR to correct coastal altimetric heights
can still be explored, because there are unresolved issues in retrieving altimetry range in this
domain such as rain events, low winds and small scales ocean dynamics. For example, Lee et
al. (2010 [53]) find that, on average for Jason-2 from July 2008 until July 2009, a retracker
developed for non-ocean surfaces improves the Brown-retracked SSH over the Californian
continental shelf. The following questions will be addressed. How should we process the
HFR surface current data to make them comparable with altimeter sea level measurements?
How well are they related and what are the limitations of this comparison? Is there any
information gained by validating the 2-km HFR data and high-frequency altimeter data?
Can we use HFR to detect invalid segments of the traditional open-ocean retracked altimeter
measurements and, if so, to decide which PISTACH retracker better fits the segment, as well

as evaluate the performance of the retrackers under various sea state condition.

6.3 Methodology

Altimetry maps geostrophic flow only, whereas HFR data gives a total velocity and in-
cludes ageostrophic processes that will be partly eliminated using an Optimal Interpolation
(OI) which forces the flow to be non-divergent. The spatial velocity covariances, deter-
mined from analysis of the HFR surface currents, diminish substantially with distance to
shore (from 100 km to 10 km) and the OI uses spatially varying spatial scales depending on
the mapping grid point distance from the coast. The temporal covariance of HFR surface
velocity is observed to decrease from 10-days in the open ocean to 3-days near the coast.
Correspondingly, the input-currents to the OI, the first approximation of the geostrophic
currents, at the time of passage of the altimeter, is selected as a 3-day average to remove
the tides and short-term wind events. The velocity-noise error for the HFR is assumed to
be constant e=15 cm/s. Note that in this section the Ekman component is not removed.
The angle between these ground tracks and the North meridian at these latitudes is about

-30°_(symmetric position relative to the descending tracks). Consequently, the cross-track
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projection of the HFR surface currents should be less affected by the Ekman current con-
tamination due to winds blowing predominantly in the north-south direction, in contrast to
the descending track studied in the previous chapter. In fact, in this section the Ekman
currents are not taken into consideration. Other reasons, are that the winds will not be well
captured by the ECMWF gridded product, the Ekman coefficient may vary as we approach
the coastline, and that the length of the along track studied (maximun of 150 km) will not

induce noticeable deviations in the HFR SLA, except maybe during high winds.

6.4 Comparison over the open ocean with standard altimetry product

The 6-km HFR heights were computed during 2008 along the altimeter track P221,
which terminates in Monterey Bay, California (the nomination P221 is for Jason-1 prior to
its interleaved orbit and corresponds to Jason-2 P221). They were compared (first 12 cycles
[65] Fig. 13) with the coincident along track Jason-1 standard open-ocean 1-Hz SLA product
distributed by AVISO that were smoothed with both a 25 km cut-off and a 50 km cut-off in
wavelength. From this small sample we can see that frequently both the HFR and altimetric
heights agree well. In other cases the two sets diverge in segments that seem time dependent
but not related to the distance from the coast. The correlation coefficients between the HFR
SSHs and the 50-km filtered Jason-1 SSHs calculated for the 33 cycles during the year 2008
confirm our conclusions. There are a few sets that are significantly negatively correlated or
not statistically different from zero, but the mean correlation, for 23 sets with a correlation

larger than 0.5, is 0.82.

6.5 Comparison with PISTACH retrackers

The Jason-2 PISTACH coastal product provides 20-Hz range output for several retrack-
ing schemes: MLE-4: the 4 parameter Maximum Likelihood Estimator (the conventional
Jason-2 deep-ocean retracker); Oce3: the 3 parameter MLE-3 performed on a de-noised

waveforms Red3:MLE-3.done on a restricted analysis window around the leading edge, to
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remove the eventual gates corrupted by the effects of land; Ice3: a 30% threshold method
(Davis 1997 [23]), also implemented on a restricted analysis window. This will help to deter-
mine the feasibility of using the SSH computed from the HFR currents as a way to validate
different retrackers. On a first experiment, the PISTACH retrackers were averaged to create
a 1-Hz data stream along P221. They were processed without any editing (because exam-
ining the quality of the ocean retracked SSH and their potential improvement is one of the
objectives of this study) and with the standard corrections applied, in a section of the ocean
farther than 30 km offshore. Fig.16 [65] illustrates the different behavior between ICE3
and MLE-4, that can be depicted. There are examples when both MLE-4 and Ice3 behave
similarly, and either fit or not the HFR set. There are cases when either MLE-4 or Ice3 are
more consistent with the HFR data. Finally there are some sets when we could combine
a segment of MLE-4 and a segment of Ice3 in order to get closer to the, presumed more
accurate, HFR sea surface height estimates. Over the first 16 cycles during 2009, Ice3 is
better correlated with HFR, except for 4 cases. When keeping only the highest correlated
set, the mean correlation increase from 0.71, if only MLE-4 were selected, to 0.82. However
the Threshold retracker uses an empirical relationship between the range and the shape of
the waveform, it is not based on a physically sound model and care should be taken in its
interpretation. This underlies the fact that even offshore the waveforms may diverge from

the Brown model, and the conventional MLE retrackers do not apply.

6.6 Explaining some disagreement between HFR and altimetry

Various sea state conditions can affect the quality of altimeter SSHs. This can explain
some of the disagreements between HFR SSHs and those from altimetry. For instance, the
presence of unusually high Sig0 values (Sig0 > 16 dB for Jason-2) in the altimeter footprint,
from blooming events, may signal a breakdown in the typical Brown model. The Blooming
events, on P221 by Monterey Bay, extend over a few tens to hundreds of kilometers with

unpredictable frequency.. The Ice3 and Red3 retrackers were examined in relation to the sea
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state characterized by Sig0) and SWH. There is a tendency for Ice3 to fit better in cases of
blooming events, and Red3 during high SWH. But this relation is not clear. In the future, this
needs to be investigated more systematically to see if a trend could be predicted. Next the
20-Hz data stream are processed differently, to start examining the possibility of extracting
a higher resolution product near shore and to compare it with the 2-km derived HFR SSH
available over the year 2009. To edit the noisy 20-Hz data a Lee filter is implemented and the
smoothing scales are reduced to 7 and 21 km. One source of caution: after the publication
of the paper, it was discovered that the variability in the 2-km HFR SLA near the coast (for
along track distance to shore < 50 km for P221, since the track travels through Monterey
Bay) is an artifact of the OI methodology, due to the presence of coastal boundaries. So
that for instance the near shore wiggles of the HFR SLA for C034 are noise. The 2-km
HFR SSH field, derived from this methodology is slightly smoother than first expected. The
consequence, is that it seems improbable to be able to use the HFR SLA to validate the
altimeter data for spatial scales less than 20 km.

Three-day-averaged HFR currents are used as input to the OI, but in the near-shore
regions whether a 1 or 2-day average be more representative of the instantaneous altimeter
along-track SSH, has not been tested. For the altimetry processing, the concerns are about
editing (depending on the goals) and finding the best filtering to match the HFR heights
variations.

This chapter presented the analysis of HFR and altimetry up to 25 km from the coast
fro P221, and shows that in more than half the cases the HFR and altimeter match well
(same conclusions for P145 to the north and P43 to the south). By referencing to the HFR
SLA, several PISTACH retrackers are evaluated in relation to the sea state. The optimal
method for altimetry retracking seems to be a combination of different retrackers for various
segment of the altimeter track and depends on the cycle, even in the open ocean. However
caution must be taken because the conditions for the consistency between HFR and altimetry

are not well understood, except that it depends strongly on the wind history.
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Chapter 7

Applications

7.1 Introduction

Conventional open-ocean satellite altimetry is able to provide globally repeated sea
surface information with very high accuracy resolution. However the retrieval of the sea
level information is based on the assumption that the waveforms follow the typical ocean
Brown waveform model. When this is not the case, other retracking procedures need to
be implemented, or the data is flagged as bad. The previous analyses have demonstrated
that under certain conditions the geostrophic HFR field matches the one from altimetry.
Consequently these can be used as a validation reference for the retracking method along an

altimeter track, when the waveforms do not conform to the Brown model.

7.2 Open Ocean

In the open ocean, in cases of blooming events, such as low winds or rain cells, the
waveforms will be contaminated. These cases are easily detectable, by the rain flag, or
auxiliary wind information. Fig.7.1 provides an example of a rain event, before latitude
36°N. Furthermore, in the open ocean, some of the environmental corrections that need to
be applied to the altimeter SSH will not be affected by the event. The effects of these events
on the waveform will depend on the extent of the problem. Some will be close to the Brown
model, others will have a very different shape. For the latter new retracking methods may

have to.be.developed.which will enhance the retracking theory. In instances of low winds
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or surface slicks, the ocean surface backscatter along the altimeter track can be given by
inversion of the altimeter waveforms (Tournadre et al. 2011 [72]). This information can in
turn be used to retrack the waveforms. Having the HFR SLA data as a validation reference

along an altimeter track, instead of a point measurement or the geoid is an improvement.

Sig0 Bloom
—_—

SLA (cm)

Figure 7.1: Jason-1 C323 Sep 6: HFR ( blue) and altimetry (green) SLA. There is a rain
event before latitude 36°N

Yet one needs to recall that the HFR surface currents are less reliable in the event of
high SWH (strong storms) and may be unavailable during low winds. However these low
wind events have been noted to last only a few hours, and doing a three day averaging on

the HFR currents alleviates the problem.

7.3 Near shore: case study Jason-2 P206 in the California Bight

In this section the near-shore section of the descending Jason-2 P206 passing through
the California Bight (Fig.7.2) is studied. The altimeter track leaves the California coast,
travels between the two islands of Santa Rosa and Santa Cruz located 50 km off the main
coast, and then 80 km later passes over St Nicholas Island. The 2-km HFR data extends
almost up to St Nicholas Island. The two islands Santa Rosa and Santa Cruz are separated
by about 12 km, and P206 is at its closest approach about 2 km away from Santa Rosa.

At a distance of about 10 km away from land, the waveforms will be contaminated, but the
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Jason-2 tracker does not lose track, so the altimeter data is available throughout the whole

region.
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Figure 7.2: (Left) 2-km HFR ocean surface currents (in black) in the California Bight.
Jason-2 P206 in red). (Right) Close up, between the two islands of Santa Rosa and Santa
Cruz.

In this study over the year 2010, the HFR ocean currents are averaged over 2 days,
and then are projected cross track. Finally the HFR SSH are computed by integrating the
HFR cross track velocities along P206, and interpolated to the same location as the altimeter
data.

The entire 20-Hz range MLE-4 data are kept, without any editing, because the behavior
of the MLE-4 retracker is analyzed. All the corrections are applied to obtain the SLA, except
that the Composite Water Vapor correction is used (to avoid the altimeter radiometer water
vapor correction contamination by the land), the GIM ionospheric correction is used and
that the SSB is not applied (the SSB is computed from the sig0 and SWH retrieved by
waveform retracking, and will be erroneous, when the waveforms are contaminated by land)

The mean of the SLA data over the year 2010 (36 cycles) (Fig. 7.3) displays the typical
behavior pattern of the MLE-4 retracker when it passes over land. There are clear overshoots

of thenean,SkAsoverdandyalthough not as much as it travels between the 2 islands.
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Figure 7.3: (Left) Top: the 2010 mean of the altimeter MLE-4 SLA. Bottom: the P206 dis-
tance from a coastal feature. The coast is on the right side of the figure. (Right) Comparing
altimeter and HFR SLA along P206. In blue: HFR SLA. In red: altimeter SLA after a
boxcar filter of 91 points. In green: altimeter SLA after a boxcar filter of 21 points. The
black dotted lines delineate the 10-km borders of the coastal features. The main coast is on
the right side of the figures. (top) All the altimeter data is kept and the 2010 SLA mean is
not removed. (middle) All the altimeter data is kept but the 2010 SLA mean is removed.
(bottom) The extreme outliers are removed, and the 2010 SLA mean is removed

The mean of the HFR data over the year 2010 is removed to access the data SLA. But
the question is, can the 2010 SLA mean, which is erroneous over land, be removed from the
altimeter SLA or not. Fig. 7.3 (right top) display the altimeter SLA before removing the 2010
mean, and (right middle) after. It demonstrates that using this mean is valuable, because it
contains the typical pattern of the MLE-4 retracker on the SSH, which is then reduced by
applying the mean. Furthermore, if the extreme outliers are removed, and then the mean
applied Fig. 7.3 (right bottom) the altimeter SLA becomes closely related to the HFR SLA.
This implies that even though the altimeter data are contaminated in several sections, they
can still provide a clue to know whether the corresponding HFR SLA set could be used as

a validation tool.
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Figure 7.4: Comparing altimeter and HFR SLA along P206. In blue: HFR SLA. In red:
altimeter SLA after a boxcar filter of 91 points. In green: altimeter SLA after a boxcar filter
of 21 points. The black dotted lines delineate the 10-km borders of the coastal features. The
main coast is on the right side of the figures.

Fig. 7.4 presents 9 cycles when the match is satisfying. Several retracking systems
can then be tested, such as the Brown Model with a Gaussian/Asymmetric Gaussian peak
retracker (Halimi et al. 2012 [37]) and validated using the HFR SLA. Note that on these
figures some erroneous altimeter SLA segments are not connected to land contamination,

such as for C294 and C322 around 33.5°.
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Chapter 8

Conclusions

One of the challenges of using satellite altimetry in the coastal ocean is correcting for
distortions of the altimetric waveforms linked to the presence of possible rapid changes in sea
states and /or the presence of land within the altimeter footprint. Many retracking procedures
have been developed but there is great difficulty in knowing what is the proper method and
where it is best applied. The goal of this research was to evaluate the skill of the HFR coastal
surface currents to validate the retrackers, which would be a marked improvement compared
to sparse in-situ point validation measurements. The U.S. West coast HFR network monitors
hourly ocean surface currents with an offshore range up to 150 km and spatial resolutions of
2 and 6 km depending on the radar operating frequency. The California Current System is a
dynamic region driven by strong wind forcing. Coastal upwelling along coastline with large
promontories and over strongly sloping bottom topography generates a rich eddy field. This
makes the California coastal region a perfect laboratory to analyze the relationship between
the altimeter SSH measurements and the HFR ocean surface currents.

Altimetry maps geostrophic flow only, whereas HFR data gives a total surface velocity
averaged over the top meter of the ocean and includes ageostrophic processes that need
to be eliminated. In particular the HFR contain surface wind drift components, including
the Ekman current. Using the AVISO gridded altimeter geostrophic absolute velocities
and the ECMWF gridded winds, the Ekman coefficients are estimated for the HFR surface

currents using a simple linear model, in the open ocean. The Ekman corrected HFR surface
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currents are then averaged over time to remove the tides and the inertial currents. Finally
by analyzing the time and space scales of the coastal oceanic features, a stream function is
fitted to the HFR coastal currents to retrieve their matching SSHs, which are mapped with
varying spatial scales using optimal interpolation. At the large mesoscales (100 km and 7
days), the geostrophic HFR and gridded altimeter datasets are in very good agreement with
correlations larger than 0.8 over a 3 year period. The RMS of the differences is 1.8 c¢cm in
SLA and 4.5 cm in velocity anomalies for both the zonal and meridional components.

Analyzing a 750 km long offshore altimeter track parallel to the coastline further refines
the relationship. Over the year 2010, 60% of the cases have a correlation larger than 0.6
and a resulting RMS of the differences of 2.5 cm (6.5 cm/s) in SLA (across-track geostrophic
velocity anomaly), while the STD of the altimeter signal is 4.5 cm (14.3 cm/s). One drawback
is that the HFR SLA, from this methodology, are relatively smooth, and do not contain much
signal below the 50 km wavelengths. Reducing the time averaging from 3 to 1 day does not
produce more information. This imposes a limit on the along track length scales that can
be used for the validation of the altimeter measurements using the HFR data as a reference
The altimeter data contain some instrumental white noise, which affects the altimeter signal
for wavelengths less than 30 km, part of it is of dynamical content, but separating the signal
from the noise is a delicate issue.

It is shown that the match between the HFR/altimeter SLA depends on the wind
history, essentially because a residual Ekman current in the HFR, will create a linear shift
in the HFR SLA. The use of the cross-track geostrophic velocity anomalies alleviates this
problem, but it also means that there is one more additional step in the processing of the
altimeter data, which is a differentiator.

The analysis is then extended to ascending Jason-1 and 2 altimeter tracks that cross
the coastline. As the altimeter travels from the one ocean to the coast, the oceanic space
and time scales decrease. The 2-km HFR surface currents become available. Along these

150 km long collocated HE'R and altimetry segments, the Ekman linear drift effect will be
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less problematic, and the Ekman current is not removed prior to the OI. The statistics for
the regions 25-150 km, not affected by land contamination, are slightly better than in the
previous case. The variability of the 2-km HFR SLA data are still relatively smooth. So
the possibility to validate small scales coastal dynamics from the altimeter retrievals seems
limited. But perhaps the small scales currents are weak, and the HFR SLA do represent the
dynamics heights.

By referencing to the HFR SLA, several PISTACH retrackers are evaluated in relation
to the sea state. The optimal method for altimetry retracking seems to be a combination of
different retrackers for various segment of the altimeter track and depends on the cycle, even
in the open ocean. However caution must be taken, because even though some matches are
almost perfect, the conditions for the consistency between HFR and altimetry are not well
understood, except that it depends strongly on the wind history.

Some of the errors between the altimeter and HFR SLA come from the measurements
errors of each remote sensing instrument; others from the time sampling difference: one is
instantaneous, the other an hourly-average which is then further averaged over time; others
derive from the fact that the instrument do not measure the same ocean parameter; finally
there are the processing errors to make the measurements comparable. So some phase shifts
between the SLAs seems unavoidable, the linear drift is explained by the wind and wave
induced surface drifts. But there are examples when the altimeter depicts a strong signal
that seems undetected by the HFR surface currents. The question remains whether those
are true ocean dynamic signals not captured by the HFR from our processing method, or if
there are some specific ocean dynamics that affect slightly the altimeter waveform.

The new applications concern the validation of the retracking techniques along an
altimeter track and will provide a continuity between the open ocean and coastal retracked
SSH. This would be a great improvement compared to sparse point measurements validation
methods. The inferred geostrophic HFR field can be used as a validating reference, as long

as there are sufficient collocated valid points on the altimeter track, so that the quality of
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the HFR geostrophic data can be estimated. In the open ocean specific retrackers could
be implemented for cases of blooming events. Near shore, the California Bight example
provides a very promising location to further develop this methodology and test several
dedicated coastal retrackers. The experience gained from validating the coastal retrackers

when HFR is available, could then be transferred to other remote coastal regions.
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[1] Coastal altimeter waveforms may differ from the ones in the open ocean, either from
rapid changes in the sea state or the presence of land within the satellite altimeter footprint.
The optimal retracking method for an individual track may turn out to be a combination of
several retrackers and may depend on the sea state. The coastal high-frequency radar (HFR)
ocean surface currents, hourly interpolated with a resolution up to 2 km and an offshore
range up to 150 km, are evaluated to validate the altimeter sea surface height (SSH)
measurements. A method to derive HFR SSH mapped, with a varying spatial-scale optimal
interpolation, from the HFR velocities has been implemented. Evaluated mainly in the
regions farther than 25 km off the U.S. West Coast, the HFR SSH shows good agreement
with Jason-1-2 altimetry products over the years 2008 and 2009. Three Jason-2 PISTACH
retrackers and one generic open ocean retracker have been analyzed using the traditional 1
Hz sampling rate. Nearshore, an experimental reprocessing of the 20 Hz range
measurements is also tested to check for a gain in along-track spatial resolution.
Referencing to the HFR SSH indicate the need to have several retrackers available, even
over the continental shelf, with Ice3 fitting better during Bloom events and MLE-4 (or
Red3) for high sea states. These studies demonstrate the value of HFR as a potential tool to
correct coastal altimeter SSH, refine their spatial resolution and provide some insight into

the altimeter behavior as a function of ocean conditions.
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1. Introduction

[2] The ocean plays an important role in shaping global
climate on a rapidly changing planet. There is a need to
observe, understand and model its diverse mechanisms.
With more than 20 years of experience, satellite altimetry
is a mature technology over the open ocean. With the
adequate constellation of satellites, multimission altimetry
provides globally homogeneous, high resolution, and regu-
lar mapping of mesoscale sea level and ocean circulation
variations [Morrow and Le Traon, 2006]. Yet, altimetry
and its application still face many challenges in coastal
regions. These shelf regions, with intense human interac-
tions, have a special role from an economical and environ-
mental as well as recreational and safety perspectives. With
the increase of anthropogenic global climate change, this
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zone is susceptible to greater environmental stresses and
natural hazards.

[3] The accuracy of the nadir-looking, pulse-limited sat-
ellite radar altimeter sea surface height (SSH) measurement
degrades in coastal region. The geophysical (tides, dynamic
atmospheric correction) and environmental (ionospheric,
dry and wet tropospheric, sea state corrections) corrections,
that need to be applied to the altimeter range, become less
reliable and yet more variable [4Andersen and Scharroo,
2011] Second, the altimeter waveform (return echo)
becomes distorted. Coastal waters differ from the open
ocean due to rapid changes in bathymetry on the continen-
tal slopes, shallow waters, and the presence of coastline
boundaries. This induces greater variability resulting in
shorter time- and space scales. Possible rapid changes in
sea state and/or the presence of land within the altimeter
footprint affect the shape of the waveform. Deng et al.
[2002, 2003] observed that the waveforms from ERS-2 and
TOPEX/Poseidon could be affected by land up to 20 km
off the Australian coast. Furthermore, waveforms can be
degraded by the presence of unrealistic high-radar return
cross sections (Sig0) in the altimeter footprint, called
“Sig0-bloom events” [Mitchum et al., 2004; Tournadre
et al., 2006]. These Sig0-bloom events can occur from
weak wind patches as well as surface slicks, which create a
highly reflective specular surface. These “contaminated”
waveforms will not conform to the shape of the standard

3240
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open-ocean Brown model formulated by Brown [1977].
The ocean geophysical parameter (SSH, significant wave
height (SWH) and Sig0 related to surface wind speed)
retrievals from these waveforms (retracking), fitted to the
Brown model, will be unreliable.

[4] Recovering these coastal altimetry data would be
valuable for studies of the complex coastal circulation, sea
level change, and the impact on this coastal circulation.
Some of the reasons are that the long-term altimetric meas-
urements are repeatable, stable, and are the only long-term
coastal measurements available in some remote areas. At
present, altimetry alone, even with corrected high-resolu-
tion along-track coastal data, will not resolve all the various
time- and spatial scales of coastal dynamics. The revisit
time (10 days for Jason-2; a cycle) and the distances
between tracks (~100 km at 40° latitude for Jason-2) are
too large, even with multiple altimeters. It must be consid-
ered as an important input to a coastal observing system.
As such studies combining coastal altimetry and in situ
data are adopted [Ruiz et al., 2009; Le Hénaff et al., 2010].

[s] Current altimetry products use generic open ocean
processing that are retracked with the ocean Brown model
and have been optimized for high-precision open-ocean
variability along-track 1 Hz (or ~7 km ground resolution)
SSH. There is a loss of data in coastal regions from strin-
gent quality checks (distorted waveforms, nonavailable
corrections, etc.) [Lee et al., 2009]. The use of altimeter
data in the coastal zone requires the development of new
retrackers, applying improved local corrections and reproc-
essing techniques to increase data coverage [Cipollini et
al., 2008 ; Bouffard et al., 2008].

[6] These strategies have recently been implemented and
demonstrated their values [Birol et al., 2010; Herbert et
al., 2011]. The Coastal Altimetry (COASTALT) project
provides experimental coastal data for several regions in
the European seas (http://www.coastalt.eu). The Prototype
Innovant de Syst¢éme de Traitement pour I’Atimétrie
Cotiere et I’Hydrologie (PISTACH) coastal product
[AVISO/Altimetry, 2010] is dedicated to the processing of
Jason-2 altimeter data for the global coastal zone. But there
are still many challenges to overcome for the full exploita-
tion of coastal altimetry and their validation. Developing
tools for the generation and quality check of these coastal
products is a pertinent area of research. About 20 years of
archived altimeter data in the coastal zones are waiting to
be reprocessed.

[7] Improving the quality of altimeter geophysical
retrievals is an important issue before using them for
oceanographic applications. In this study, we will focus on
the effect of retracking. Retracking is a key element to
extend the use of coastal altimetry (whether pulse-limited
or the new Cryosat-2 SAR/InSAR technology) and pro-
duces improved results in shallow-water tide modeling and
sea surface topography determination [Hwang and Chen,
2000; Deng and Featherstone, 2006].

[8] Over the last few years, we have seen the develop-
ment of new retrackers specific to coastal problems. Each
has its own advantages and drawbacks. A review of wave-
form retracking methods can be found in Gommenginger
et al. [2011]. To optimize the choice of the retracking
method waveform, classifications are done [Deng and
Featherstone, 2006] and are even included as a data ele-

ment (waveform class) in the PISTASCH coastal product.
However, there is a lack of a clear recommendation on
which retracker to use depending on the situation. There is
also a need to minimize the discontinuity of geophysical
parameters from the open ocean to the coast. Changing
retrackers from point to point along the track, depending
only on the classification of the waveform, will create dis-
continuities from the relative biases between the various
techniques. Consistency between the retrackers has to be
investigated [Deng, 2004].

[s] The performance of retrackers can be estimated in a
variety of ways. One possibility computes the statistics of
residuals, using the geoid heights as a quasi-independent
reference [Deng and Featherstone, 2006; Hwang et al.,
2006]. But the geoid may not be well resolved in the
coastal regions. The validation of coastal altimetry data has
been performed using tide gauges [Lebedev et al., 2011] for
the SSH, moored acoustic Doppler current profilers for
near surface geostrophic velocity, and wave-rider buoys
[Gomez-Enri et al., 2011] for the SWH measurements. The
problem is that in these validations one compares sparse
point measurements that may not lie exactly over the satel-
lite track in a highly dynamic region. High-frequency radar
(HFR) radial velocities perpendicular to the satellite track
were used to estimate the quality of altimeter-derived ve-
locity. The geometry of the HFR configuration, however,
limits the number of collocations [Liu et al., 2012].

[10] This paper presents a novel approach to independ-
ently validate the coastal retrackers, using the HFR sea sur-
face information that extends up to 150 km offshore along
a continuous altimeter track and at the time of passage of
the altimeter. The optimal method for altimetry retracking
may turn out to be a combination of different retrackers for
different parts of an altimeter track [Deng and Feather-
stone, 2006] or it may change for different cycles on the
same track. The HFR data will ensure a continuity of the
corrected altimetric SSH from the open ocean to the coast.
These relationships will be explored in the west coast of
the United States over the years 2008 and 2009, where the
coverage of HFR surface current is excellent, with resolu-
tions of 2 and 6 km depending on HFR-operating fre-
quency. We will concentrate on Jason-1 and 2 data in this
region (Figure 1) and on four retrackers, one conventional
open-ocean retracker as well as three specific PISTACH
retrackers. These four retrackers are available in the PIS-
TACH data product and will hereafter be referred to as PIS-
TACH retrackers for simplicity.

[11] Previous studies have compared altimetry and HFR
surface current maps that support the potential of our meth-
odology. Saraceno et al. [2008] show good correlations
between a yearly time series of HFR velocities and an
improved coastal SSH product at three locations along the
Oregon coast. Two studies confirm that HFR contain more
submesocale information [Chavanne and Klein, 2010; Kim
et al., 2011] than present-day satellite altimetry. Conse-
quently, the 2 km HFR data can help assess the feasibility
of creating a higher-resolution coastal product by exploit-
ing the higher frequency 20 Hz (or ~330 m ground resolu-
tion) altimetric range rate measurements and implementing
new editing and filtering techniques. This enhanced resolu-
tion coastal data set will better resolve the smaller scale of
oceanographic processes in coastal zones.
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Figure 1. The U.S. West Coast HFR and altimeter data

set coverage. Green corresponds to the HFR 6 km spatial
resolution while the red is the 2 km resolution coverage.
The blue lines are the ground tracks of the Jason-2 altimeter
satellite.

[12] As part of the growing ocean observing infrastruc-
ture, HFR and altimeter data are complementary; through
their respective instrument design, they observe different
aspects of the coastal ocean. It is our goal, here, to fit HFR
coastal currents to altimeter sea levels. The experience
gained from a systematic comparison of both data sets, can
provide hints on how to correct conventional coastal altim-
etry in regions where no HFR arrays are deployed and how
to test the data quality of future altimetry missions, better
suited for coastal observations.

[13] In this first study, which provides the basis for fur-
ther in-depth investigations, the region of interest will be
mainly 25 km till about 150 km (which represents the fur-
thest extent of the HFR data) offshore. Our domain does
not include the nearshore area, except briefly in section
4.2.2. This was chosen to reduce the errors in range correc-
tion that accumulate in the SSH altimetric estimates. Prob-
ably, a more specific HFR processing would be required in
the nearshore region that includes costal boundaries. The
potential of HFR to correct coastal altimetric heights can
still be explored, because there are unresolved issues in
retrieving altimetry range in this domain as aforemen-
tioned. For example, Lee et al. [2010] find that, on average
for Jason-2 from July 2008 to July 2009, a retracker devel-
oped for nonocean surfaces improves the Brown-retracked
SSH over the Californian continental shelf.

[14] The following questions will be addressed. How
should we process the HFR surface current data to make
them comparable with altimeter sea level measurements?
How well are they related and what are the limitations of
this comparison? Is there any information gained by vali-
dating the 2 km HFR data and high-frequency altimeter
data? Can we use HFR to detect invalid segments of the
traditional open-ocean retracked altimeter measurements
and, if so, to decide which PISTACH retracker better fits

the segment as well as evaluate the performance of the
retrackers under various sea-state conditions?

[15] This paper will be organized as follows; section 2
presents the satellite altimetry and HFR data. In section 3,
the methodology used to derive sea level measurements
from HFR is explained. In section 4, the HFR SSHs are
compared with altimetric SSH for three differently proc-
essed altimeter data sets as well as for several PISTACH
retrackers. Examples of issues arising from several sea
states are also examined. A discussion of the results, their
limitations, and possible future extensions conclude the ar-
ticle in section 5.

2. Basic Principles and Data

2.1. Altimetry

2.1.1. Altimeter Data Sets

[16] We use three different altimeter data sets all distrib-
uted by AVISO. The first one is the weekly multimission
altimetry merged sea level anomaly (MSLA) product
[AVISO/Altimetry, 2013], gridded SSHs computed with
respect to a 7 year mean, on a 1/3° x 1/3° Mercator grid.
This product combines data from different missions. More
specifically, we use the delayed-time, updated series. This
data set usually has no values for offshore distances closer
than about 20 km, where the data has been flagged “bad”
due to its proximity to land. We picked the weekly 2008
time series for the Californian coast in the region where we
have coincident HFR currents.

[17] The second set is the global delayed-time along-
track sea level anomalies (SLA) product [4VISO/Altimetry,
2012], which provides standard open-ocean 1 Hz (ground
track spacing of 6 km) along-track sea level anomalies
computed with respect to a 7 year mean, with all standard
corrections already applied. The time series is for the year
2008 for Jason-1, corresponding to cycles C220-C256 for
the satellite-track P221, which terminates in Monterey Bay,
California (Figure 1). Note that the number of this pass was
for Jason-1 prior to its shift to the interleaved ground track
in February 2009 and now corresponds to the Jason-2 pass
denomination. Jason-type satellites have a 10 day repeat
cycle.

[18] For the previous two sets, the corrections applied to
the SSHs are from the regular open ocean processing; no
specific coastal corrections have been applied.

[19] The third set is the Jason-2 PISTACH coastal prod-
uct [AVISO/Altimetry, 2010]. For each correction affected
by the proximity of land (such as the wet tropospheric cor-
rection), it offers a varied choice of correction scenarios.
PISTACH also gives output for three new retracking
schemes at the 20 Hz rate: Oce3, Red3, and Ice3. These
three specific PISTACH retrackers will be analyzed
together with one of the conventional Jason-2 deep-ocean
retracker MLE-4. The latter is available in the PISTACH
database and corresponds to the MLE-4 provided in the
Sensor Geophysical Data Record (SGDR version “T” and
the new SGDR version “D” (as of August 2012) [OSTM,
2011]).

[20] The Oce3 retracker represents the output of MLE-3
performed on a denoised waveform, filtered after a singular
value decomposition (SVD) [Severini, 2010]. The Red3
retracker also uses MLE-3 but is done on a restricted
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analysis window around the leading edge, to remove the
eventual gates corrupted by the effects of land. The Ice3
retracker is a 30% threshold method [Davis, 1997], also
implemented on a restricted analysis window.

[21] The PISTACH sea-level anomalies will be com-
puted from the 20 Hz data stream for the various retrackers.
For the specific coastal corrections we chose: the global
ionospheric map (GIM) correction, the decontaminated
water vapor correction where the microwave radiometer
(MR) brightness temperatures are decontaminated from
land before applying the water vapor retrieval algorithm
[Desporte et al., 2007] and the tides from the FES2004 so-
Iution [Lyard et al., 2006]. The MLE-4 derived sea state
bias (SSB) is applied to each retracker’s range, because it is
the only SSB field given in the PISATCH product. This
assumption may not hold as each retracker behaves differ-
ently as a function the sea state. The 20 Hz SSB is linearly
interpolated from 1 Hz measurements. The mean sea sur-
face (MSS) from the Danish Space Center MSS DNSCOS is
used, but this is not so critical, because we remove a mean
of the time series for our final sea-level heights product. All
other corrections are the standard ones. The waveforms are
extracted from the corresponding SGDR product.

[22] For the PISTACH sets, the time series along P221 is
analyzed from August 2008 until the end of December
2009, corresponding to cycles C004-C054 (two cycles
C005 and CO018 are not included). The PISTACH data will
be processed in two different manners as described in sec-
tion 4.2.

2.1.2. Altimeter Waveforms

[23] Conventional satellite altimeters are nadir-pointing
instruments that emit short pulses reflected by the sea sur-
face. The geometry of the footprint is pulse limited, and
pulse compression is used to achieve high-accuracy rang-
ing. The time evolution of the echo, the waveform, repre-
sents the mean return backscattered power as a function of
time. To reduce speckle, the individual return echoes are
averaged onboard, typically over 100 successive echoes (at
Ku-band) over a period of 50 ms. These 20 Hz waveforms
are transmitted to the ground, where retracking (ground
retracking) is applied to refine the extraction of the oceanic
parameters. For open-ocean generic products, the data are
averaged to 1 Hz [Chelton et al., 2001].

[24] Over water, after the pulse hits the surface, the
illuminated surface area grows from a point to a disk
and then spreads as an annulus increasing in diameter
but with a constant surface area. The corresponding
waveform shows a characteristic shape with a sharp rise
to a maximum level (leading edge) followed by a gradu-
ally sloping trailing edge, as the off-nadir signal slowly
reaches the edge of the radar beam. The waveform pro-
vides the range between the satellite and the surface at
nadir via the two-way travel time of the transmitted
pulse, the SWH via the slope of the leading edge and
the backscattering coefficient Sig0O, which represents the
surface roughness via the returned power (Figure 2).
This ocean shape can be represented by an analytical
Brown [1977] model. For the Jason-1 and Jason-2 altim-
eters, considered in this study, the waveforms of 104
samples (or range gates) are retracked using a maximum
likelihood estimator (MLE) fit to the Brown model. The
MLE-3 retrieves three geophysical parameters (range,
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Figure 2. Jason-2 Ku Band Echo (in black). Brown

waveform (in green) and parameters retrieved by MLE-4.

SWH, and Sig0); the MLE-4 also estimates the antenna-
mispointing angle (slope of the trailing edge).

[25] The Brown model has been derived from the physi-
cal properties of a rough and homogeneous scattering sur-
face for near-normal incidence. Although, different refined
analytical forms exist, one of the main assumptions related
to the surface properties (not the instrument, or pulse
shape) are that the sea surface is homogeneous over the
footprint and that the probability distribution function of
the surface slope and elevation has a predefined shape,
essentially Gaussian. When this is not the case, the wave-
form will not conform to the Brown model, and new
retracking strategies will need to be implemented.

[26] The altimeter waveforms may be corrupted by non-
uniform radar return Sig0 in the altimeter footprint. In the
case of Sig0-blooms, there are occurrences of unusually
high Sig0 due to highly reflecting ocean patches. The pres-
ence of these higher Sig0 values may signal a breakdown
in the typical Brown open ocean waveform model (Figure
3). First of all, the onboard tracker normally centers the
waveform leading edge at a predefined gate range (32.5 for
Jason-2) to keep the waveform well centered in the analysis
window. But with distorted waveforms the leading edge
can shift. This can be observed in the consecutive 20 Hz
waveform series of Figure 3a, in the presence of a Sig0-
bloom around 30 km off the coast, for cycle 26 on P221 (as
well as nearshore, for waveforms contaminated by land).
Second, Sig0-blooms can create various waveform shapes.
The distortion is not predetermined (Figures 3¢ and 3d):
the trailing edge slope could be increasing or decreasing;
the peakiness increased; there could be the presence of a
V-shape or round pattern similar to the ones observed dur-
ing rain events [Quartly et al., 1998].

[27] The waveforms affected by land will not be
included in this study. The interested reader can refer to
Gommenginger et al. [2011]. For completion, we will men-
tion that for an ocean to land transition, the altimeter foot-
print will gradually contain more and more land returns.
More waveform samples will progressively be perturbed
starting from the trailing edge and moving toward the lead-
ing edge. The shape of the coastline, the relief, and the
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(a) The 20 Hz waveforms from Jason-2 Cycle 26 pass 221, 3 February 2008; (b) typical

Brown waveform; (c) consecutive 20 Hz waveforms, 30 km off shore in the presence of a Sig0-bloom
event, over the region indicated by a black box in Figure 3a. (d) Other “bloom” waveform shapes at
21.18 and 17.55 km. (1) Brown waveform, (2) increasing trailing edge, (3) peakiness increased, (4)

round pattern, (5) V-shape.

backscattering properties of the terrain will produce a vari-
ety of coastal waveform shapes.

[28] Furthermore, over the shelf regions, the ocean char-
acteristics are expected to change and have smaller spatial
scales. There could be a variety of waveforms affected in a
yet not well-defined way, because the dynamics of the sys-
tem are still not well understood.

2.1.3. Altimetric Sea-Level Height Corrections

[29] Retracking improves the estimate of the range, but it
still needs to be adjusted for atmospheric path delays (dry/
wet and ionospheric) as well as for an electromagnetic bias
SSB. These can be problematic in the littoral regions. The
Jason altimeters carry onboard MRs to correct for the water
vapor but close to shore the MR footprint will be contami-
nated by land. Due to technical improvements the advance
microwave radiometer (AMR), onboard Jason-2, water
vapor estimates are probably not corrupted by land until
~25 km offshore relative to 50 km for the Jason-1 MR. For
the highly variable in time and space water vapor correc-
tions, different strategies exist, such as correcting the altim-
eter radiometer due to land contamination [Desporte et al.,
2007; Brown, 2010]. The frequency-dependent ionospheric
path delay is calculated from the dual-frequency altimeter
(C-band and Ku-band); but land also contaminates their
footprints (C-band has a larger beam width). The iono-
spheric correction GIM derived from the global positioning
system (GPS) network is recommended in coastal areas.

[30] The SSB correction compensates for the bias of the
altimeter range measurement toward the troughs of the
ocean waves, as well as for an instrumental bias. It depends
on the sea state (wave types and wind field). The open
ocean SSB is empirically determined from the SWH and

the wind speed [Tran et al., 2006]. In the coastal zone, with
complex wind and wave dynamics, this empirical relation-
ship may not be valid. However, we have opted to include
it.

[31] Finally, once the range has been corrected, the SLA
is computed relative to a MSS level:

SLA = Satellite height — Corrected range — MSS
— Tides height — Atmospheric pressure loading,

where Corrected range = Altimeter Range
+ Atmospheric corrections + SSB.

[32] Other important considerations in the coastal
regions are the tidal and high-frequency atmospheric pres-
sure loading corrections that are less accurate. All of the
environmental aforementioned corrections are subjects of
ongoing research.

[33] Depending on the altimeter data set used and the
focus of the analysis (more on the open ocean or on the lit-
toral regions), some improved corrections will, or will not,
be implemented. It is important to acknowledge these prob-
lems so that we understand that the altimeter segments
could be affected by these corrections and, each one of
them, in variable amounts and at variable distances from
the shoreline.

2.2. High-Frequency Radar

[34] Operational shore-based HFR systems provide
hourly surface current maps averaged within the upper me-
ter depth, with an offshore range of 50-150 km and a spa-
tial resolution of 0.5-6 km, depending on the radar
operating frequency [Barrick et al., 1977; Lipa and
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Figure 4. HFR geometry in Monterey Bay. Green dot:
HFR radar sites. Red line: Baseline between two stations.
Blue zone: part of HFR coverage area. Dotted line: radial
line. Vector: radial surface current.

Barrick, 1986; Ohlmann et al., 2007]. The HFR emits a
high-frequency radio signal in the range of 5-25 MHz,
which are backscattered from the ocean surface. The ocean
gravity waves with a wavelength of half the transmitted
wavelength (Bragg scatter) will reflect back coherently and
result in a strong peak in the retuned energy spectrum. The
Doppler shift of the peak indicates movement of these
gravity waves in a direction either toward or away from the
HFR site (radial). The ocean gravity waves have a known
phase velocity and ride on the surface current. Subtraction
of the theoretical phase velocity gives the radial ocean sur-
face current velocity [Paduan et al., 1997].

[35] Individual HFR reports the surface radial velocity
map, which is a set of projected velocity components of the
true current field with respect to the radar-bearing angles.
Thus, in order to extract a vector current map, multiple ra-
dial velocity maps are required (Figure 4). The geometry of
the HFR sites defines the coverage where the current esti-
mates are reliable. For instance, the baseline is a straight
line between two radars [Paduan et al., 1997]. Along the
baseline, the current estimate can be limited as the radial
velocities from the two sites are nearly parallel. However,
the postprocessing of the HFR radials can eliminate most
of the artifacts along the baseline [Kim et al., 2008, 2011].

[36] The uncertainty in the HFR-derived surface current
measurements can be influenced by several factors such as
antenna beam pattern, signal-to-noise ratio (SNR), sea state
related to wind speed and direction, radar geometry, and in-
terference of radar frequency. For example, the locally cali-
brated radar beam pattern can improve the quality of radial
maps and help to produce the realistic current field [Paduan
et al., 2006]. Moreover, the low SNR of Bragg scatter echo
due to weak wind condition can hinder to estimate radial
solutions accurately. The baseline due to radar geometry
can be placed on land or in the sea, which may generate
spurious vector solutions in the near-coast regions. The
uncertainty estimated from both independent observations
and HFR radial velocity measurement itself ranges from 3
to 12 cm/s (see Laws and Paduan [2011] and Kim et al.
[2011] for more details).

[37] In this paper, we analyze the optimally interpolated
HFR-derived surface currents off California coast for 2
years (2008-2009) with the resolution of 2 and 6 km in
space and hourly in time [Kim et al., 2008; Kim, 2010].
The 2 km (6 km) resolution HFR data have a minimum
nearshore range of 3 km (9 km) and maximum offshore
range of 50 km (150 km) (Figure 1).

3. Analysis Method: Retrieval of Synthetic SSH
From HFR Currents

[38] Altimetry maps the vertically integrated SSH
that can be related to the geostrophic flow, whereas
HFR data gives us a surface total velocity and
includes ageostrophic processes that need to be
removed to compare the two data sets. In this study,
an optimal interpolation (OI) was chosen to retrieve
the geostrophic currents from the total velocity surface
measured by the HFRs. More precisely, the OI esti-
mates the nondivergent stream function and, assuming
near-geostrophy for the associated nondivergent current
field, the HFR two-dimensional SSH field. The OI
requires an analysis of the time- and spatial scales of
the coastal oceanic features. These features are
expected to vary with the distance to the coastline

and/or with the bathymetry and thus may vary
regionally.
3.1. Optimal Interpolation

[39] The variable to be estimated is the stream function
1, because we are interested in capturing the geostrophic
(nondivergent) part of the HFR-observed flow. If the flow
is assumed to be nearly geostrophic, there is a linear rela-
tionship between the stream function and the observed
velocities: (u= —dy/dy and v=diy/dx). The stream func-
tion 1 can, then, be calculated directly from the HFR-
derived currents using an Ol [Bretherton et al., 1976;
Wilkin et al., 2002].

[40] The velocity observations are concatenated in the
data vector ¢°*=[u v]" ("denotes the vector transpose),
where u and v refer to the suite of measurements (u;) and
(v;) done at distinct locations with velocity components [u;
v;] T. The observations are inexact, ¢,°* = ¢; + ¢;, where ¢;
is the true value and e; is the measurement error, assumed
to be uncorrelated with each other. The vector stream func-
tion estimate at the OI grid point locations is given by

west _ Cmd (Cdd)flqsobs (1)

where C,,q is the covariance of the estimated model with
the data:

e ;) )

[41] (()is the expected value) Cyq is the covariance of
the data with each other:

(Caa)y = (& &) = (9:0)) + (eiey) = (&) + €285 (3)

where ¢ is the noise-error variance of the surface currents.
[42] The uncertainty covariance matrix of the estimate is
defined as

(Cmd )ki = <’¢kes‘ ¢i0bs> =
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Figure 5. Data set geography between Big Sur and point
conception. Gray scale: 10 km distance-band regions from
150 km to the coast. Blue contours: bathymetry with an
interval of 500 m from 500 to 4000 m; bold lines every
1000 m from 1000 to 4000 m; light lines every 1000 m
from 500 to 3500 m. Dotted green line: boundary of HFR 6
km resolution.

€ =521 — (Cna)(Caa) ™ (Cma)' (4)

where swz is the variance of ¢ and / is an identity matrix.
[43] At this preliminary stage, we will assume that the
low-frequency parts of the velocity components are nearly
geostrophic [Tisch et al., 1989; Chereskin and Trunnell,
1996] The hourly HFR velocities contain HF components
arising from tides and short-term wind events that need to
be removed in order to better approximate the observed
underlying geostrophic flow. This will de done through
temporal averaging. The study of the velocity temporal
scales over the coastal transition zone will provide the
information about how much temporal averaging can be
done, while still preserving the local structure that is
required to compare with the instantaneous altimeter meas-
urements. Finally, we need to find a functional form of the
various spatial covariance functions derived from the
observed HFR velocity spatial scales and structures.

3.2. Data Covariance Scales

[44] The first analysis was done along the southern Cali-
fornia coast between Big Sur and Point Conception, where
the coastline is relatively straight (Figure 5). For this analy-
sis, we are using a 3 day running average of a 2008 time
series sampled every 3 days, from hourly HFR measured
ocean surface currents resampled and postprocessed to 6
km resolution. Three-day composites have been selected to
remove the tidal and inertial current components in these
currents. To depict how the time- and space scales vary
with the distance to coast, the HFR velocity covariances
have been analyzed for fifteen 10 km distance-band regions
from 150 km offshore to the coast (Figure 5). The veloc-
ities have been projected on to across-shelf velocities, u;
and alongshelf velocities, v; corresponding to the across-
shelf axis X, and alongshelf axis Y, respectively. A 2008
seasonal mean has been removed from the data, corre-

sponding to the two characteristic current patterns of the
California coastal current system.

[45s] The HFR temporal covariances were analyzed over
each 10 km wide region and averaged over the year 2008.
A decrease of the e-folding timescale from about 10 days
in the open ocean to 3 days closer to shore can be detected
(Figure 6). Over the complete domain, the data will de rela-
tively highly correlated over the lowest timescale, which is
3 days. Hence, as a first approximation of the observed geo-
strophic flow we will use a 3 day averaging of the HFR
velocities. This may be less representative of conditions in
the near-coastal region due to smoothing; but for this first
exploration, which compares altimetry and HFR, mainly,
on coastal regions further than 25 km offshore, this level of
smoothing should still be adequate. This 3 day temporal
averaging was also chosen in the deep ocean by Bretherton
et al. [1976] and Wilkin et al. [2002]. We acknowledge that
averaging over 1 or 2 days should also be tested in the
future. For example, using HFR velocities, several authors
average over 2 days to retrieve the low-frequency subiner-
tial currents [Chavanne and Klein, 2010; Saraceno et al.,
2008].

[46] Also for submesoscale structures of the order of 10
km, the Rossby radius of deformation may be approaching
1 and the advective terms cannot be neglected. Neverthe-
less, even if the observations are divergent, the divergence
in the data will be removed by applying this specific Ol
gridding algorithm, which enforces nondivergence. The va-
lidity of the assumption can then be assessed by comparing
the observations and the derived gridded geostrophic
currents.

[47] Next, the HFR velocity spatial covariances are esti-
mated by computing the data spatial covariance values at
zero time lag. The spatial covariances are binned according
to spatial lags across-shelf X and alongshelf Y, normalized
relative to the maximum, and averaged over the year of
2008 (Figure 7) for each 10 km wide band. The blank pla-
ces in (Figure 7) represent areas of no data coverage; the
coast is on the right, the open ocean is on the left. The fea-
tures in Figure 7 make reasonable sense. The length scale
of the across-shelf covariance (C,,) grows in both direc-
tions (X and Y) with increasing distance offshore. This is
consistent with the coastal boundary limiting eddy size and
is the theoretical pattern for coastally trapped waves
across-shelf velocity. We also observe, more or less, the
same pattern in the alongshelf covariance (C,,) especially
in the central small spatial-lag area (central red area in Fig-
ure 7). Although, in contrast to Cy,, there is a component
that stays elongated in the Y, alongshelf direction, visible in
the slightly larger spatial-lag area (yellow area in Figure 7).
Again, this is consistent with coastally trapped wave
theory. The distance from the coast does not appreciably
affect the alongshelf scale for the alongshelf velocity.

[48] For the purpose of this study, we will fit a theoreti-
cal spatial covariance function to the central (red) section
and assume that C,, grows in both directions with increas-
ing distance offshore. By making this approximation and
from the structures of both observed spatial covariances,
we can then assume the velocities to be consistent with the
statistics of a locally homogeneous, isotropic turbulence.
This implies that the stream function spatial covariance
Cyyp is related to the velocity spatial covariances
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Figure 6. Temporal covariance of the across-shelf (1) HFR velocity data at zero spatial lag, averaged
over the year 2008 for each 10 km width region. The offshore region increases from top to bottom and

left to right.

[Bretherton et al., 1976; Wilkin et al., 2002]. We use the
Walstadt et al. 1991] stream function ¢ for the normalized
spatial covariance defined as

Cyp = (1 =1/ )exp (=17 /a®)

from which the theoretical velocities covariances can be
derived [Wilkin et al., 2002]

Co = (X2/P)T —8)+S

Cy = (Y*/P?) (T —S)+S where T =—1/r(0C /Brg
Co = (XY/?)(T - S) S=-1/r 82C¢¢/8 r)
Cyy =0T r= (X2 4122

Cyy = —XT

(5)

[49] Figure 8 shows the good match between the
observed and fitted covariances for the offshore region
between 50 and 60 km, normalized and averaged over the
year 2008. We fit the parameters a and b in equation (1) for
each zone. We find, for example, in the offshore zone
between 50 and 60 km, ¢ =50 km and »=70 km and in
the offshore zone between 20 and 30 km, a =35 km and
b =50 km.

[s0] In conclusion, we can directly estimate the stream
function, proportional to the SSHs (assuming geostrophy),

from the observed HFR currents with an OI method that
uses locally varying spatial scales depending on the dis-
tance of the Ol grid point from the coast. The covariance
matrices Cy,g and Cyq in equation 1 are:

Cos = (cuu +e2l  Cy

Cuv Cw+e21) and Cmd=(Cz/,uC¢v)

(6)

[51] In this OI implementation, we incorporated a linear
change in spatial scale over the continental shelf. Thus,
each point in the domain of interest is assigned a specific
spatial scale depending on its distance from the coast. We
selected observations in an area with a radius selected as
the local spatial scale to reduce the amount of observations
and the computational time.

[52] The velocity-noise error for the HFR is assumed to
be constant e=15 cm/s, although in reality, this error
varies depending primarily on the radar and current geome-
try, less on weather conditions and in our case on how well
the initial geostrophic assumption is satisfied. This value
was chosen considering the typical errors found in the HFR
velocities (section 2). From a total velocity error of 15 cm/
s, the individual error component could be lowered, and af-
ter a 3 day averaging, the errors could decrease even more,
if the geostrophic component is properly captured.
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Figure 7. Covariances of HFR velocity (left) C,, and (right) C,, at zero time lag, for each 10 km wide
region, binned according to spatial lag X (cross-shelf) and Y (alongshelf), normalized and averaged over
2008. The seasonal mean has been removed from the across-shelf velocity, u, and along-shelf velocity,
v. The offshore region increases from top to bottom and left to right.

Furthermore, the residuals of the optimally interpolated
field should be consistent with the assumed error variance
of the data. Over 2008, we find that the root-mean-square
(RMYS) difference of the HFR and the OI-mapped velocities
in the # and v components are 3.9 and 4.4 cm/s less than
the estimated error variance of 15 cm/s. Also an RMS error
of 10% in the HFR velocity observations results in an RMS
error of about 4 cm/s in the Ol-derived geostrophic veloc-
ities, which is, again, smaller than 15 cm/s (even if we take
into account the factor of 2 (section 4)).

[53] We implemented this OI mapping method for the
region of the Jason-1 track P221 that terminates in Monte-
rey bay (Figure 9). The bathymetry found along this area of
the California coast causes the formation of eddies [lkeda
et al., 1984; Hickey, 1998; Strub et al., 1991]. This is a
region prone to having large sea level anomaly (SLA) var-
iations and a good one to test our methodology. In Figure
10, we present the results of the OI from the 2 km resolu-
tion HFR velocities, for the along-track pass P221 on 6
September 2008. The mapped SSH has been computed
using a varying spatial scale (Figure 10, right) versus using
a single spatial scale, chosen to be the one for the zone
between 50 and 60 km over the continental shelf (Figure
10, left). The varying spatial-scale method clearly shows
more details in the dynamic height structure.

[54] The OI methodology was explained for the more
complex case of a direct comparison of HFR observations
with the instantaneous altimeter along track on an OI grid
of 2 or 6 km resolution. But we will also adapt the method-

ology to compare HFR data with the weekly MSLA prod-
uct (section 2.1.3) on a 1/3 ° x 1/3 ° grid. This is simpler.
First, we can directly average the HRF currents over a
week, the same time sampling. Second, the OI grid is cho-
sen to be the same as the MSLA grid, thus about 30 km re-
solution. This resolution imposes a limit on the spatial-
scales features that can be detected to more than 60 km. So,
in this case, we will only use one spatial scale chosen to be
the one for the zone 50-60 km.

[s5s] Note that the HFR synthetic SSHs contain an
unknown bias due to the geostrophic relationship (v = —g/f
O0SSH/0y and v = g/f 0SSH/0x), where fis the Coriolis pa-
rameter and g is the gravitational acceleration.

4. Results

[s6] The HFR synthetic SSHs are compared with alti-
metric SSH for three differently processed altimeter data
sets as well as for several PISTACH retrackers. Examples
of issues arising from various sea states are also examined.

[57] In order to obtain consistent time series of HFR and
altimeter SLA, i.e., relative to the same reference level, the
mean of the sea level time series is removed from both
SSH data sets. This mean is adjusted for each specific data
set used. Also we notice that, in general, to match the varia-
tions of the altimeter SLA, the HFR sea levels need to be
amplified by a factor of 2. We think this is due to the
smoothing inherent in the OI methodology, but the exact
reason for this discrepancy requires further investigation.
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Figure 8. (right) Observed and (left) fitted covariance
functions for the across-shelf (1) and alongshelf (v) HFR
velocities in the 60-50 km offshore zone.

This estimated factor of 2 has been derived from the least
squares method (refer to section 4.1.2 for details) and is
applied to each HFR-inferred sea level set.

4.1. Comparison of HFR Over the Open Ocean With
Standard Altimetry Product

[58] The comparison of HFR and altimeter SLA over the
wide continental shelf, which we refer to as the open ocean

37

Latitude (N)
&
w

36

CALIFORNIA

Monterey Bay

Latitude (N)

-122

-1225 -121.5

Longitude (W)

Figure 9. Monterey Bay bathymetry. Red lines: bathym-
etry, light 100 m, bold 250 m. Blue lines: bathymetry, bold
every 1000 m from 1000 to 4000 m, light every 1000 m
from 500 to 3500 m. HFR limit: long dotted line. Jason-2
P221: small dotted line.

(25-150 km offshore), will set the criteria for the feasibility
of the method. This is an area where altimetry is assumed
to be reliable.
4.1.1. HFR and MSLA

[so] First of all, we will analyze the weekly MSLA over
the year 2008 with the corresponding weekly HFR syn-
thetic SLAs, derived from the OI, on a 1/3° x 1/3° grid for
the Californian coastal region. The mean of the sea level
time series is removed from both data sets. To adjust for
the unknown bias for each weekly HFR sea levels (derived
from the OI method), an estimate of the bias over the com-
plete region is computed, and then subtracted. The bias for
week w is computed by taking the mean of the difference
between the HFR and MSLA sea levels, over the entire
region.

[60] We created a movie for the weekly time series, of
both sets presented as snap shots in Figure 11 with a sam-
pling of every 6 weeks. After August 2008, the field

A

-125.5 -122

-125.5 -122

Longitude (W)

Figure 10. HFR synthetic SSH in centimeters, computed at the Jason-2 time on 6 September 2008
along-track P221. Effect of using a single spatial scale chosen at the (left) 50 km zone and the (right)
varying spatial scale OI method, on a 2 km resolution grid. The computation time is faster for the single
spatial-scale method, so the output area is slightly larger.
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Figure 11.

(bottom) Weekly AVISO MSLA compared to (top) HFR SLA every 6 weeks for 2008

along the Californian coastline, on a 1/3° x 1/3° grid. The date on the figure represents the center of the
week. The SLA is given in centimeters. The HFR coverage increases after August.

extends to the north, because the coverage of the 6 km
HFR grid increases. The time evolution of these two
fields for the year 2008 shows excellent agreement: the
formation and development of eddies is nearly identical
in both series. To quantify this relationship, the SLA
time series for the 51 weeks, for each grid point, in
the subregion available for the whole year (as observed
for the week of 9 January 2008), have been retrieved
for both HFR and altimetry. The correlations for the
150 grid points between the two SLA time series (Fig-
ure 12) are excellent, except for a few grid points (25
points, 16%) where the correlations are lower than 0.7.

These points are found in the border regions, where the
HFR velocities may be less reliable, as well as in the
regions less sampled by the HFRs over 2008.

[61] This result, although on a large timescale and low-
resolution spatial grid, suggests that the HFR-synthetic
SSHs can be used as a proxy for the altimetric-measured
heights in the open ocean where the waveforms are, usu-
ally, not distorted due to proximity to land.

4.1.2. HFR and Jason-1 SLA

[2] The 6 km HFR synthetic heights were computed
during 2008 and interpolated along the altimeter track
P221, which terminates in Monterey Bay, California
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Figure 12. Mean correlation between the time series of
the weekly inferred HFR and the MSLA sea levels, for each
150 grid point, on a 1/3° x 1/3° grid, over the year 2008.

(Figure 9). These were compared (first 12 cycles in Figure
13) with the coincident along-track Jason-1 standard open-
ocean 1 Hz (6 km along track spacing) SLA product. The

J1 P221 (C220Jan-04

SLA data are referenced to the same nominal ground track.
To reduce the noise from the Jason-1 1 Hz set, two differ-
ent filters have been applied, one with a cutoff wavelength
of 50 km and the other with a cutoff wavelength of 25 km.
This procedure enables us to check which level of filtering
better correlates with the variability of the SLA signal
retrieved from the HFR data set. The means for each time
series over the 33 cycles for the year 2008 have been
removed (Some Jason-1 data are missing in August).

[63] From this small sample, we can see that in about
70% of the cases both the HFR sea levels and the altimetric
heights agree relatively well (first 12 cycles in Figure 13).
The higher wavenumber “wiggles” in the 25 km filtered
curve could depict areas where the SWH is large and the al-
timeter SLA is retrieved with less precision, or there are
simply more detailed dynamical features in this area (for
example, Figure 13, C229). In other cases, the two sets
diverge in segments that seem time dependent but not
related to the distance from the coast (such as Figure 13,
C224 and C230). When a 25 km low-pass filter is applied
to the 1 Hz altimeter SLA the correlation with the 6 km
HFR sea level is low, as the former contains more noise or
shorter scales ocean dynamics, and a 50 km cutoff fre-
quency seems to smooth the data a little too much. In fact,
a 40 km cutoff frequency gives only slightly different

c221 Jan-14 €222 Jan-24 C223 Feb-03
10 10 10 10
; . M 0 0
-10 -10 -10 -10
S0 100 150 50 100 150 50 100 150 50 100 150
C224 Feb-13 C225 Feb-22 €226 Mar-03 C227 Mar-13
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=
E 0 { o 0 o
S . N
T 10 -10 -10
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Figure 13. Comparison Jason-1 and HFR SLAs along P221 for Cycles 220 to 231. HFR SLAs (in
blue) are amplified by 2 and Jason-1 1 Hz SLAs are filtered with a cutoff frequency of 50 km in red and

25 km in green.
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Figure 14. Correlations between the 6 km HFR inferred
SLAs and the Jason-1 SLAs smoothed with a cutoff fre-
quency of 50 km. They are computed along-track P221 on
the section 50-150 km from coast, for 33 cycles in 2008.
Red squares are not statistically significant.

Correlation

correlations than the 50 km cutoff frequency. To quantify
the relationship the correlation coefficients between the
HEFR heights and the 50 km filtered Jason-1 anomalies have
been computed.

[64] The correlation coefficients are calculated (Figure
14) for the 33 cycles during the year 2008 and confirm our
conclusions. Five sets are statistically insignificant, five
sets are negatively correlated, and the remaining 23 sets
have correlations larger than 0.5. The mean correlation for
these 23 sets was 0.82, with the mean slope of the regres-
sion coefficient (HFR versus AVISO) around 2. This
explains the consistent multiplication of the HFR-inferred
SLA by a factor 2 in order to enhance the comparison.

[65] A closer inspection reveals that for cycle C230, with
a correlation of —0.7, there is a problem with the altimeter
data probably from a low-wind event. For cycle C226, a
major portion of the sea level variations is in good agree-
ment, but the correlation is only 0.6 because the nearshore
end segment diverges. The next step is to find out if this
level of matching is sufficient to detect when another
retracker would be better suited.

4.2. Comparison of HFR With PISTACH Retrackers

[66] In this section, the sea levels from four retrackers
are extracted from the PISTACH product. The goal is to
determine if we can validate the different retrackers using
the sea levels computed from the HFR currents. This com-
parison will be carried out with two different processing
methods for the 20 Hz altimeter data: one by deriving the
traditional 1 Hz data stream and the other by keeping the
20 Hz rate. The former will be compared with the sea levels
derived from the 6 km HFR currents only; the latter also
includes the 2 km HFR currents.

4.2.1. The 1 Hz PISTACH Data Rate

[67] Each of the four PISTACH retrackers (MLE-4,
Red3, Ice3, and Oce3) SLA is averaged using a 20 point
boxcar window and sampled every 20 points, to create 1
Hz retracked SLAs. In this process, a simple 3 sigma filter,
within the 20-point box, edits the extreme outliers. No
other special editing following criteria in the GDR hand-
books are done, because the goal is to evaluate the perform-

ance of the retrackers under various ocean conditions.
Then, each retracked SLA series is filtered with a cutoff
frequency of 25 and 50 km, and will be analyzed with the
coincident 6 km HFR sea levels. For each cycle and each
retracker, an unknown offset has been estimated and
removed from the HFR sea levels. This offset has been cal-
culated such that the mean of the differences between the
retracked and HFR sea levels, on the track segment consid-
ered, is zero.

[68] If we assume the HFR sea levels to be the best esti-
mate of the geostrophic field then we can evaluate the
retracking techniques. At this point of study, the shapes of
the SSH curves are more important than the exact values,
because there may be some offset between HFR and altim-
etry not yet taken into account. The demeaned SLAs given
by the different retrackers are displayed for six consecutive
cycles C006-C0011 (Figure 15). The “x,” on the figure,
points to the retracker that most closely approximates the
HFR set. The ovals represent segments where both curves
are similar. To quantify the value of having several retrack-
ers at our disposal, the standard deviation (STD) and the
correlation coefficient time series between each retracker
with the coincident HFR sea level anomalies have been
computed for the 49 Jason-2 cycles from C004 to C054
(except for CO05 and CO018). The 1 Hz time series have 17
points on track P221 along a segment from 25 to 120 km to
the coast (corresponding to the along-track distance 50—
150 km, considering the geometry of the Monterey Bay
coastline). Table 1 displays the individual results for the six
cycles, which represents a comprehensive array of possible
encountered situations.

[69] We note that Red3 and MLE-4 are very similar
except for cycle C010. For cycle C008, all retrackers relate
to HFR. Ice3 has the highest correlation (p) of 0.96. For
cycle C006, the shapes differ and Ice3 performs better, but
with a correlation of only 0.4. For cycle C007, only Ice3
follows the HFR profile. For cycle C009, the end segment
fits with MLE-4 or Red3 and have correlations of ~0.66,
but the nearshore segment diverges for all retrackers. For
cycle C010, the 90-150 km segment is better retracked
with Ice3 or Red3, and closer to shore MLE-4 improves the
match, considering the HFR as the validation set. All of the
individual retrackers have a low correlation. Finally for
cycle CO11, all retracked SLA are similar but do not follow
HFR data. For these six cycles, the STD for the best-corre-
lated retracker is usually the lowest and is, in these cases,
lower than 2 cm for correlations higher than 0.67.

[70] The Oce3 is expected to give noise-reduced and -
improved SLA results. However, the outputs given in the
PISTACH product are derived from an early version of the
Oce3 algorithm, which contains a slight problem (P. Thi-
baut, personal communication, Oct. 2012). In this version,
the along-track waveform series is divided into contiguous
segments. For each segment, an SVD is performed and the
same SVD filtering parameters are used for all the wave-
forms within the segment, before the MLE-3 is applied.
But this methodology, as was later discovered, can create
retrieved-range jumps between the segments and produce
noisy-wavy like Oce3 sea levels (Oce3 C007 in Figure 15).
This problem does not affect the quality of Oce3 for all
cycles. When the noise level in the Oce3 (as seen in the 25
km filtered SLA) is low, the results may be trusted. For
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Figure 15. Comparing PISTACH retrackers with HFR sea levels, for six cycles along P221. The 1 Hz
SLAs are smoothed with a cutoff frequency of 50 km in red and 25 km in green. The blue curves repre-
sent the HFR SLAs amplified by 2. The x is the retracker that best fit HFR. The ovals represent segments

where both sea level shapes are similar.

example, Oce3 is consistent with the other retrackers for
C008 (Figure 15). The results from Oce3 are considered in
this analysis, but with precaution, knowing that its reliabil-
ity is in question.

[71] In summary and clearly displayed in Figure 16, for
MLE-4 and Ice3 only, there are examples when both match
and either fit (Figure 16¢) or do not fit (Figure 16d) HFR.
There are cases when either MLE-4 (Figure 16a) or Ice3
(Figure 16b) are consistent with HFR. Finally, there are
some sets where we could combine segments of MLE-4
and Ice3 in order to get closer to the, presumed more accu-

Table 1. Correlation Coefficients Between the HFR and PIS-
TACH Retrackers SLAs for Six Cycles in 2008, as Well as the
STD of Their Differences

rate, HFR SSH estimates (Figure 16¢). This can be general-
ized to more retrackers.

[72] Next, the statistics for the 49 cycles are presented in
Table 2. The mean correlation for each retracker is around
0.5. If instead, we create a retracked SLA series, where
only the retracker with the highest correlation is kept, the
Best-Retracker (B-RTK) sea levels, then the mean of the
correlation becomes 0.68, an amelioration of about 30%. A
subset of these 49 cycles is picked by keeping only the B-
RTK sea level time series with a correlation larger than 0.7.
There are 35 (70%) such B-RTK sets. However, for each of
the four individual retrackers, the number of sets with a
correlation larger than 0.7 is ~25 (50%); 10 less sets than
in the combined B-RTK. The Mean of the correlation for
these 35 B-RTK sets is 0.88 compared to 0.77 for the 35
corresponding MLE-4 sets, an improvement of 14%. The

€006 €007 €008 €009  COI0 €Ol BRTK contains 15 MLE-4, 11 Ice3, 4 Red3, and 5 Oce3
Correlation sets with a correlation larger than 0.7. The mean STD for
MLE-4 —0.08 024 0.84 0.5 —0.4 —0.9 thesesetsis2 = 1 cm.
Red3 0 0.66 0.82  0.67 0.03  —0.87 [73] The regular Brown model based retrackers and Ice3
Ice3 0.4 077 096 007 -044 -082 can give very similar SLA. However, Ice3 provides better
Oce3 —0.08  -032 091 0.5 —06 008 results in several instances. The ice retracker, a threshold
i/[TLI])E(:m) 18 595 . . 534 495 type retracker, is not based on a “physically sound” model
) : ’ . : ’ ’ (not derived from knowledge of microwave scattering at
Red3 2.9 1.83 1.25 1.65 2.36 4.37 . L, . .
nadir) and care should be taken in its interpretation. This
Ice3 2.27 1.85 0.88 2.3 3.11 3.75 . .
Oce3 42 67 1.83 24 540 3 empirical model enables the retrack}ng of waveform shapes
that does not conform to the generic open ocean ones and
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Figure 16. Comparing MLE-4 and Ice3 with HFR sea levels along P221. Same labeling as in Figure
15. (a) MLE-4 best fit; (b) Ice3 best fit; (c) All similar; (d) MLE-4 and Ice3 similar, but not to HFR; (e)

Combining MLE-4 and Ice3 fits HFR.

may give better results under a wider variety of conditions.
But the retrieved parameters may not have a clear connec-
tion to the underlying geophysical forces. This conclusion
underlies the fact that even offshore the waveforms may
diverge from the Brown model and the conventional deep
ocean retrackers do not apply.

[74] If we assume that the HFR anomalies can be used as
a validation tool, these statistics are in favor of the need to
have various retrackers at our disposal, even over the conti-
nental shelf region. The HFR can provide the backup nec-
essary to determine what are the associated sea surface
phenomena that create the disturbances to the waveforms
and contribute to less reliable estimates of the conventional
open ocean retrackers.
4.2.2. The 20 Hz PISTACH Data Rate

[75] In this section, the PISTACH 20 Hz data stream will
be studied employing a different processing to start exam-
ining the possibility of extracting a higher-resolution prod-
uct nearshore, where the temporal and spatial variability of
ocean processes increases. Instead of subsampling to the 1
Hz data rate, the original full 20 Hz rate is used. These data
are noisy. To reduce the measurement noise, the 20 Hz
SLA outliers are removed by using an iterative strategy
that combines a low-pass filter with a 3 sigma boundary
editing. Then the data is smoothed using a boxcar window
of 21 points (7 km) and 60 points (21 km). Filtering the
data with a cutoff frequency of 7 km will, still, create a
noisy along-track sea-level series. It was kept partly to

reveal regions with more high-frequency errors that may be
associated with a variable sea state or other disturbing con-
ditions. Now we present SLA data sets that go all the way
to the shore, as the level of filtering is more appropriate to
deal with the end points. We can compare them with the 2
km derived HFR SSH available for the year 2009 along
P221. In fact, now the nearshore 2 km HFR currents and
offshore 6 km ones are combined. These observations are
used to generate the 2 km OI gridded HFR sea levels that
are then interpolated every 2 km (~6 points) on the along-
track P221.

[76] The 2 km HFR sea levels have more variability than
the previous 6 km product (Figure 19). The question is do
these reflect the structures observed in altimetry. The 21-
km filtered PISTACH sea levels contain small high-fre-
quency components that seem unrealistic (Figure 19). Their
larger spatial-scale dynamics agree well with the ones of
HFR, especially for the case C031 on May 14, for Ice3. For
C034 on June 12, the nearshore segment 0—60 km contains
small-scale features in the HFR sea levels that correspond
to the variations of Ice3. If those features are realistic, then
filtering altimeter data at this level can be beneficial in the
nearshore regions.

4.3. Sea State

[77]1 Various sea state conditions can affect the quality of
altimetric SSH. This can explain some of the disagreements
between the HFR sea levels and those from altimetry. In
this discussion, Oce3 is not considered. It is not easy to

Table 2. Correlation Coefficients and STD of the Differences Between the HFR and PISTACH Retrackers SLAs for All 49 Cycles
(Top) and for a Subset of 35 Cycles Chosen Such That the Correlation for the B-RTK Is Larger Than 0.7 (Bottom)®

B-RTK (Retracker With

MLE-4 Red3 Ice3 Oce3 the Highest p)
For All 49 Cycles
Correlation 0.48 £0.51 0.5+0.47 0.47 =0.47 0.42 +0.51 0.68 = 0.34
STD(cm) 3*x19 29*15 26=*1.1 3.6x2 2=*1
For 35 Cycles When p of B-RTK > 0.7
Correlation 0.77 0.2 0.77+ 0.17 0.68 = 0.36 0.67 £0.32 0.88 = 0.09
STD (cm) 27%+19 2717 245*+12 32*2 2=*1

“Each value is the mean = STD.
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Figure 17. Backscattering coefficient sig0 for 28 December 2009 off Monterey Bay, derived from (a)
Envisat ASAR at 06:00 UTC (b) Jason-2 for the Ku-band (blue), and C-band (red) at 04:00 UTC. The
lines on the SAR image approximate the extent of Jason-2 P221 circular footprint.

generalize, but cases of high SWH or high Sig0 can disturb
the outputs of the retrackers. For instance, the presence of
unusually high-Sig0 values (Sig0>16 dB for Jason-2
MLE-4) in the altimeter footprint from Sig0-bloom events
may signal a breakdown in the typical Brown model. The
bloom events, along P221 in Monterey Bay, extend over a
few tens to hundreds of kilometers. Their occurrence and
frequency vary from cycle to cycle. There have been about
20% of large bloom events during the Jason-2 time series
considered. As can be seen in the ENVISAT SAR image
on 28 December 2009 (Figure 17) 2 h apart from the Jason-
2 C054 P221 passage, small-scale variations in surface
roughness over the altimeter footprint can occur. The altim-
eter MLE-4 retrieved Sig0 for the Ku-band and C-band are
very high (>16 dB) with wavy patterns, related to the dark
patches of low-SAR backscatter. Under low wind condi-
tions (<5m/s) short gravity waves can be suppressed and a
high-altimeter specular backscatter coincides with a low
Bragg scattering mechanism in SAR. The knowledge of a
high-resolution repartition of surface roughness over the al-
timeter footprint is important. During a bloom event, Ice3
behaves in a more stable manner than MLE-4 (or Red3)
and stays closer to the HFR sea levels.

[78] Cycle C030, on May 4 (Figure 18), is a case when
the Sig0-bloom event extends over a large region with
Sig0 > 20 dB; none of the filtered 20 Hz retrackers are well
adapted in this situation. The HFR sea levels, available
throughout, have large variations (—15 to +15 cm). Can
they be used to correct altimetry during this bloom event?
We mentioned, in section 2.2, that there can be a lack of
HEFR data in case of low wind events, but these have been
observed to last less than a few hours over 2009. By doing
a 3 day average, we can still get an estimate of the SSHs. In
this case, for C030, the answer is probably yes, because,
interestingly, at the 1 Hz data rate Ice3 corrected this bloom
event very well (Figure 16).

[79] Note that we chose to use the MLE-4 derived Sig0,
as an indication of the sea state or problematic zone, from a
well-studied, traditional open ocean retracker. Historically,
MLE-4 was implemented to correct for the Jason-1 attitude

problem, and estimates the slope of the trailing edge related
to the mispointing angle. It was then chosen to retrack
Jason-2 echoes. MLE-4 gives better estimates of range and
SWH, relative to MLE-3, but Sig0 is degraded because the
joint estimation of the mispointing and Sig0 is ill condi-
tioned [Thibaut et al., 2010]. As a reminder, the new GDR
version “D” includes both the MLE-3 and MLE-4 outputs
and their Sig0 have different characteristics. For example,
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Figure 18. Comparison HFR and Ice3 SLAs along P221,
(left) with and (right) without bloom. (top) Sig0 (dB) from
MLE-4 in blue, SWH (m) amplified by 2 in black. Bloom
events occur for Sig0 > 16 dB for Jason-2. Close to shore
there is contamination by land. For Sig0 ~ 0 dB, there is a
loss of signal by the tracker. Sig0 from Red3 is displayed
in red for C030. (bottom) HFR SLAs are amplified by 2, in
blue; Jason-2 20-Hz Ice3 SLAs are filtered with a cutoff
frequency of 7 km in red and 21 km in green.
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Figure 19. Comparing (middle) Jason-2 ICE3 and (bottom) RED3 retrackers with HFR SLAs for dif-
ferent sea states along P221 (same color code as in Figure 18). Sig0 from Red3 is displayed for C034 in

red.

Figure 18 shows the Sig0 profiles for MLE-4 and Red3
(which is based on MLE-3) during a bloom event. The
MLE-4 derived Sig0 contains more noise level and one can
observe more undulations. The Red3 and MLE-4 derived
SWH exhibit very similar behavior in the cases presented,
so only the MLE-4 SWH is displayed.

[s0] We examined three cases, along P221, to compare
the response of the Ice3 and Red3 retrackers depending on
the sea state as described by the altimeter MLE-4 derived
SWH and Sig0 (Figure 19):

[81] (1) Cycle C031: There are no bloom events, Sig0
stays below 15 dB, and SWH below 2.5 m. Ice3 performs
well and better than Red3 throughout.

[s2] (2) Cycle C026: Beyond the close to shore bloom
events (<30 km) Red3 performs better though it seems
noisy. In this case, the SWH is relatively high, starting at
2.5 m and increasing to 5 m offshore.

[83] (3) Cycle C034: Low SHW < 1.5 m. Ice3 matches
well closer than 50 km, then Red3 until a little bloom event
around 140 km. For this example, the Red3 Sig0 is dis-
played, because it has an opposite behavior in the region of
the bloom event as seen by MLE-4. Any difference may
signal a breakdown of the assumed Brown model
waveforms.

[84] To summarize, using only Ice3 and MLE-4, for
Sig0-bloom events, Ice3 is more stable. When both SWH is
low and Sig0 is less than 16 dB, the sea levels from MLE-4
and Ice3 are very similar (Figure 10, C019). When the

SWH is high (SWH > 3 m, associated with low Sig0, high
wind speeds) or SWH is variable within the segment, Ice3
and MLE-4 can differ. It these instances MLE-4 seems to
better fit the HRF sea levels (Figure 10, C016). Although
we generalized, along a track the best fit relative to HFR
sea levels can change in an unpredictable fashion, it is not
clear under which conditions one retracker would be more
efficient than the other. This needs to be investigated more
systematically to see if we could predict a trend.

[85] As mentioned in the last section, there are cases
when only one segment of a retracker fits the HFR sea lev-
els and cases when the HFR and altimeter sea level sets
diverge. Besides the bloom events, there are about 15 cases
when both data sets are not quite similar, either as a phase
shift or as an end segment. One of the future tasks will be
to determine which one is a better representation of the true
sea surface level. There are limitations inherent to the HFR
measurements and Ol processing that need to be better
evaluated to define how effectively we could use the HFR
sea levels as a reference to improve the quality of
altimetry.

5. Discussion and Conclusion

[s6] One of the challenges of using satellite altimetry in
the coastal ocean is correcting for distortions of the altimet-
ric waveforms linked to the presence of possible rapid
changes in sea states and/or the presence of land within the
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altimeter footprint. Many retracking procedures have been
developed, but there is great difficulty in knowing what is
the proper method and where it is best applied. We eval-
uated the skills of the HFR coastal surface currents to vali-
date the retrackers, especially in the region 25-150 km
offshore. The U.S. West Coast HFR network monitors
hourly ocean surface currents with an offshore range up to
150 km and spatial resolutions of 2 and 6 km depending on
the radar operating frequency. By analyzing the time- and
space scales of the coastal oceanic features, we can fit a
stream function to the HFR coastal currents to retrieve their
matching SSHs, which are mapped with varying spatial
scales using OI. Tested on regions more than 25 km off the
California coast, we demonstrate a similarity between the
HF coastal radar derived SSH fields and those computed
directly from standard satellite altimetry product using
Jason-1 and Jason-2 over the years 2008 and 2009.

[87] The behavior of four retrackers from Jason-2 PIS-
TACH coastal product were analyzed and showed the pos-
sibility of determining which retracker better fits the HFR
sea levels depending on the sea state and other conditions.
The PISTACH version of Oce3 is not reliable. Red3 and
MLE-4 give very similar results, for the sea level, over the
offshore regions. This is not surprising as both retrackers
are based on the MLE fits using the Brown model. Red3
uses observations only centered on the leading edge instead
of the complete waveform. Red3 will provide better esti-
mates of the sea level when the trail end part is distorted.
The largest differences are seen between MLE-4 and Ice3.
Ice3 is more stable when the waveforms depart from the
standard open ocean shape, for example, during Sig0-
bloom events. But Ice3 is not based on a physical model, so
care must be taken in its interpretation.

[s8] Having the HFR sea levels to validate the retrackers
demonstrated a tendency to have Ice3 fit better in cases of
bloom events and MLE-4 (or Red3) in cases of high SWH.
There are cycles when the match is almost perfect. There
are also instances when the HFR and altimetry do not
agree, either on segments or for the complete track consid-
ered. If we keep a time series of best fitted retracker
(B-RTK), relative to HFR, then the mean correlation, at the
1 Hz level, is higher than 0.7, seventy percent of the time
along-track P221 on the portion 25 km to 120 km offshore.
The mean correlation for this 70% subset is 0.88. This
result is without combining several retrackers on an indi-
vidual track.

[s9] A different processing strategy was implemented on
the altimeter data, to use the original full 20 Hz rate,
instead of subsampling to 1 Hz. The 20 Hz SLA outliers
are edited with an iterative strategy that combines a low-
pass filter with a 3 sigma boundary editing. Then the data is
smoothed with a 21 km boxcar window. At this level of fil-
tering, the SLAs are still contaminated by high-frequency
signals. But we find that it contains additional information
about oceanic processes, in the coastal zone, by referencing
them to the 2 km resolution HFR sea levels.

[90] The processing of both data sets still requires
improvements to make them more compatible and under-
stand the limitations of this comparison. For instance there
are some issues with the HFR surface currents inversion
methodology. Three-day-averaged HFR currents are used
as input to the OI, but perhaps a 1 day average would be
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Figure 20. (left) No editing and (right) edited MLE-4
with HFR sea levels (in blue). The MLE-4 sea levels are
both filtered with a cutoff frequency of 7 km in red and 21
km in green. But on the right, spurious data are removed,
before filtering, and refines the 20 Hz MLE-4 SLAs.

more representative of the instantaneous altimeter along-
track SSH. How stringent should the quality of the HFR
currents be, which would lead to data gaps in the HR cover-
age? Finally there is the issue of a variable HFR synthetic
heights multiplicative factor around 2, in order to bring
them to the same signal level as those from altimetry. What
is its origin, and how should it be accounted for in the
inversion process? Perhaps, a comparison between HFR
currents and altimetric geostrophic currents can help us
resolve this problem.

[o1] For the altimeter processing, the concerns are about
editing (depending on the goals) and finding the best filter-
ing to match the HFR heights variations. For example, spu-
rious data, known to be less reliable offshore (Sig0 > 16 dB
and/or SWH > 5 m), are edited from the 20 Hz MLE-4 data
before filtering with a 21 km boxcar window. This results
in a noise-reduced altimeter SLA (Figure 20). This strategy
can be used to compare HFR sea levels with altimetry in
situations when, only, reliable altimeter measurements are
required.

[92] There are limitations inherent to the HFR data that
need to be better evaluated to define how effectively it can
detect the erroneous altimetric data and be used as a refer-
ence to improve their quality. Some dissimilarity, between
the HFR/altimetric SSH comparisons, arises because the
principal measurements of both instruments capture differ-
ent physical phenomena. To address the last point, a reli-
able and quantifiable correspondence between the
altimetric SSH and the independent inferred SSH should be
established. This can be done first in the offshore regions,
in situations when the standard-retracked altimeter data are
reliable. This means that, in a first step, the altimeter data
will give feedback on the validity of the technique, as well
as how to improve the HFR sea levels. In a second step, the
cases when the two sets diverge will be analyzed and
checked to determine which one is a better estimate of the
true sea surface parameter; by looking at the waveforms, or
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by introducing auxiliary information (sea surface tempera-
ture, ocean color). The influence of the seasonal currents or
wind patterns can also be examined on the quality of the
HFR sea levels. Then the analysis can be extended toward
the coastline.

[93] Overall, these preliminary studies have demonstrated
the value of HFR surface currents as a promising tool to vali-
date and find new strategies to correct coastal altimetric
SSHs. They also provide some insight into the altimeter
behavior as a function of ocean conditions to account for
some oceanic mechanisms and various sea states, particular
to the continental shelf, that affect the conventional altimeter
measurements. The optimal method for altimetry retracking
seems to be a combination of different retrackers for various
segments of the altimeter track and depends on the cycle.
The experience gained from a systematic comparison of both
data sets can provide hints on how to correct conventional
coastal altimetry when no HFR arrays are deployed. Maybe
we can find a relationship between the behavior of the wave-
form series around the point of concern and the quality of the
fit HFR with altimetry SSH; or possibly a relationship
between the Ku-band derived Sig0 and the C-band derived
Sig0 can help detect when the conventional ocean retracker
is not optimal and refine the choice of retracker. These clues
will apply to the immediate oceanic area.

[94] The implementation of the methodology to other
coastal regions will depend on the specifics of the regional
coastal zone dynamics. The parameters between HFR and
altimetry SSH may need some adjustments, not only in the
spatial scales used in the OI but also in the linear corre-
spondence between the two sets. For instance the continen-
tal shelf in the North Atlantic Bight, along the U.S. east
coast, is very wide and shallow relative to the one on the
U.S. West Coast. This study is a guide on what should be
done in other areas.

[95] There are cases when the match between altimetric
and HFR along-track sea levels is almost perfect and can-
not be coincidence only. Once the conditions for a consis-
tency between the HFR and altimeter data are established,
the HFR surface currents would be invaluable for the vali-
dation of future altimetry missions, better suited for coastal
regions, when those conditions are met.
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