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Abstract

Geostrophic surface velocity anomalies are used to analyze the annual variations of
the large-scale geostrophic currents and of the eddy kinetic energy (EKE) field of the
ocean circulation. The underlying geostrophic currents were estimated from the Jason-1-
TOPEX /Poseidon (JTP) tandem altimetric sea surface height (SSH) measurements using
the “parallel-track-approach” with a 6.2km along-track resolution. However, due to the
given separation of the tracks of the two satellites, only large mesoscale eddies are resolved
by the tandem measurements. The analysis covers the entire 3-year period of the tandem
mission (109 repeat cycles) from September, 2002, to September, 2005. The high resolution
along-track availability of the geostrophic velocity estimates allows for a spacial mapping
of all quantities on a 2° x 1° grid, resulting in a doubled mapping resolution. The ocean
circulation is shown to have a slightly higher meridional variability by 10 to 20 % in mid lat-
itudes, while in the tropics the EKE field is dominated by the variability of the mostly zonal
current field which clarifies that in some regions it can be important to assume anisotropy.
Very complex structures emerge in the ratio of EKE and mean kinetic energy (MKE). How-
ever, the ratio is shown to be a lower bound estimate. The investigation of the seasonal flow
changes reveals annual variations of all major current systems, particularly of the zonal
flow-field in low latitudes. There, they lead to zonal jet-like structures on the annual cycle
in the southern Pacific, Atlantic, and Indian Ocean. In mid and high latitudes, indications
of a seasonally modulated strength of the Sverdrup circulation emerge from the analysis.
Noticeable in mid- and high latitudes are large changes in the wind-driven barotropic cir-
culation that are not represented in other altimetric velocity products. The EKE field also
shows changes in its amplitude on the annual period. In low latitudes, these can be explained
by seasonally modulated currents. The strongest signals appear in the Gulf of Tehuantepec
close to the Central American continent and in the Great Whirl region. On the annual
period (as well as for the 3-year mean EKE), the Indian Ocean is the most energetic basin.
The frequency and wavenumber spectra are shown for both geostrophic velocity components
and for the EKE on global and regional scales. New insights are obtained due to the sepa-
rate consideration of both velocity components such as a slightly higher energy level for the
meridional component in the frequency range below 100 days over the entire extra-tropical
ocean. Furthermore, strikingly universal frequency-slopes are found for all extra-tropical
regions, thought containing different power spectral densities (PSD). On the aliasing fre-
quencies of the My and So tides, peaks exist in some regions on the continental shelves
that suggest an insufficient correction of the tidal signal from the FES2004 tidal model. For
the wavenumber spectra, the resolution of the tandem mission becomes evident for wave-
lengths shorter than 100 - 200 km. Nevertheless, new features appear for longer wavelengths
such as the steeper slope for the zonal velocity component compared to the meridional. Be-
sides the differences between the velocity components, nearly equal slopes are found within
the wavenumber spectra of all extra-tropical regions (excluding the meridional component
of the low energy regions). The slopes of the EKE wavenumber spectra indicate that the
surface quasi geostrophic (SQG) turbulence theory is a better explanation than the quasi
geostrophic (QG) theory for the satellite data.
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1. Introduction

The ocean is one of the important parts of the Earth’s climate system next to the atmosphere
and the land masses. As all parts of the climate system interact with each other and are
causes and consequences at the same time, understanding the driving mechanisms behind
each component is necessary in order to conquer questions about our past, present and future
climate. Knowing that the ocean covers about 70 % of the Earth, its particular importance
becomes evident.

The scales in the ocean reach from seconds to the lifetime of the ocean (ZANG AND WUN-
SCH, 2001) and from milimeters to 10,000s of kilometers where the circumference of the
Earth itself marks the cutoff wavelength. Furthermore, there is a tight relationship between
all scales of motion in time and space as a consequence of the turbulent nature of oceanic
flows (FERRARI AND WUNSCH, 2009). Due to this complexity of the ocean variability man-
ifold approaches exist to capture the wide range of motion on all scales.

Methods used reach from point measurements within moorings to mooring arrays, from
ship measurements along sections, drifters, floats and gliders to tomography and satellite
based measurements of the ocean. With these methods, the interior ocean and its surface
processes can be quantified within the resolution of the respective instruments. However,
in spite of the large number of different measurement approaches, some scales of ocean
variability still cannot be resolved at all at present.

Within this picture, an interesting role is attributed to satellite based measurements as
they are able to capture a large variety of spatial scales with a reasonable time sampling.
Among other applications for satellite altimetry', the need to continuously monitor ocean
currents and transport is one of the primary drivers for uninterrupted altimetric missions.
After more than 17 successful years, starting with the famous TOPEX/Poseidon (T/P)
mission in September, 1992, altimetry is now generally accepted as one of the key elements
of the ocean observing system that is suitable to monitor the ocean circulation and its
variability, especially its energetic “mesoscale” eddy field.

The following section will provide an overview of the state of research relevant for this
thesis.

1.1. State of Research

Satellite altimetry is now a part of the global ocean observing system whose roots go back
to the Skylab (1973) and GEOS3 (1975) satellites. However, the first mission that pro-
vided useful data was Seasat in 1978. After that, a number of satellite altimeters have
been in orbit such as Geosat (1986-1988), ERS1 (1991 -2000), TOPEX/Poseidon (1992 -
2006), ERS2 (1995 - present), GFO (1998 - 2008), Jason-1 (2001 - present), ENVISAT (2002 -
present) and Jason-2 (2008 - present). The huge increase in knowledge about ocean variabil-
ity that emerged from altimetric sea surface height (SSH) measurements includes many

! Altimeter measurements are explained in Chapter 2



1. Introduction

aspects of the turbulent and large-scale flow-field, such as planetary waves as well as the
seasonal cycle of the basin-scale circulation and the heat content of the ocean (the reader
is referred to Fu AND CAZENAVE (2001), for a detailed summary).

Despite its enormous success, most of the progress emerging from altimetry is based on
SSH fields (e.g. ZLOTNICKI ET AL., 1989; VAZQUEZ ET AL., 1990; PARK AND GAMBERONI,
1995; CHELTON AND SCHLAX, 1996; GREENSLADE ET AL., 1997). Direct applications to
the ocean’s flow-field are limited to only a few studies and assimilation-based approaches
(JOHNSON ET AL., 1992; STEWART ET AL., 1993; STAMMER, 1997a; LEBEN AND POWELL,
2003). This is because, until recently, the computation of horizontal geostrophic currents
from along-track altimetric data was, on the one hand, limited to cross-over points, where
two components of the flow-field can be inferred from the intersecting descending and as-
cending tracks. In combination, those two independent and non-synchronous estimates can
subsequently be rotated into Cartesian flow components in zonal and meridional direction
(see MORROW ET AL., 1994). However, cross-over locations are sparse in space and since
the two components are not available simultaneously, a significant error is associated with
this way of determining ocean currents, especially in regions of rapid changes. On the other
hand, the geostrophic velocity can be calculated solely in cross-track direction while using
the along-track slopes of SSH. With that approach, only the cross-track velocity component
is available but with the assumption of isotropy it is possible to calculate for example an
estimate for the eddy kinetic energy (EKE; WUNSCH AND STAMMER, 1998) or cross-track
wavenumber spectra LE TRAON AND ROUQUET (1990). An advantage of that method are
the small distances across which the geostrophic velocities are calculated. Alternatively,
objective analysis combining SSH anomalies from various satellite missions into spatially
and temporally regular fields of SSH anomalies (AVISO, Archiving, Validation and Inter-
pretation of Satellite Oceanographic data) can be used to compute geostrophic currents in
zonal and meridional direction (DUCET ET AL., 2000; CHELTON ET AL., 2007). The arising
problem is that the underlying SSH anomaly fields are constructed by filtering altimetric
data in space and time, e.g. using data covering several weeks in time, which results in
the elimination of fast barotropic signals from the SSH analysis on periods less than two
months. From a practical point of view, data have to be collected over several weeks before
SSH analysis and current fields can be available, implying that near-realtime applications
of the flow-field are difficult.

Many of the disadvantages of previously available methods that were used to compute
ocean geostrophic currents from altimetric data can be avoided by using the “parallel-
track-method” which can be applied when satellite data is available quasi-simultaneously
along two parallel satellite tracks as previously described by STAMMER AND DIETERICH
(1999) and LEEUWENBURGH AND STAMMER (2002). While using this method, geostrophic
current vectors can be computed with a spatial resolution of 6.2km along a virtual track
that is interleaving the altimetric SSH tracks. Noticeably, those results can be available
quasi-instantaneously to the SSH measurement as fast as about three hours after the mea-
surements were taken and therewith turning a tandem altimeter constellation into a space-
born current meter. The principle could be used with any future altimeter constellation,
but applies especially to a wide-swath altimeter technology.

Fortunately, the approach to use a tandem constellation for the estimation of ocean velocity
was already applicable during the tandem-phase of the TOPEX /Poseidon and Jason-1 mis-
sions. The tandem-phase lasted about three years, during which T /P was shifted westward
to cover a new track directly interleaving its previous track, which then was continued by
Jason-1. STAMMER AND THEISS (2004) already demonstrated the usefulness of the parallel-
track velocity approach based on data from the first months of the mission. With three com-
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plete years of data now available from the entire Jason-1- TOPEX/Poseidon (JTP) tandem
mission, those data need to be used for more detailed studies of the ocean flow-field. While
the covered time is still short for a quantitative investigation of eddy characteristics and
statistics, the data can be used for many other basic investigations of the flow-field and its
variability.

A specific aim of this thesis is to use the tandem velocity data to investigate changes of
the large-scale, basin wide flow-field occurring on the annual cycle. At the same time, the
changes of the eddy kinetic energy (EKE) also occurring on the annual cycle are of interest.
Knowledge of both is part of a basic description of the general ocean circulation but is
lacking in detail besides some regional descriptions. Regional studies about the seasonally
changing flow-field have previously been discussed e.g. by BUSALACCHI AND O‘BRIEN
(1980); REVERDIN ET AL. (1994) in the tropical Pacific, DONG AND KELLY (2003) in the
Middle Atlantic Bight, FUENZALIDA ET AL. (2008) in the Humboldt Current and KNUTSEN
ET AL. (2005, velocity and EKE) in the North Eastern Atlantic and seasonal changes of the
EKE have been investigated e. g. by DICKSON ET AL. (1982) in the North Atlantic, KELLY
ET AL. (1998) in the California Current, WUNSCH AND STAMMER (1998); STAMMER AND
WUNSCH (1999); DUCET ET AL. (2000) globally, Q1u (1999); Qiu AND CHEN (2004) in the
North Pacific Subtropical Countercurrent, DUCET AND TRAON (2001) in the Gulf Stream
and Kuroshio region and STAMMER ET AL. (2001); EDEN AND BONING (2002) in the north
Atlantic and Labrador Sea, respectively. As an example, an in-depth-knowledge of annual
changes of the large-scale ocean circulation will shed further light on the dynamics of the
large-scale gyre circulation and its driving mechanism and also on the response mechanism
of the ocean circulation to changes in the forcing and to changes of boundary current
transports. Knowledge of the temporal changes of the EKE will allow, among other things,
for a better understanding of the mechanism of creating and dissipating EKE. For example,
eddy stirring is a key element of the meridional overturnig circulation of the ocean (FERRARI
AND WUNSCH, 2009).

Zonally coherent structures have previously been found to exist throughout the ocean
in eddy permitting ocean general circulation models (SEMTNER JR. AND CHERVIN, 1992;
WEBB, 2000; NAKANO AND HAasumi, 2005). Observations support the model results of
zonal jet-like structures for instance from satellite measurements (MAXIMENKO ET AL.,
2005), acoustic float data in the equatorial Atlantic (OLLITRAULT ET AL., 2006), ERS1 and
QuickSCAT wind fields (KESSLER AND GOURDEAU, 2006) and Expendable Bathythermo-
graph (XBT) and float data (MAXIMENKO ET AL., 2008). There has been a long discussion
about the formation mechanisms of such zonal jet-like features, containing the beta-plane
turbulence (RHINES, 1994; DANILOV AND GURARIE, 2004; NADIGA, 2006), including the
mixing of potential vorticity (BALDWIN ET AL., 2007) and the destabilization of mixed
Rossby gravity waves (HUA ET AL., 2008). However, a random field of mesoscale eddies
(SCHLAX AND CHELTON, 2008) is able to produce striped features instead of averaging
rapidly to zero. The interpretation of quasi-zonal jets may therefore be premature. Nev-
ertheless, eddies indeed can follow preferred pathways (MAXIMENKO ET AL., 2005, 2008;
SCOTT ET AL., 2008) and the jet properties can differ between the subtropical and sub-
polar gyres (KAMENKOVICH ET AL., 2009). Zonal jets appear while averaging the velocity
fields in time (over a few years), indicating that they denote persistent signals in the ocean
circulation. However, nothing is known about any temporal modulation or behavior, which
will be addressed in this thesis in terms of the seasonally changing flow-field.

The broadband energy distribution of the ocean circulation can be visualized by its fre-
quency and wavenumber description. Before the advent of satellite based measurements,
spectra have been calculated in the frequency space as it was impractical to capture the
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spatial scales needed to calculate wavenumber spectra. However, since Seasat this missing
link is now part of the basic description of the ocean circulation. Fu (1983) have been the
first to calculated global wavenumber spectra of SSH and EKE and thereby paved the way to
a deeper knowledge of the turbulent flow-field of the ocean. Subsequently, Geosat offered the
possibility for a wide range of spectral analyses. These comprise, amongst other things, the
description of SSH wavenumber spectra in the North Atlantic (LE TRAON AND ROUQUET,
1990; STAMMER AND BONING, 1992), frequency-wavenumber spectra in the South Atlantic
Subtropical Gyre (LE TRAON AND MINSTER, 1993) and Brazil Malvinas Confluence region
(ProvOosT AND LE TRAON, 1993) and frequency spectra (VAZQUEZ ET AL., 1990) in the
Gulf Stream region. However, due to the intrinsic uncertainties in the Geosat estimates,
the interpretation has been speculative and controversial (see LE TRAON, 1993; STAMMER
AND BONING, 1993). With the launch of the TOPEX/Poseidon satellite, the accuracy has
been improved (LE TRAON ET AL., 1994), mainly due to the reduced orbit error of the
satellite so that a reevaluation of many aspects becomes necessary. Hence, WUNSCH AND
STAMMER (1995) constructed the first global frequencywavenumber spectrum of SSH vari-
ability and STAMMER (1997a) provided a detailed description of the global characteristics of
ocean variability in the frequency and wavenumber domain for SSH, slope and cross-track
geostrophic velocities, while showing some universal aspects of the ocean variability. A first
guess model for a general frequency-wavenumber spectrum has been deduced by ZANG AND
WUNSCH (2001) using a variety of different measurements, including altimetry, as well as
the first constructed wavenumber spectrum for both geostrophic velocity components.
Furthermore, the discussion about frequency and wavenumber spectra is essentially related
to the question of the underlying turbulence that causes their given relations. The surface
quasi geostrophic (SQG) turbulence theory (BLUMEN, 1978; HELD ET AL., 1995) has been
proposed to describe the boundary layer dynamics in a more appropriate framework than
the quasi geostrophic (QG) theory. Therein, the dynamic is entirely driven by the density
evolution of the boundary as a counterpart to the QG turbulence theory whose properties
are relatively unaffected by boundary constraints. LAPEYERE AND KLEIN (2006) revisited
the question of the upper ocean layer dynamics in terms of SQG. Within the ongoing discus-
sion (CAPET ET AL., 2008; LE TRAON ET AL., 2008; KLEIN ET AL., 2008; TULLOCH AND
SMITH, 2009; LAPEYRE, 2009) it is shown that the SQG theory can serve as a much better
framework for the description of the upper ocean “mesoscale” dynamics. But as questions
remain concerning the generality of the results (FERRARI AND WUNSCH, 2010), it is neces-
sary to verify whether the directly observed wavenumber spectra of geostrophic velocities
which have been missing until now can be explained by either one of the theories.

1.2. Scientific Goals

The aim of this thesis is to emphasize the important increase in knowledge that can be gained
by measuring geostrophic velocity anomalies with a tandem altimeter satellite mission or any
comparable satellite constellation. Due to the instantaneous measurement of both velocity
components it is therewith possible to describe the ocean flow-field without the assumption
of isotropy. Therefore, the SSH measurements of the Jason-1- TOPEX/Poseidon tandem
mission are used to calculate both components of the geostrophic velocity field covering the
3-year period between September 30, 2002, and September 14, 2005. As the coverage of the
JTP satellites is nearly global (only latitudes north and south of 66° are omitted), the data
set allows for a global description of the geostrophic flow-field and at the same time for
regional comparisons.
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In this context the thesis focuses on the following questions:

e How do the measurement setup and its spacial resolution influence the accuracy of
the calculated geostrophic velocities?

e Can the existing picture of the variability in the oceanic flow- and EKE-field be
improved by using the geostrophic velocity estimates of the JTP tandem mission?
To what degree does anisotropy have to be considered as being essential within the
ocean circulation and is there a resulting need to account for the anisotropic oceanic
flow-field throughout the study?

e What new insights can be gained regarding the regional differences in the global
distribution of the seasonal signals for the geostrophic velocity estimates and the
EKE? How significant are the seasonal signals compared to the total variance? Are
the seasonal signals robust for the shortness of the time series and do they show real
oceanic signals? Does evidence exist for a change of the large-scale gyre circulation as
well as for changes in the wind forcing?

e How do the global and regional spectra as they are now available for both velocity
components contribute to a more detailed understanding of the eddy dynamics? Do
differences exist in the frequency and wavenumber spectral behavior between the zonal
and meridional geostrophic velocity component and to what extend are they influenced
by the resolved scales of the JTP tandem mission? Is there an indication for a universal
frequency and wavenumber spectrum and how do the wavenumber spectra fit in the
discussion about geostrophic turbulence ?

With these goals the importance of satellite based estimates of the oceanic circulation
will be addressed as the space born measurements provide the opportunity to capture the
upper ocean circulation and its variability on a global scale and with a sufficient temporal
resolution.

1.3. Outline of this Thesis

This thesis is organized as follows:

Chapter 2 introduces the JTP tandem mission data set and the resulting geostrophic veloc-
ity estimates. The calculation steps of achieving geostrophic velocities from the SSH data
are explained and the corresponding error analysis is carried out. Further explained are the
data sets of the Ocean Surface Current Analyses - Real time (OSCAR, JOHNSON ET AL.,
2007) data set, the MV Oleander project (ROSSBY AND GOTTLIEB, 1998) and the mean
dynamic topography (MDTP, R10 AND HERNANDEZ, 2004) that are used for comparison
within this study.

Chapter 3 presents basic statistics that are applied to the geostrophic velocity estimates of
the JTP tandem mission. The statistics comprise the global root mean square (RMS) SSH
variability, a description of global and local probability density functions (PDF), and an
assessment of the isotropy field. Moreover, the global EKE field and the relation of eddy
and mean kinetic energy (MKE) are evaluated.

Chapter 4 then focusses on seasonal changes of the JTP flow-field and of the EKE. The
seasonal part of the geostrophic velocities and of the EKE are compared with seasonal
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changes derived from the OSCAR data set. Concerning the flow-field, seasonal zonal jets
are discussed that become evident on the global seasonal signal. Additionally, the seasonal
flow-field is compared with similar information available from the MV Oleander data set
(RossBY AND GOTTLIEB, 1998).

Chapters 2, 3 and 4 contributed to SCHARFFENBERG AND STAMMER (2010).

Chapter 5 discusses the frequency and wavenumber spectra of the geostrophic velocity
estimates and EKE of the JTP tandem mission data set. Global spectra as well as basin
wide spectra are discussed and related to previous estimates. Furthermore, regional spectra
are calculated to highlight the different energetic regions of the turbulent ocean circulation.

The main findings and conclusions of the thesis are then summarized in Chapter 6 and
an outlook on future research goals concerning tandem mission data from past (JTP) and
future satellites and satellites already in orbit (Jason-1 and Jason-2) is given.

In the appendix, the main basic equations used within this study are defined, including
the calculation procedure to obtain geostrophic velocity estimates from the simultaneously
derived along-track SSH measurements. Furthermore, the harmonic analysis using a least
squares fit of the seasonal modulated signal to the time series is explained as well as the
Lomb Periodogram used to calculate the spectra instead of a fast fourier transformation

(FFT).
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2.1. Introduction

The TOPEX/Poseidon (T/P) satellite as well as its successors Jason-1 and Jason-2 are
altimeter satellites that measure the height of the satellite above the ground. The height
measurements can be achieved by estimating the height between satellite and the sea sur-
face. The radar altimeters onboard the satellite transmit a short pulse of high frequency
microwave radiation toward the sea surface where part of the pulse is reflected. The travel
time of the pulse from the satellite to the sea surface and back is precisely determined (see
CHELTON ET AL., 2001, in Fu AND CAZENAVE, 2001). With an exactly known satellite
orbit, geoid and reference ellipsoid as well as several corrections that need to be applied for
instance for the tropospheric and ionospheric corrections, the sea surface height (SSH) can
be calculated. For a detailed description of satellite altimetry techniques and applications
the reader is referred to Fu AND CAZENAVE (2001).

The T/P mission, launched on August 10, in 1992, was designed to avoid most tidal aliasing
periods. To satisfy the constraints given by the tidal aliasing periods and yet cover most
parts of the ocean, an inclination of 66° was selected. As the temporal and spatial resolution
of a single satellite mission are in direct competition, a repeat period of 9.9156 days was
chosen (nominally referred to as a 10-day repeat period, see FU ET AL., 1994). This results
in a cross-track separation of 316 km at the equator. Figure 2.1 shows the part of the
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Figure 2.1.: Global bathimetry metric map with depth contours every 1000 m. The yellow
lines separate the different basins into the Pacific, Atlantic and Indian Ocean, as well as
into their eastern and western parts.
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world that is covered by the T/P and hence the JTP satellites from 65°S to 65° N. For
an easy location of scientific quantities in the successive chapters the figure indicates the
topographic features of the ocean bottom. For several scientific questions in Chapters 4 and
5 it is appropriate to separate the world ocean into its basins. Therefor the yellow lines in
Fig. 2.1 indicate the separation into the Pacific, Atlantic and Indian Ocean and also divide
the basins into their eastern and western parts.

The aim of this chapter is to introduce the JTP tandem mission and the resulting data
set. An error propagation is provided to verify the uncertainties in the geostrophic velocity
estimates. Furthermore, the OSCAR model (JOHNSON ET AL., 2007) is introduced that was
used for comparisons with the JTP data set within this study. Other models as the Estimat-
ing the Circulation and Climate of the Ocean Model (ECCO2; MENEMENLIS ET AL., 2008)
and the Los Alamos National Lab distribution of Parallel Ocean Program (POP) general
circulation model (MALTRUD AND MCCLEAN, 2005) were compared with the JTP data as
well, but are not shown and discussed here because the OSCAR model yielded the closest
results to the JTP estimates. In the following, the data handling of the Acoustic Doppler
Current Profiler (ADCP) in situ data, measured by the the Oleander Project (ROSSBY AND
ZHANG, 2001), is described. It was used as ground truth measurement comparison with
the JTP data. Finally, a description of the Mean Dynamic Topography (MDTP; R10 AND
HERNANDEZ, 2004) and the resulting mean flow-field is given.

2.2. The Jason-1 TOPEX /Poseidon Tandem Mission

After the launch of Jason-1 into the same orbit as T/P on December 7, 2001, both satellites
had a calibration phase during which they flew behind each other with a one minute time
separation. This configuration simplified the cross-calibration of both systems. Beginning
on August 15, 2002, after one month of maneuvers, T/P was moved to the west into a
different orbit, half way between the original tracks (1.4173° track separation), providing a
double space-time sampling of Jason-1 and T/P and offering new science perspectives.

TOPEX/Poseidon & Jason-1 groundtracks
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Figure 2.2.: Virtual ground track (grey) on which the geostrophic velocities were cal-
culated using the SSH data available from the JTP tandem mission. Exemplarily the
TOPEX/Poseidon (red) and Jason-1 (blue) ground-tracks are shown for ARC 1 and 2.
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Figure 2.3: (a) Schematic of the geometry
used to compute orthogonal geostrophic ve-
locity components on the interleaving track
from SSH measurements provided along
the two tracks to the east and west. (b)
Schematic illustrating the orientation of the
orthogonal velocity components obtained
from the along-track data and their rota-
tion into a local Cartesian coordinate system
with zonal and meridional orientation (after
g STAMMER AND DIETERICH, 1999). Bottom
12 left panel: the distances D;2 and D34 be-
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2.2.1. JTP - Data

In this analysis, the “parallel-track-method” is applied to compute horizontal geostrophic
ocean currents along a virtual velocity path interleaving the JTP tracks. The global coverage
of the virtual velocity path for one repeat cycle is shown in Fig. 2.2 (grey). For ARCs 1
and 2 the tracks of the T/P (red) and Jason-1 (blue) satellites are marked as well. The
analysis is based on the complete 3-year tandem data set covering the period between
September 30, 2002, and September 14, 2005 (the end of the successful T /P mission). With
this technique, velocity estimates are obtained with an along-track resolution of 6.2 km from
the two parallel and simultaneously obtained SSH observations, using SSH gradients in two
nearly orthogonal directions. Details of the computation are described by STAMMER AND
DIETERICH (1999) and LEEUWENBURGH AND STAMMER (2002). STAMMER AND THEISS
(2004) applied the method to the first month of data available from the JTP tandem mission.
Here, their approach is essentially followed with only a few modifications introduced.

During the JTP mission, both satellites were flown quasi-simultaneously along two parallel
ground tracks, separated by 157km at the equator. The horizontal geostrophic flow-field
can then be computed from the resulting SSH measurements by using SSH data from the
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Figure 2.4.: Filter wavelength of the Loess filter L(¢) from Equation 2.7. The filter length
scale is smaller than 100 km poleward and rises to more than 1500 km at 1° around the
equator.

following along-track positions as outlined schematically in Fig. 2.3:

r = A+1 (2.1)
g = —(A+I) (2.2)
r3 = A—1 (2.3)
ry = —A+1. (2.4)

See Fig. 2.3 a for an explanation of the symbols used (the diagram is simplified for dis-
play purposes; the actual computations take the sphericity into account). Two orthogonal
velocity components % and © can then be obtained at the central track position using the
geostrophic relation!:

N 9 (Mi(z1) — mh(z2))

Ty D12 (25)
. g (n3(x3) —m)(2a))

B 7 Dr , (2.6)

with D; 2 and D34 being the geographical distance between the two location pairs (z1,x2)
and (x3,x4), respectively, g the gravitational acceleration, and f’ the Coriolis parameter,
being evaluated at the central velocity position. A rotation of this set of velocity components
(u’,v") by an angle v relative to north in space (compare Fig. 2.3 b) finally yields a velocity
vector of the velocity anomalies v’ and v’ in a Cartesian reference frame with zonal and
meridional orientation.

Conceptually, the computation involves the following steps: (1) A 3-year time mean SSH
value is computed at every along-track position and removed from each individual repeat
cycle to produce a data set of along-track time varying SSH anomalies ’ = n—17. (2) Orbit
errors can create long-wavelength differences in along-track direction between the adjacent
JTP values which would appear as spatially coherent (along-track) velocity errors for each
arc. To avoid this error, a zonal difference was computed at every along-track position for
each pair of tracks and a 1/revolution sin-wave and bias were subsequently fitted to the

'The calculation of the geostrophic velocities is explained in detail in appendix A.1.
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Figure 2.5.: Number of velocity measurements (prior to Loess-smoothing) calculated for
each JTP along-track point and subsequently averaged on a 2° x 1° grid for the 109 repeat
cycles covering the period September 30, 2002, to September 14, 2005, that were processed
in this study.

differences over each entire arc and removed from the original SSH anomalies. With this
step, any zonally coherent error between the two tracks (such as biases between two sensors
on board the two satellites) was eliminated as well. (3) Finally, to minimize the effect of noise
in the 1’ data, the SSH anomalies were filtered in along-track direction prior to the velocity
computation. For this purpose, a Loess filter (SCHLAX AND CHELTON, 1992) was applied
before geostrophic velocities were calculated as described by STAMMER AND THEISS (2004).
To be comparable with the eddy scale analyzed by STAMMER (1997a), the filter wavelength
L was set to be a function of latitude according to

L(o)= o

|sin(¢)|
As can be seen in Fig. 2.4, the resulting filter wavelength of L(¢) is smaller than 100 km
poleward of 20° latitude and rises to more than 1500 km as close as 1° N and S of the equator.
Using the bias-corrected and Loess-smoothed 1’ data, geostrophic velocity anomalies (u/, v")
were computed from SSH gradients between the two tracks in two directions outside the
latitudinal band of 4+ 1° and were subsequently used to compute fields of the EKE. Moreover,
the degree of isotropy of the eddy variability and the seasonal cycle of the large-scale flow-
field as well as of the EKE fields were investigated. All computations of velocity statistics
were performed locally at the along-track velocity positions and results were then gridded
on a 2° x 1° geographic grid (in longitude and latitude, respectively). An exception to this
approach was followed during the computation of the annual signal of the large-scale flow-
field: the annual harmonic was least-squares fitted to (u’,v’) values after averaging them
across 2° x 1° grid boxes to reduce the influence of noise on the estimate of the annual
harmonic.

(2.7)

The geographical distribution of along-track calculated velocity data available during the
JTP tandem mission is displayed in Fig. 2.5 after averaging the number of velocity estimates
over 2° x 1° boxes. The maximum number of velocity estimates at each along-track velocity
position is 109. In the Intertropical Convergence Zone (ITCZ) as well as in several other

11
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regions characterized by increased precipitation, the data coverage is reduced due to heavy
rain that absorbs the energy of the radar pulse. Over most parts of the Indian Ocean,
upstream of Drake Passage, and over the Gulf Stream (GS) up to 50 % of the data are
missing due to the loss of storing capacity of the data recording system on board the T /P
satellite. The basin wide averages for the geostrophic velocity over the Pacific, Atlantic and
Indian Ocean amount to 64.5, 71.3 and 47.8 samples in time, respectively.

2.2.2. JTP - Errors

To specify the formal uncertainties of the resulting velocity estimates, a formal error propa-
gation approach was used which is described in detail by BRATH (2007) and BRATH ET AL.
(under revision). This error computation includes the altimeter noise, uncertainties in cor-
rections of atmospheric path delays, sea-state related biases, and orbit errors. During the
computation, the global Root Mean Square (RMS) accuracy of the SSH measurements is
taken to be An = 4.2cm (1o) over one-second-averages for typical sea-state conditions for
both satellites according to MENARD ET AL. (2003) and LEULIETTE ET AL. (2004). The
error of the SSH-anomalies An’ of both satellites is then given as

02
An' =1 An? U 2.8
n R (2.8)

with o,y being the standard deviation over the 3-year period of the unsmoothed SSH anom-
alies (see Fig. 3.1) and N the number of samples. The second term accounts for uncertainties
in the time-mean SSH and its influence on the SSH anomaly. The error resulting for each
component estimated at the virtual velocity position is provided by

\/ﬁ
Al = _ g VAN + ANy 7 (2.9)

/ Do
VANZ + A
Ab = ?W . (2.10)

The error for the smoothed velocity anomaly estimates after rotation into a Cartesian
reference frame can be written as

Au = /(AUcosv)? + (Usiny - Av)? | (2.11)
Av = /(AUsiny)? + (U cosy - Av)? . (2.12)

Here U and AU are the absolute values of the velocity anomalies and their errors, and ~y
and A~ the direction of the velocity anomaly and its error, respectively.

The resulting errors of zonal geostrophic velocity anomalies (Fig. 2.6) for the zonal and
meridional flow component clearly display a pronounced latitudinal dependence, leading
to enhanced errors due to a decreasing Coriolis parameter in low latitudes and due to
a decreasing track spacing approaching the poleward turning latitudes. Furthermore, the
errors are slightly enhanced in areas of large variability associated with western boundary
currents where the standard deviation of the SSH measurements (see Fig. 3.1) dominates
the resulting velocity error.

LEEUWENBURGH AND STAMMER (2002) previously investigated errors (in terms of error-
to-signal variance ratios) of tandem velocities empirically based on model results?. The

2They used a three day interval output of the 1/10° North Atlantic run of the Los Alamos Parallel Ocean
Program (SMITH ET AL., 2000).

12



2. Data and Errors
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Figure 2.6.: Error of zonal and meridional geostrophic velocity components estimated from
JTP data at each along-track point and averaged on a 2° x 1° grid. See text for details on
the computation of the error.

error-to-signal variance ratio is defined as

var(Ad) - 100

var ()

EV(d) = (2.13)
with var(w) the variance of the zonal and meridional velocity component. In the GS re-
gion, their error variances (for the zonal and meridional velocity component) expressed as
percentages of signal variance were in the order of 45%-60% for different error budgets
and smoothing length scales, including data as well as sampling errors. According to their
estimates, using an instrument noise of 2 cm, the formal error computation presented here,
which only includes the data errors but no sampling error along with the assumption of
4.2 cm instrument noise, lead to error variances in the GS region of 7.2% and 7.6 % for
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Figure 2.7.: Error variance of zonal and meridional geostrophic velocity components esti-
mated from JTP data at each along-track point and averaged on a 2° x 1° grid. See text
for details on the computation of the error variances.

the zonal and meridional component, respectively. Hence, the errors shown here only rep-
resent the difference between the error variance budgets of both the sampling error (their
Fig. 3) and the sampling error plus data error (their Fig. 4 and 5). The global maps of the
error variances calculated from the JTP tandem mission velocities are shown in Fig. 2.7
and are used to calculate the error variances over the same four regions in the Atlantic as
previously done by LEEUWENBURGH AND STAMMER (2002). Those regions are the Subpo-
lar region (SP; 53°-66° N, 65°-0° W), the Gulf Stream (GS; 30°-50° N, 80°-40° W), the
Subtropical region (ST; 10°-30° N, 50°-20° W), and the Equatorial region (EQ; 0°-10° N,
60°-0° W). Their error variances (their Fig. 5) were the following (for U/V component and
a track spacing of 1.5° concerning the actual track spacing of the JTP tandem mission):
SP (~85/~80%), GS (~55/~50%), ST (55/50-90 %) and EQ (~25/30-70 %). The mean
error variances over the same regions from the JTP data but excluding any sampling error
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(Fig. 2.7) are, respectively: SP (26/37 %), GS (7/8 %), ST (33/30 %) and EQ (68/108 %).
Furthermore, the empirical errors (LEEUWENBURGH AND STAMMER, 2002) in highly ener-
getic regions, such as the boundary currents, were generally much larger but represented
only a small fraction of the local variability. Besides, increased levels of uncertainty were
also found towards the equator due to a decreasing Coriolis parameter and at high latitudes
due to a decreasing track spacing. However, in comparison to their empirical results, the
formal error computation presented here appears promising with errors smaller than 6 cm/s
over most parts of the ocean for both velocity components (Fig. 2.7) and global mean error
variances of 27.8 % and 37.15% for the zonal and meridional component, respectively.

It is unfortunate that the tandem mission was optimized for SSH resolution and not for
the sampling of the geostrophic flow-field. As a result, the track spacing of 157km at the
equator leads to an under-sampling of the small-scale structures of the flow-field. This is even
enhanced by the fact that SSH gradients are computed here across distances that are even
longer than the nominal track separation. Because of this limitation, only the characteristics
of the flow-field on wavelengths in the order of 200 km or larger can be computed here, with
a respective reduction toward the turning latitudes of the satellites (see Section 5.3). This
needs to be kept in mind while interpreting later results as well as the error fields shown in
Fig. 2.6. These fields do not include the omitted flow features on scales smaller than what
can be resolved here, but show an estimate of uncertainty at scales resolved by the tandem
mission set-up. The reader is refered to SCHLAX AND CHELTON (2003) for an extensive
discussion of an error analysis that includes unresolved features. They calculated not only
the measurement errors that are shown here but also the sampling errors using covariance
matrices of velocity estimates and SSH measurements and using the nominal decorrelation
scales based on the global zonal average of the Rossby radius. The authors conclude that
the sampling (omission) error is significant if not the largest source of errors for the parallel
track method using a 1.5° track separation.

2.3. The OSCAR Model

The Ocean Surface Current Analyses - Real time (OSCAR?) data set (see JOHNSON ET AL.,
2007, for more details) comprises the T/P (October 1992 - June 2002) and Jason-1 (July
2002 - present) SSHs (LAGERLOEF ET AL., 1999). The scatterometer winds are provided
by the Special Sensor Microwave Imager (SSM/I; October 1991 - September 2001) and
the QuikSCAT gridded winds by the Center for Ocean-Atmospheric Prediction Studies
(COAPS; August 2001 - present). Furthermore, both Advanced Very High Resolution Ra-
diometer (AVHRR) and in situ Sea Surface Temperatures (SST; BONJEAN AND LAGER-
LOEF, 2002) data are used. The OSCAR currents are calculated every five days from previ-
ously gridded SSH, wind and SST that represent approximately the surrounding ten days
of data. The final velocity field then is a combination of geostrophic, Ekman-Stommel and
thermal-wind currents. This needs to be kept in mind while comparing the OSCAR veloc-
ities and the velocity from JTP. Besides, due to the spacial and temporal filtering of the
OSCAR data the fast barotropic motions are filtered out. In previous studies, different au-
thors applied an error propagation to the expected measurement errors of the satellite data
throughout the calculation and interpolation using either reasonable assumptions about the
space and timescales of the SSH and the velocity field (LE TRAON AND DIBARBOURE, 1999;
DUCET ET AL., 2000; SCHLAX AND CHELTON, 2003) or the output of a general circulation
model (LEEUWENBURGH AND STAMMER, 2002). In contrast, the OSCAR model was tested

3Downloaded from http://www.oscar.noaa.gov/.
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against an exhaustive collection of available ground-based velocity data to examine the abil-
ity of the data set to reproduce the temporal and spacial variability of real ocean currents
(JOHNSON ET AL., 2007). Velocity data was supplied for instance by surface drifters, moored
current meters and Acoustic Doppler Current Profiler (ADCP).

The OSCAR data set provides reasonably accurate time variability of zonal currents only in
the near-equatorial region but has its limitations poleward of 10° latitude where amplitudes
of the velocity variability diminish unrealistically. Moreover, the variability of meridional
currents seems poorly estimated at all latitudes that can be confirmed from the comparison
of JTP and OSCAR velocities in Section 3.5.

The OSCAR data set available to us comprises geostrophic velocity anomalies
((uo(t),vo(t))) available on a 1°x 1° grid, covering the period from October 21, 1992,
to December 26, 2007 (1094 fields). The calculations were performed on the 1° x 1° grid
and subsequently gridded onto the 2° x 1° grid on which JTP results are available. For
a direct comparison between JTP and OSCAR velocities, only 211 OSCAR fields covering
the same time period as JTP were used (three years). Comparisons between the JTP and
OSCAR velocities are carried out for the isotropy in Section 3.5 and for the EKE - field in
Section 3.6. Further discussed were the seasonal velocities including the seasonal variations
of the EKE in Chapter 4 and the global frequency spectra in Section 5.2.1.

2.4. The Oleander Project

The ADCP program of the MV Oleander has been in continuous operation since
fall 1992, providing ADCP velocity measurements on a weekly basis along a nom-
inal path connecting Hamilton-Bermuda with the U.S. main land (Port Eliz-
abeth, New Jersey). Details of the Oleander ADCP program are provided by
RossBY AND GOTTLIEB (1998) and RoOSSBY AND ZHANG (2001). See FrAGa
ET AL. (1998) for technical aspects and http://www.po.gso.uri.edu/rafos/research/ole/
for a detailed description and all publications of the Oleander program. The Ole-
ander- ADCP data (available on the Joint Archive for Shipboard ADCP data
ftp://ilikai.soest. hawaii.edu/caldwell_pub/adcp/INVNTORY /oleander.html) that has al-
ready been gridded in space and depth has until recently only been available from 1992
until August 2004, limiting the period of direct overlap with JTP data to the period from
September 30, 2002, to August 14, 2004. (Since recently, the complete data set until the
present is available at hitp://po.msrc.sunysb.edu/Oleander/ but is not part of this analysis.)

Due to the short time series, the results of the annual harmonic obtained from three years
of JTP data were compared with those obtained from two years of Oleander- ADCP data
both starting September 2002. For the comparison with the geostrophic JTP velocities, the
Oleander results from a depth of 100 m were used to minimize the ageostrophic contributions
from the Ekman layer to the Oleander observations. To determine a mean velocity from
the not-exactly repeating Oleander data prior to the harmonic analysis, a 2° mean around
the Oleander track points closest to the gridded JTP estimates was obtained and removed
from the individual ADCP velocity anomalies. The annual harmonics of the gridded ADCP
velocity anomalies were then computed in the same way as it was done for the JTP data
(see Section 4.2.3).
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Figure 2.8.: Mean dynamic topography (top; R10 AND HERNANDEZ, 2004) with a 0.5° x 0.5°
resolution and the resulting mean flow-field (bottom) gridded onto 2° x 1° boxes. (Includes
Altimetry (1993-1999), Geoid Models EGM96 and EIGEN-2, Lagrangian Buoys (1992 -
1999) and Hydrographic Profiles (1993 -2000).)

2.5. The Mean Dynamic Topography

The Mean Dynamic Topography (MDTP) from R10 AND HERNANDEZ (2004) is used in
this study to evaluate the ratio of Eddy Kinetic Energy (EKE) to the Mean Kinetic Energy
(MKE) in Section 3.7. The Rio2004-MDTP consists of Altimetry measurements during the
period between 1993 and 1999 using four satellites: Geodetic Satellite (Geosat), European
Remote Sensing Satellite (ERS)-1/2, and TOPEX/Poseidon. Moreover, the Geoid Model
EGM96 (LEMOINE ET AL., 1998) was used for the sea surface heights at the continental
shelves and the EIGEN-2 (REIGBER ET AL., 2003) geoid model to determine a previous
MDTP. Additional in situ data was used from Lagrangian Buoys (1992-1999) from the
World Ocean Circulation Experiment (WOCE) and from the Tropical Ocean and Global
Atmosphere (TOGA) Surface Velocity Program (SVP). Collected Hydrographic Profiles
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Figure 2.9.: Mean u (top) and v-velocity-components (bottom). The mean of each
2° x 1° grid box was calculated from the 1° SSH-gradients in u- and wv-direction around
each 0.5° grid point.

(1993-2000) distributed via Sytéme d’Informations Scientifiques pour la Mer (SISMER)
from the Institut Francais de Recherche pour 'Exploration de la MER (IFREMER) were
used as well. Fig. 2.8 shows the MDTP (top) with an original resolution of 0.5° x 0.5° and
the resulting mean flow-field (bottom) that was calculated on the same 0.5° x 0.5° grid
from 1° SSH-gradients in u- and v-direction around each 0.5° grid point. Subsequently, the
flow-field was averaged on the same 2° x 1° grid as the JTP results. In Fig. 2.8 (bottom),
the strong mean-equatorial currents become visible as well as the mean-boundary-currents.
Among many other features of the global circulation, the mean pathways of the Antarctic
Circumpolar Current (ACC) are easily determinable.

To gain insight into the respective zonal and meridional mean geostrophic velocity compo-
nents separately, both are shown in Fig. 2.9 top and bottom, respectively. In zonal direction,
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the equatorial currents, the strong boundary currents, the Agulhas Retroflection and the
ACC are most pronounced whereas in meridional direction the mean currents have a far
more patchy structure and show strongest velocities in the boundary current regions (close
to the shelves), in the Brazil Malvinas Confluence region, in some equatorial regions as
the Indonesian through-flow and in the West Greenland Current (WGC) and offshore the
Grand Banks.

2.6. Summary

In this chapter, a detailed description of the calculation procedure to retrieve the geostrophic
velocity anomaly estimates from the Jason-1- TOPEX/Poseidon tandem mission “parallel-
track-approach” is given. It has been the first satellite based observing system to retrieve
geostrophic velocity estimates instantaneously for both velocity components. As every ob-
serving system has its shortcomings, the limitations of the JTP tandem mission setup are
demonstrated. Those are namely the distance between the SSH measurements, the temporal
sampling and the measurement error of the SSH signal. Due to the track spacing of both
satellites, the distances used for the calculation of the geostrophic velocities are as large as
225km close to the equator. Therefore, smaller spatial scales are resolved by the tandem
mission. A formal error propagation demonstrates that over most parts of the ocean the
geostrophic velocity anomalies could be calculated with an error smaller than 6 cm/s for
both velocity components. However, the error rises to as much as 12 cm/s poleward of 60°
and to more than 20 cm/s approaching the equator from 15°N and S.

The OSCAR data set that will be compared with the JTP results throughout this study
was explained. It is known that the OSCAR data set poorly reproduces the off-equatorial
meridional currents. As ground truth comparison to the JTP and OSCAR results, the
ADCP data from the container ship MV Oleander is used and has been introduced briefly
in this chapter. While using a MDTP, the resulting mean geostrophic flow-field is computed
from which the MKE is then calculated and compared with the EKE.
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3.1. Introduction

To start the analysis of the velocity data, first a few basic statistical descriptions of the SSH
and of the velocity fields will be summarized before entering a more focused analysis of the
annual cycle in the flow and the EKE fields in Chapter 4. The ocean is in steady motion
on spatial scales from millimeters to 10,000 km and on timescales from seconds to years
(FERRARI AND WUNSCH, 2009). Therefore a complete description of the ocean circulation
is rather challenging. However, with data sets like the JTP tandem mission, with which it
is possible to not only gain insight into the global scale SSH field but also into a global
estimate of geostrophic velocities, another puzzle-piece of the ocean-circulation-picture can
be added within its own temporal (JTP repeat period of 9.9156 days) and spatial limits
(6.2 km along-track sampling with a track spacing of 157 km at the equator).

The temporal variability can be described by the RMS variability or standard deviation
(STD). Sections 3.2 and 3.3 deal with the RMS SSH and geostrophic velocity variability,
respectively. For the velocity fields, the variance is shown as well. The Probability Density
Functions (PDF) in Section 3.4 give an idea of how the estimated geostrophic velocities
are distributed concerning their strength and frequency of occurrence in the global ocean.
Prior to the tandem mission, geostrophic velocities were calculated in cross-track direction
of the satellite path. Under the assumption of isotropy, the Eddy Kinetic Energy (EKE)
could then be calculated. Whether the assumption of an isotropic flow-field is valid or not
will be discussed in Section 3.5. Finally, the mean EKE of the global ocean and the ratio of
EKE to Mean Kinetic Energy (MKE) are reevaluated for the JTP data in Sections 3.6 and
3.7, respectively. Hence this chapter gives an overview of important statistical quantities of
the geostrophic ocean circulation from the JTP tandem mission point of view.

3.2. RMS SSH Variability

The RMS SSH field was shown before in several publications (e. g., WUNSCH AND STAMMER,
1998) from substantially longer altimetric time series. A similar field is shown here, albeit
from the much shorter 3-year long time series of the tandem mission, to put results into
perspective with those obtained from much longer time series, and to thereby indicate the
data quality of the tandem mission. Moreover, because T /P was shifted laterally halfway
between the standard T/P SSH tracks, the zonal resolution of the SSH field resulting from
the JTP tandem mission is twice as good as that existing before from T /P alone. This
leads to a much better spatial resolution of ocean SSH variability. Fig. 3.1 shows in its top
panel respective results computed from the unsmoothed! 7’ field calculated for each JTP
along-track point and averaged on a 2° x 1° grid. Note that the field extends all the way
to the continental margin and includes shelf sea areas, regions that were often excluded
previously. The inclusion of the shelf regions was maintained throughout the work. Because

'No Loess filter (see Equation 2.7 and Fig. 2.4) was applied for the calculation.
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Figure 3.1.: Standard deviation of 1’ calculated for each JTP along-track point (top) and
difference of standard deviation from JTP (top) and standard deviation from Jason-1 alone
(bottom), averaged on a 2° x 1° grid and calculated without Loess-smoothing.

of the short duration of the tandem mission, not all ocean variability is represented in the
map. As an example, the large interannual tropical variability, shown in previous results due
to El Nino Southern Oscillation (ENSO) events, was not captured by the 3-year sampling
period. Instead, the figure mostly represents short term variability due to ocean eddies
and the seasonal cycle of the flow-field which is represented now with improved meridional
resolution. Owing to the better spatial resolution, the field provides enhanced insight into
spatial structures of the eddy activity. In this context, it should be noted that there is a
particularly high basic variability level in the Indian Ocean relative to the other two oceans.
Furthermore, complex variability structures exist outside the western boundary currents,
especially in the eastern basins and in the tropical oceans.

To indicate the benefit from the denser spatial sampling, the bottom panel of Fig. 3.1
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Figure 3.2.: Standard deviation of the geostrophic velocity estimates for the zonal u (top)
and meridional v (bottom) component calculated for each JTP along-track point and aver-
aged on a 2° x 1° grid. The color scale for both figures is the same.

shows the difference between the RMS SSH variability estimated from the tandem mission
data and the variability estimated from Jason-1 data only, over the same period. Large
differences (up to a few centimeters) exist along all major current systems, highlighting the
need for denser spatial coverage of SSH data particularly in those regions.

3.3. RMS Geostrophic Velocity Variability

To complete the description of variability, Fig. 3.2 provides the standard deviation of the
zonal and meridional velocity estimates that were calculated on the interleaving virtual
velocity track. While comparing the standard deviations of SSH and geostrophic velocities,
a difference can be seen at the equator showing large STDs for the geostrophic velocity
estimates. Here, the STD of the zonal compared to the meridional geostrophic velocity is
stronger at the equator due to the strong equatorial currents in zonal direction. Differences
between both velocity components occur over the complete ocean and represent the isotropy

23



3. Basic Statistics

Variance of Geostrophic velocity anomalies (U & V)
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Figure 3.3.: Variance of the geostrophic velocity estimates for the zonal u (top) and merid-
ional v (bottom) component calculated for each JTP along-track point and averaged on a
2° x 1° grid. The color scale for both figures is the same.

field that is discussed in Section 3.5.

In Fig. 3.3 the variance of the geostrophic velocity estimates for the zonal (top) and
meridional (bottom) geostrophic velocity estimates are shown. As the variance is the square
of the STD, figures 3.2 and 3.3 comprise the same structures, however, the variance of the
geostrophic velocities is the measure of the amount of variation within the geostrophic
velocity values and thus takes into account all possible values and their probabilities or
weightings. The largest variances occur in the equatorial ocean. The Agulhas Retroflection
region holds the most pronounced variances among the big current systems.

3.4. Probability Density Function

Probability Density Functions (PDF') are a basic statistical tool to describe turbulent mo-
tions. The JTP data set presents the first satellite observing system to clarify the shape
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of oceanic geostrophic velocity PDFs without the assumption of isotropy, as it had to be
done for previous studies (LLEWELLYN SMITH AND GILLE, 1998; GILLE AND SMITH, 2000;
SCHORGHOFER AND GILLE, 2002). Hence, the PDFs are available for both velocity com-
ponents. Additionally, it is now possible to calculate the PDF width (w-PDF), which is
equivalent to the RMS velocity or the EKE, from both geostrophic velocity components.

Histograms of all along-track time series were calculated. These histograms were summed
over all 2° x 1° boxes and normalized by their amount within each box as well as normalized
by their bin width. The same was done for a 10° x 10° resolution and for global PDFs of
both geostrophic velocity components (u, v) and the width of the distribution (w-PDFs).

The global distribution of the velocity PDFs is displayed in Fig. 3.4. In the top left panel
the PDF distribution of both velocity components is shown. The PDFs are calculated from
geostrophic velocity anomalies (the mean velocity has already been removed), and thus
the PDF's are centered around zero. A wider shape can be found for the zonal component
due to the larger variability in the zonal direction. An exponential (dashed) as well as an
Gaussian fit (dotted) to the zonal PDF are included in the panel. Both velocity components
rather resemble an exponential than a Gaussian shape as expected from previous studies
by LLEWELLYN SMITH AND GILLE (1998) and GILLE AND SMITH (2000). The shape of
the global PDF is more exponential as a consequence of the significant variance of EKE
over the whole world ocean (compare Fig. 3.9, top). LLEWELLYN SMITH AND GILLE (1998)
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Figure 3.6.: Same probability density function distribution as in Fig. 3.5 but weighted by
the STD of the geostrophic velocity components (Fig. 3.2). The top right insets give the
axis ranges of the displayed PDFs.

and GILLE AND SMITH (2000) previously explained the different shapes of PDFs that cover
different size regions with the varying PDF-width or varying EKE within the respective
regions. In Fig. 3.5, the geostrophic velocity PDF distributions for the zonal (top) and
meridional (middle) velocity components are shown for all available 10° x 10° subregions.
As can be seen, the shape of the PDF distributions varies significantly over the global ocean.
The scales for each subplot in the map are shown in the small top right insets of the map. In
regions where the EKE (see Fig. 3.9, top) does not vary significantly over a 10° x 10° grid
box, the according PDF has a close to Gaussian shape, whereas for 10° x 10° boxes with a
strongly changing EKE strength, the shape of the PDF is found to be clearly exponential.
(Compare the dotted and dashed curve in Fig. 3.4, top, right) Strongly varying EKE can
be found e.g. in the whole equatorial region, in the Kuroshio and Gulf Stream region as
well as in the Agulhas Retroflection, Brazil Malvinas Confluence and in parts of the ACC.
SCHORGHOFER AND GILLE (2002, their Fig. 2) proposed that large coherent eddies play
only a minor role in generating their observed statistics from T/P cross-track velocities.
While concentrating on Fig. 3.5 (top, middle), the PDFs from JTP give no evidence either
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for a shape suggesting that large coherent eddies play an important role.

The global distribution of probability density function width [m/s] (w-PDF) is displayed

in Fig. 3.4 (top, right). As has been discussed in LLEWELLYN SMITH AND GILLE (1998);
GILLE AND SMITH (2000) the width of the PDF is varying throughout the ocean. It is
wider in regions of high variability and high EKE, and narrower in regions where the
variability is low. To illustrate the spatial variation of the w-PDFs, in Fig. 3.5 (bottom)
all available 10° x 10° averaged w- PDFs are shown. In high energy regions the PDF width
is wider whereas in regions of low variability the width of the PDF is narrow and confined
to absolute velocities smaller than 20 cm/s. Within an analysis CHU (2008) show w - PDF's
of the upper tropical Pacific (0-50m) at two stations of the Tropical Atmosphere Ocean
array (TAO). The TAO-PDFs have the same order of magnitude as those estimated from
the JTP velocities. As can be seen in Fig. 3.5 (bottom), the PDFs in the equatorial regions
show PDF-widths in the order of 0.02 whereas e.g. in the North Pacific they can reach
values up to 0.2 which is a difference of an order of magnitude, showing that the velocities
and their variability are much smaller.
A Gaussian shape of the PDF distribution can be gained when normalizing the geostrophic
velocity anomalies with their STD from Fig. 3.2 (top). The accordingly normalized PDF
distributions of the 10° x 10° subregions are displayed in Fig. 3.6 for the zonal (top) and
meridional (bottom) velocity components. It is evident that the PDF distribution within
each 10° x 10° region has a Gaussian shape and thus the normalized global PDF distribution
in the lower panel of Fig. 3.4 has to have a Gaussian shape as well. Therefore, the Gaussian
fit to the zonal PDF (dotted) is shown exemplarily.

The normalized PDF distributions can be compared with normalized PDFs from in situ
data of subsurface floats in the North Atlantic (BRACCO ET AL., 2000) which show a
similar Gaussian shape as in Fig. 3.4 and 3.6 (bottom). However, when averaging all PDF
distributions from the subsurface floats that were not normalized by their STD, a clear
exponential shape as in Fig. 3.4 (top, left) appears.

3.5. Isotropy

A question of long-lasting concern is that of the isotropy of the ocean eddy field. In the
past, only few data sets were available to obtain answers (WUNSCH, 1997; DUCET ET AL.,
2000). As an example, WUNSCH (1997) investigated this question based on the available
global ocean mooring data set and concluded that outside western boundary current regions
the mesoscale eddy variability would be essentially isotropic. Closer to western boundary
currents such as the GS, barotropic variability, associated with the recirculation of the
GS, gains importance (about 30 % of the observed variability) and can lead to preferred
directions of variability.

The question of isotropy of the ocean eddy field is revisited using the JTP velocity data
set. For that purpose, an isotropy coefficient (HUANG ET AL., 2007) was computed at every
along-track position of the tandem velocity field that is defined as

<v?>—<u?>
o= pmsyiwes 51)

The resulting field, as it follows from the 3-year long JTP time series, is shown in Fig. 3.7
(top). Albeit noisy due to the short duration of the data set, the figure indicates a slightly
higher meridional variability in mid latitudes (by 10 to 20 %). The opposite is true for the
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Figure 3.7.: Isotropy of the JTP data < v"? > — < 4/? > normalized by < v > + < u/? >
(top) and Isotropy from the 15-year long OSCAR data-set < v'> > — < u'? > normalized
by < v > + < u? >, (October 21, 1992, to December 26, 2007, bottom). Here u’ and
v’ denote the zonal and meridional geostrophic velocity anomalies, respectively. For both
panels the isotropy was calculated for the mean of each 2° x 1° grid cell.

tropics where much of the EKE field is dominated by the variability of the mostly zonal
current field. Except for the high latitudes, these estimates generally agree with DUCET
ET AL. (2000) and with the regions defined in HUANG ET AL. (2007). In high latitudes, the
error of the zonal velocity component might dominate, although the figure was corrected
for uncertainties. In contrast, a similar field, but computed from the longer 15-year OSCAR
data set (1992-2007; Fig. 3.7, bottom), shows an enhanced zonal variability. The same
tendency holds for OSCAR, results representing the JTP period. Only a few exceptions
can be found at locations where the meridional variability is also enhanced in the OSCAR
results. Notably, those are located along the South American Continent and along the
California Current.
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Figure 3.8.: Zonal mean normalized isotropy for JTP (blue) and OSCAR (red). For posi-
tive/negative values the meridional component is smaller/larger than the zonal component.

A summary of the isotropy of the eddy variability present in the JTP and OSCAR data
is shown in Fig. 3.8, showing zonal averages of both isotropy fields. The figure shows a
slight enhancement of meridional variability in the JTP data set outside the tropical band
and the high latitudes and indicates a substantially lower meridional than zonal variability
present in the OSCAR data set. JOHNSON ET AL. (2007) provide a comparison of OSCAR
currents with in situ data from moored current meters, drifters, and shipboard current
profilers. The analysis indicates that OSCAR provides reasonably accurate time variability
of zonal currents only in the near-equatorial region. Poleward of 10° latitude, amplitudes
of the velocity variability decrease unrealistically. Moreover, the variability of meridional
currents seems poorly estimated at all latitudes. The results from the JTP tandem mission
confirm those earlier conclusions by JOHNSON ET AL. (2007).

3.6. EKE Field

In this section, the eddy kinetic energy (EKE) of the world ocean is analyzed. First, the
mean EKE field for the 3-year period is discussed. Then, the focus is set to their seasonal
variations. These calculations reveal the regions of seasonally changing eddy variability. A
field of the Eddy Kinetic Energy (EKE) was calculated from the two velocity components
(u’,v") available from the parallel-tracks over the entire 3-year period at each along-track
position according to

EKE =3 (u +v?), (3.2)

where v/ and v" are the velocity anomalies. Then, results were gridded on a 2° x 1° grid
(Fig. 3.9, top). As for the SSH field, all major current systems are again clearly visible and
in addition many regional aspects are pronounced. As an example, a split of enhanced EKE
values is observed around the Hawaiian Island Chain (HOLLAND AND MITCHUM, 2001) and
a general enhancement of the EKE field west of the Hawaiian Islands. A similar structure
appears in the South Pacific. Moreover, enhancements in EKE can be found all along the
western U.S. coast and from there along the North Pacific Current toward the Kuroshio.
High amplitudes of EKE are likewise visible along the Aleuten Chain where DOUGLASS
ET AL. (2006) found a variation of the Aleuten Current in Expendable Bathythermograph
(XBT) and model simulations and CRAWFORD ET AL. (2000) found multi-year meanders
and eddies in the Alaskan Stream from T/P altimeter data. The pronounced detail of
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Figure 3.9.: (Top) EKE [em?/s?] calculated from the three-year long JTP velocity time series
for each along-track point and gridded subsequently on a 2° x 1° grid. (Bottom) OSCAR
EKE field, covering the same period, but calculated on a 2° x 1° spatial grid. Scales are
logarithmic in both panels.

EKE along the entire ACC has to be noted as well, including the Agulhas region, with
all topographic structures clearly highlighted in the field. In the eastern Pacific, enhanced
EKE amplitudes can be found especially close to the Central American continent where the
strong winds (Tehuanos) through the Isthmus of Tehuantepec cause substantial variability
in the ocean (ROMERO-CENTENO ET AL., 2003; WILLETT ET AL., 2006; PALACIOS AND
BOGRAD, 2005). In the Atlantic, the Azores Current and complex structures along the
North Atlantic Current are visible, among several known local structures in the subpolar
basin. The Indian Ocean shows the highest values of EKE, especially along 25°S. In the
northern Indian Ocean, both the Arabian Sea and the Gulf of Bengal are characterized by
substantial eddy variability (BIROL AND MORROW, 2003).

31



3. Basic Statistics

Difference of EKE from JTP and OSCAR 2002-2005
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Figure 3.10.: Difference between JTP and OSCAR EKE fields in (Fig. 3.9). Scale is loga-
rithmic.

Without the parallel track approach, the EKE was calculated before from the cross-track

geostrophic velocity anomalies under the assumption of isotropy (see: WHITE AND HEY-
WOOD, 1995; STAMMER, 1997a; BRANDT ET AL., 2004; STAMMER ET AL., 2006). While
comparing the JTP results with EKE o7 (cross-track) estimates from different satellites
and various satellite configurations covering different time-periods, it can be found that re-
sults in the high energy regions are of the same order of magnitude. However, the EKE jrp
(eq. 3.2) results appear smaller in low energy regions due to the relatively large track separa-
tion and the associated filter effect. Within these spatial scales, regions of known anisotropic
conditions can now be displayed with higher accuracy. Nevertheless, the overall structures
are comparable.

For a further test of the eddy variability inferred from the JTP data, a comparison of
the EKE field is shown in Fig. 3.9 (top) with similar results obtained from the OSCAR
data set (see Section 2.3 for a detailed description). The OSCAR data set available to us
comprises geostrophic velocity anomalies (up(t),vo(t)) available on a 1° x 1° grid covering
the period from October 21, 1992, to December 26, 2007, every 5 days (1094 fields). For a
comparison with JTP results, an EKE field from the OSCAR data covering the JTP data
period (211 OSCAR fields) was computed. The EKE field was calculated on the original
OSCAR 1° x 1° grid, and results were gridded subsequently on the same 2° x 1° geograph-
ical grid on which JTP results are available (Fig. 3.9, bottom). Overall, results compare
well with those obtained from the JTP tandem mission velocities. However, there are some
significant differences which are highlighted in (Fig. 3.10). Most noticeably, JTP results are
generally higher in amplitude than OSCAR-based estimates due to filtering. This is most
obvious along major current systems, like the Kuroshio, the North Atlantic Current or the
ACC, where the tandem results are higher by 100-500 cm?s~2. Even higher differences (up
to 1000 cm?s~2) can be found in the tropics. Equally important, JTP results lead to much
higher EKE in high latitudes. Most likely, this is due to the fact that the JTP results contain
barotropic motions of the flow-field which are filtered out in the OSCAR product by the
temporal smoothing of the data; the same holds for the AVISO product (DUCET ET AL.,
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2000). STAMMER ET AL. (2000) analyzed the high-frequency barotropic variability and its
contribution to SSH. Their results already showed a significant contribution of barotropic
processes to high-latitude ocean variability. Differences between JTP and OSCAR are small-
est in the low-energy regions of the eastern subtropical basins. However, spurious banded
structures occur in the difference fields which seem to emerge from the OSCAR data set. It
is important to recall that the JTP results are a lower bound of the estimate of EKE which
implies that the OSCAR analysis as well as others based on an objective analysis lead to a
significant underestimation of the eddy flow-field.

3.7. Ratio EKE/MKE

Another long-lasting question is that of the ratio between EKE and Mean Kinetic Energy
(MKE) with

_} —2 | -2
MKE = 5 (@ +7°), (3.3)

where u and v are the time-mean velocity components. In the past, the EKE and MKE
fields were shown by WYRTKI ET AL. (1976) and EMERY (1983) and the ratio between EKE
and MKE was estimated before by Qiu ET AL. (1991) for the Kuroshio extension. Here,
the JTP results were used together with a MKE computed from the R10 AND HERNANDEZ
(2004) Mean Dynamic Topography (MDTP) field to recompute the ratio between EKE and
MKE. As shown in Fig. 3.11 (top), high values of MKE can be found all along the Kuroshio
(compare: QIU ET AL., 1991) and the GS axes, along the East Greenland Current and in
the Labrador Sea Rim Current, the Azores Current and in the tropical oceans. Along the
ACC, the MKE is enhanced only at a few locations and along several frontal structures.

The ratio between EKE and MKE is shown in Fig.3.11, bottom. Regions of reduced
EKE/MKE ratio are aligned along regions of enhanced MKE, where the ratio is typically of
the order of 10. In the northern hemisphere, regions of high values of EKE/MKE are covering
the western subtropical Pacific, the western subtropical Atlantic to the eastern side north
of the Azores Current, the eddy high way in the South Atlantic from the Agulhas region
to South America and across the subtropical South Pacific, and the entire southern Indian
Ocean. In most of those areas a ratio of 102-10 can be found. QIU ET AL. (1991) found
a EKE/MKE ratio in the Kuroshio extension of 1.5-2.0 using Geodetic Satellite (Geosat)
altimeter data. The JTP results suggest a ratio of 10-15 in the Kuroshio extension between
140° and 150° E. However, values increase poleward and equatorward, where factors of
102-10? are common. On global average, a ratio of about 6.5 of EKE/MKE is obtained.
However, the R10 AND HERNANDEZ (2004) MDTP is a smooth field due to the analysis
procedure. Accordingly, the MKE shown here has to be considered a lower bound of the
MKE of the ocean circulation. New fields of the mean dynamic SSH and of the MKE will be
available soon after the launch of the European satellite GOCE (Gravity-field and steady-
state Ocean Circulation Explorer). It will be important to recompute the MKE field then,
based on GOCE results, and to revisit the question of the ratio between EKE and MKE.
On the other hand, the EKE field estimated here from the parallel tracks is a lower bound
as well (compare: SCHLAX AND CHELTON, 2003) and the exact ratio has to be computed
from future data expected from the wide-swath altimeter mission of very-high resolution
numerical simulations.
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Mean Kinetic Energy of MDTP (Rio et al., 2004)
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Figure 3.11.: (Top) Mean Kinetic Energy (MKE) computed from the R10 AND HERNANDEZ
(2004) Mean Dynamic Topography (MDTP) for each 2° x 1° grid cell. (Bottom) Ratio of
EKE from JTP (Fig. 3.9, top) and MKE, filtered with a 6° x 4° running mean.

3.8. Summary

This chapter deals with basic statistical descriptions of the SSH and of the velocity fields.
It gives an overview of the general variability and its spatial variation within the JTP
geostrophic velocity data set.

As an effort of the JTP tandem configuration, a doubled resolution of the SSH measure-
ments is gained, that leads to a more detailed description of the STD distribution. Thereby
the meridional resolution is improved by a factor of two. However, due to the short duration
of the time series, not all ocean phenomena (e.g. ENSO events) are captured. The tandem
mission therefore shows the short term variability due to ocean eddies and the seasonal cycle
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of the flow-field. Next to the expected high variability within the big current systems as the
western boundary currents, the Agulhas Retroflection, and the Brazil Malvinas Confluence,
a generally higher variability in the whole Indian Ocean is detected.

When the STD of SSH and of geostrophic velocities are compared at the equator, larger
STDs appear for the geostrophic velocity estimates. Moreover, the stronger zonal equatorial
currents lead to a stronger zonal STD at the equator. The most pronounced variances among
the big current systems are found in the Agulhas Retroflection region.

The JTP tandem mission was the first satellite observing system that could clarify the
shape of oceanic geostrophic velocity PDFs without the assumption of isotropy. The global
PDF has a clear exponential shape as a consequence of the significant variance of EKE
or PDF-width over the global ocean. Hence small regions can have Gaussian shapes but
averaged over larger regions with varying PDF-width or varying EKE the shape would get
more exponential. The shape of the JTP PDF's indicates that large coherent eddies did not
play an important role for the observed distributions. A comparison with PDF's from in situ
data (TAO array) yield the same order of magnitude of 0.02 for the PDF-width, though
after normalizing the PDFs with the STD of the geostrophic velocity estimates all PDF's
have Gaussian shapes. Therefore, the normalized global PDF is Gaussian as well.

The isotropy field resulting from the JTP tandem mission is still noisy due to a time series of
only three years. A slight enhancement of the meridional variability is found in mid latitudes,
outside the tropical region and the high latitudes. The mostly zonal current field dominates
the variability there. The OSCAR velocities show a substantially lower meridional than
zonal variability. The results from the JTP tandem mission confirm the earlier conclusions
that the variability of the meridional OSCAR currents seem to be poorly estimated.

The 3-year mean EKE field clearly displays all major current systems. Furthermore, in the
Pacific, a general enhancement of the EKE field is found west of the Hawaiian Islands, all
along the western U.S. coast and from there along the North Pacific Current towards the
Kuroshio. In the eastern equatorial Pacific, strong winds (Tehuanos) through the Isthmus
of Tehuantepec cause substantial variability and hence EKE. In the Atlantic, the Azores
Current and complex structures along the North Atlantic Current are visible. The Indian
Ocean shows the highest values of EKE, especially in the equatorial and GW region. In
the northern Indian Ocean, the Arabian Sea and the Gulf of Bengal are characterized by
substantial EKE, whereas in the southern Indian Ocean high values of EKE are found all
along 25° S. Finally, pronounced details of EKE can be noted along the entire ACC including
the Agulhas region.

The JTP EKE amplitudes are generally higher than the OSCAR-based estimates due to
the temporal smoothing of the OSCAR data. Differences of up to 500 and 1000 cm?s~2 are
found along the major current systems and in the tropics, respectively.

EKE from the tandem mission is compared to EKE estimates that assumed isotropy. The
comparison shows that the overall structures were comparable and of the same order of
magnitude in high energy regions but are smaller in low energy regions due to the relatively
large track separation of the JTP tandem mission and the associated filter effect. However,
within these spatial scales the regions of known anisotropic conditions are displayed with
higher accuracy.

It is important to note that the JTP results are a lower bound of the EKE estimate which
implies that the OSCAR analysis as well as others based on an objective analysis lead to a
significant underestimation of the eddy flow-field.

The ratio of EKE to MKE is recomputed. Reduced ratios are aligned along regions of
enhanced MKE where the ratio is typically in the order of 10, whereas regions of high EKE
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to MKE have ratios of 10?-10% and are located in the western subtropical North Pacific, in
the western subtropical North Atlantic and reaching from there to the eastern side north
of the Azores Current, within the eddy high way in the South Atlantic (from the Agulhas
region towards South America), across the subtropical South Pacific and the entire southern
Indian Ocean. A global averaged ratio of about 6.5 is obtained.

However, it is necessary to note that the MDTP is a smooth field due to the analysis pro-
cedure and therefore the MKE has to be considered a lower bound of MKE of the ocean
circulation. New fields of mean dynamic SSH have to be calculated from the European satel-
lite GOCE. With a more accurate MDTP, the ratio of EKE/MKE can then be recomputed.
Additionally, the EKE calculated from the JTP tandem mission parallel track method is a
lower bound as well, due to its wide track spacing and the unresolved small scaled eddies. A
more complete estimate can be computed from future data expected from the wide-swath
Surface Water Ocean Topography (SWOT) satellite mission (FU AND RODRIGUEZ, 2004;
Fu AND FERRARI, 2008) and the use of very-high resolution numerical simulations.

Hence the global geostrophic velocity anomaly estimates computed from the JTP tandem
mission improve and sustain, within their spatial and temporal limitations, the picture
of the variability of the geostrophic velocity and EKE field, because it has been the first
satellite observing system to retrieve both geostrophic velocity components instantaneously
and without assuming isotropy.
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4.1. Introduction

A central topic investigated in this study concerns the variations of the large-scale flow-field
on the annual time scale. The annual signal is one of the major signals in the world ocean.
Therefore, it is useful to determine its amplitudes and phases to describe the variations
that can be explained by the annual cycle alone. There exist a vast amount of studies that
concentrate on the annual cycle. However, those studies cover almost exclusively regional
scales. With the JTP tandem mission it is now possible to calculate the seasonal cycle of
the geostrophic velocity field and of the EKE field from a set of 109 gridded maps covering
almost three years of data. It may be questionable to calculate an annual signal from only
three years of data, however, the JTP results already yield very robust results compared
with the 15 year long OSCAR time series. Interesting patterns occur on the seasonal cycle
that demonstrate for example the importance of the seasonal cycle in the equatorial regions
of the world ocean. Striking phase patterns occur that indicate the Rossby wave propagation
in the tropical regions as previously shown by the use of sea level anomalies by CHELTON
AND SCHLAX (1996).

In Section 4.2.1, the seasonal changes of the geostrophic flow-field derived from the JTP
tandem mission are described and related to those obtained from the 15 year long OSCAR
time series. As zonal jets emerge on the annual cycle of the JTP data, Section 4.2.2 deals
with these zonal structures. A test against in situ Acoustic Doppler Current Profiler (ADCP)
data is provided in Section 4.2.3. The ADCP data is measured from the MV Oleander along
a ship track repeated on a regular basis between Bermuda and the U.S. main land. The
seasonal signal of the EKE is then discussed in Section 4.3.

4.2. Seasonal Changes of the Flow-Field

4.2.1. Seasonal Harmonic Analysis

To investigate the annual cycle in the JTP flow-field, first the along-track velocity com-
ponents were averaged in 2° x 1° geographic boxes to reduce noise effects. Subsequently,
an annual harmonic was least-squares fitted independently to each velocity component (see
appendix A.2 for a detailed description of the harmonic analysis). The resulting amplitudes
of a geographically varying seasonal cycle in the zonal (u) and meridional (v) components
of the flow-field, shown in Fig. 4.1, indicate enhanced amplitudes of annual changes of the
flow-field along the major current systems. Especially high amplitudes can be found in the
u-component all along the low latitude currents which reverse on the seasonal cycle. In the
Arabian Sea the Great Whirl (GW) stands out (SCHOTT AND MCCREARY JR., 2001). A
similar structure appears in the Gulf of Bengal associated with the the Sri Lanka Dome
(SLD; VINAYACHANDRAN AND YAMAGATA, 1998; VINAYACHANDRAN ET AL., 1999). Am-
plitudes of the annual cycle in the u-component reach values larger than 10cm/s in the

37



4. The Seasonal Cycle

Amplitude annual harmonic JTP (U)
60°N i e B Y

30°N

Latitude
o
o

Amplitude annual harmonic JTP (V)

60°N p =, T i
E R 1Y 2 = .
gy L~
: T AT
30°N P £~
g B
2 0° gL
g A

0 1 2 3 4 5 6 7 8 (cm/s) 10

Figure 4.1.: JTP amplitudes of the annual signal for the u (top) and v (bottom) geostrophic
velocity anomaly components, calculated for the mean of each 2° x 1° grid cell.

equatorial Pacific, the Kuroshio, and Agulhas Current. Similar amplitudes can be found for
the v-component in the Kuroshio and Agulhas Current.

Phases of the annual harmonics of u- and v-components, shown in Fig. 4.2, reveal zonally
coherent changes of the flow-field in zonal direction associated with seasonal reversals of
the flow-field there. Poleward of 10° latitude, the phase lines of the seasonal changes of the
u-component start to tilt in a way one would expect from annual Rossby waves crossing
the ocean from east to west. Respective results are visible in all ocean basins. Further
poleward, tilting phase lines are still visible, but phase structures are getting increasingly
more complex. In particular, superimposed to phase lines tilting from north east to south
west in the northern hemisphere (as they would be expected from Rossby waves) phase lines
appear that tilt the opposite way, especially in the southern hemisphere. The extent to which
they represent real physical phenomena is unknown at this point. However, preliminary
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Figure 4.2.: JTP phases of the annual signal for the u (top) and v (bottom) geostrophic
velocity anomaly components calculated for the mean of each 2° x 1° grid cell. Zero degrees
of the phases corresponds to January 1st.

studies reveal that they are present also in longer model simulations as can be seen in
Fig. 4.3 (top) for the 15-year long OSCAR time series. The appearance there suggests that
they are not just an artifact of noise in a relatively short time series. A detailed analysis of
underlying physical processes has to be subject of a future study.

In terms of the w-component, changes in the phases of the annual cycle again suggest
zonally coherent changes of the flow-field along slanted lines. In contrast with the zonal
flow component, changes of the meridional flow-field on the seasonal time scale appear on
a larger meridional wave number, causing a large fraction of the eastern tropical Pacific
to change its meridional flow. The same holds for the Indian Ocean on both sides of the
equator, but is not as clear in the Atlantic. In contrast with the phase of the zonal flow
component, the phase of the v-component shows mostly scatter in mid- and high latitudes,
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Figure 4.3.: Amplitudes of the annual signal for the u (top) and v (bottom) geostrophic
velocity anomaly components from OSCAR (15 years) calculated for the mean of each
2° x 1° grid cell.

and it is not really possible to determine any spatial structures there as in a purely random
eddy field. However, in principle this could be due to the short time series analyzed here
and the still dominating eddy noise.

To identify the impact of the shortness of the time series on the estimate of the annual

harmonic the annual changes of the flow-field were estimated by using the 15-year long
OSCAR data set. Resulting amplitudes in the zonal and meridional components are largely
consistent with those estimated from the JTP data (Fig. 4.3). However, amplitudes in the
low latitudes are larger, reaching 30 cm/s in many places. Largest differences can be seen
in the Indian Ocean where the JTP sampling is weakest (compare Fig. 2.5).

In both analyses, large amplitude changes of the zonal flow-field in the Indian Ocean are
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Figure 4.4.: Phases of the annual signal of the u (top) and v (bottom) geostrophic velocity
anomaly components from OSCAR (15 years) calculated for the mean of each 2° x 1° grid
cell. Zero degrees of the phases corresponds to January 1st.

associated with the South Equatorial Counter Current (SECC), besides the South Java
Current. It stretches from about 5° S in the western part of the basin to 15° S in the eastern
part of the Indian Ocean. Moreover, the GW in the Arabian Sea and the SLD in the Gulf of
Bengal are visible as enhanced seasonal changes of the meridional flow component. In the
equatorial Atlantic, large seasonal variations in amplitude occur in the northern branch of
the South Equatorial Current (nSEC) and the underlying North Equatorial Undercurrent
(NEUC). The North Equatorial Counter Current (NECC) and the nSEC show the largest
seasonal variations in the North Pacific.

Enhanced meridional flow variations on the annual period are found in the tropical Indian
Ocean and for the tropical Atlantic north of the equator. Further enhanced seasonal changes
of the v-component are associated with the North Brazil Current rings in the Atlantic and in
the eastern Pacific with the Costa Rica Dome (CRD), the Tehuantepec Bowl (TB) and the
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Figure 4.5.: Percentages of the annual amplitude at the standard deviation of the flow-field,
calculated for each 2° x 1° grid cell, for the zonal (top) and meridional (bottom) geostrophic
velocity components.

upwelling region of the Equatorial Undercurrent (EUC) that is feeding the South Equatorial
Current (SEC). In the western Pacific, the Halmahera Eddy north of New Guinea shows an
enhanced signal. In general, the meridional component of the annual OSCAR amplitude is
smaller than the meridional amplitudes of JTP, which is most obvious in the ACC region,
the GS and the Kuroshio.

Turning to the annual phase maps of the u and v flow components in Fig. 4.4, the OSCAR
results confirm those results seen above based on JTP but show clearer spatial structures
due to the underlying longer time series. This holds especially for the v-component, which
now also suggests spatially coherent phase structures in mid latitudes of all ocean basins.

As the amplitudes of the seasonal cycle in the geostrophic velocities reflect to some extent
the distribution of the EKE fields, it can be assumed that the fit of the annual harmonic is
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Figure 4.6.: Percentages held by the annual amplitude at the standard deviation of the
OSCAR flow-field (15 years), calculated for each 2° x 1° grid cell, for the zonal (top) and
meridional (bottom) geostrophic velocity components.

just selecting the annual variability out of an otherwise broad spectrum; i.e., it cannot be
assumed that the regions of enhanced amplitude of the seasonal cycle correspond to peaks
in the spectral energy distribution on the annual period. To test the relative significance of
the the annual harmonic of the flow-field, the percentages of total variability present on the
seasonal cycle in the JTP and OSCAR data are show in Fig. 4.5 and Fig. 4.6, respectively.

Clearly outstanding are the percentages of the u-component of the seasonally reversing cur-
rents in low latitudes, reaching maximum percentages in the Atlantic south of the equator.
Low latitude percentages appear higher in the OSCAR results suggesting an underrepre-
sentation of the general variability in that data set. Percentages of the annual u-component
variability are also enhanced in the eastern basins of the mid latitudes in the JTP results.
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Figure 4.7.: Zonally averaged percentages held by the annual amplitude at the STD of the
geostrophic JTP (blue) and OSCAR (red) velocities for the meridional (top) and zonal
(bottom) component.

The same holds for the annual variability of the meridional flow-field which shows enhanced
percentages primarily in mid latitudes. That appears even clearer in Fig. 4.7 where zonal
averages of the percentages at the total STD from both data sets are shown. The figure
clearly illustrates the enhanced percentages of annual variability in both components in mid
latitudes: Between 20° and 50° amplitudes for the zonal and between 30° and 50° ampli-
tudes for the meridional components are ~ 35 % for JTP and ~20% for OSCAR. A clear
difference is evident in the maximum percentages of the zonal component at 30° N and of
the meridional component at 40° N. A similar difference exists in the southern hemisphere
but is shifted somewhat toward the equator. Poleward of 50° latitude the percentages in the
JTP results decrease substantially while in the OSCAR results they increase to 40 %. Dif-
ferences between both data sets are again due to the lack of the high-frequency barotropic
variability in the OSCAR results close to the equator where special assumptions went into
the OSCAR analysis (JOHNSON ET AL., 2007).

Changes of the flow-field in mid latitudes on the annual period can be rationalized in
terms of a changing Sverdrup circulation in response to a changing wind stress field. In
previous studies, MESTAS-NUNEZ ET AL. (1991) and STAMMER (1997b) have investigated
the seasonal cycle of the Sverdrup circulation in the Pacific and have shown that large-
scale changes in SSH to some extent can be explained through a time-varying Sverdrup
relation. It appears that here again the effect of the changing gyre circulation can be seen
but now directly in the flow-field. It suggests that the basin wide gyre circulation is varying
in response to a changing wind forcing on the annual cycle. However, this seems to show
more clearly in the large-scale circulation than in the boundary currents where the eddy
variability dominates the general variability.

KESSLER (2006) investigated the annual cycle of the geostrophic circulation of the eastern
tropical Pacific. The conclusions drawn by the authors are consistent with findings from

44



4. The Seasonal Cycle

the JTP analysis. In particular, in both studies a maximum eastward velocity of the NECC
is found in November when it feeds the North Equatorial Current (NEC) moving to the
west. The eastern EUC shoaling occurs when local easterly winds are weakest as part of
a basin wide phenomenon that begins in the far east in March and reaches the dateline
in August due to the westward-propagating annual cycle of zonal wind along the equator.
The nSEC is strongest in the second half of the year in both estimates. The weakest SEC
can be found just south of the equator caused by southerly cross-equatorial winds causing
enhanced upwelling in that region. The maximum of the Peruvian coastal upwelling occurs
in August - September with maximum south-westerly winds in June. The north-eastward
annual maximum of the geostrophic JTP velocities occurs in April- May at the time when
the upwelling starts.

4.2.2. Seasonal Zonal Jets

In the previous section, pronounced zonal structures could be seen in the annual harmonic
flow-field both in terms of amplitude and phase (Figs. 4.1-4.4). Now the geographic struc-
tures of the seasonally varying geostrophic flow-field will be analyzed in detail as they result
from the JTP data set. To minimize the impact of local noise on the estimate and to thereby
highlight the large-scale structures, the JTP results were averaged over 10° zonal bands.
The resulting annual harmonic flow-field for September is shown in Fig. 4.8 which reveals
predominantly zonal structures, particularly in the low latitudes and in the western Pacific.
As noted before, there are some gaps in the Indian Ocean due to the low JTP sampling
there. But from what is shown, zonal bands of the seasonally varying flow-field are visible as
well. In the North Pacific large amplitudes of the annual flow changes are present primarily
in the western subtropical gyre west of the Hawaiian Islands. In contrast, changes of the
flow-field on the annual cycle in the Atlantic cover the entire basin.

Based on earlier gridded T/P data, STAMMER AND WUNSCH (1994) have computed sea-
sonal anomalies of the flow-field for March and September. Fig. 4.8 can be compared with

Annual Harmonic Flow-Field
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I I I I
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Figure 4.8.: Annual anomalies of the geostrophic velocity zonally averaged over 10° longitude
for September. The annually varying geostrophic flow-fields are shown in Fig.4.9 for the
marked sections.
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Figure 4.9.: Zonal averages over 10° longitude of the annually varying geostrophic flow-field
from JTP for the western boundary current regions of the Pacific, Atlantic (next page top)
and Indian Ocean (next page bottom) that are indicated in the black boxes of Fig. 4.8.
The grey dashed lines indicate transitions between adjacent boxes.

their Fig. 6 b, at least in the Atlantic Ocean. In general terms, the figures agree. However,
Fig. 4.8 shows much more detail of the seasonal flow changes. In the tropical Atlantic, the
annual cycle of the NECC is indicated, giving maximum eastward transport during autumn
and minimum (essentially zero) eastward flow during spring. The NEC shows the opposite
behavior. The changes of the GS and North Atlantic Current can also be compared with
earlier altimetric studies by KELLY AND GILLE (1990) and ZLOTNICKI (1991). As an ex-
ample, KELLY AND GILLE (1990) estimated the maximum surface velocity and the surface
transport using Geosat data. Maximum surface velocities were typically between 1.2 and
2.0 cm/s and an analysis of the average annual signal in transport showed maximum values
in the late fall and minimum transport in the late spring. While the phasing appears close
to the findings from JTP, amplitudes revealed here are larger by a factor of three.

The seasonal changes of currents in the tropical Pacific were investigated by YU AND
MCPHADEN (1999) from the Tropical Atmosphere Ocean array (TAO). They find maximum
amplitudes in the eastern and central Pacific with more than 30 cm/s at 160° E-110° W.
Their phases at 5° S of the equator agree with the JTP results whereas at 5° N the phases for
the eastern part are shifted by about 180°. JOHNSON ET AL. (2002) used hydrographic and
ADCP data from 172 synoptic sections taken in the tropical Pacific to calculate seasonal
transports. JTP reveals an only slightly different picture of the annual cycle. At 165° W the
NECC peaks in December - January. The nSEC peaks in early November for JTP rather
than in December as for the ADCP data. The sSEC has its maximum in February - April
in both results at 165° W. However, the ADCP data reveals a weak seasonal cycle in the
central Pacific with maximum values at 110° W in October - December whereas the JTP
results show their maximum in March while having a rather strong annual signal. In the
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Figure 4.9.: Continued.

central Pacific at 155° W, the nSEC appears strongest in December and the NECC peaks in
October consistent with the JTP results. At 110° W, the SEC with its maximum in October
and the NECC peaking in August also agree in both results.

In

the Kuroshio, Q1u (1992) found seasonal transport variations with a maximum occurring

in July and August which coincides with the annual maximum of the JTP velocity data.
CHEN AND QIU (2004) show that the seasonal velocities of the SECC have their maximum
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Figure 4.10.: Latitude-time sections of the annually varying zonal mean geostrophic flow-
field anomalies, averaged over the western (120° W-154° W) and the eastern (154°W -
66° W) parts of the Pacific; over the western (66° W -30° W) and the eastern (30° W-30°E)
parts of the Atlantic (next page); and over the western (30° E-72° E) and the eastern (72° E -
120° E) parts of the Indian Ocean (after next page). See Fig. 2.1 for a map including the
basin separation.

in March. That can be confirmed by the JTP results and is related to two types of forced
Rossby waves north and south of 10°S.
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Figure 4.10.: Continued.

To highlight the current variations of the western basins, the latitude-time series along
latitude slices marked in Fig. 4.8 are shown in Fig. 4.9, but now as latitude-time plots from
the western Pacific, the western Atlantic and the western Indian Ocean. All three sections
were scaled by sin(¢) (with ¢ being latitude) to visually enhance the flow variations in mid-
and high latitudes relative to the otherwise dominating amplitudes in the lower latitudes.
The GS appears to be modulated on the annual period. A similar picture emerges for the
Kuroshio. Further equatorward, changes in the flow-field appear zonally banded with fairly
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Figure 4.10.: Continued.

high meridional wavenumbers (in the order of 5°-10°). This holds especially in the western
Pacific. Changes of the mid latitudes in the southern hemisphere appear more complex
and show more meridional excursions, both possibly due to the topographic influence on
the circulation. In the Indian Ocean, the flow changes north of 15°S are primarily related

to

the known changes of the Somali Current and the GW and associated changes in the

zonal flow-field, e.g. the SECC. Further south, changes of the flow-field are dominated by
the Agulhas or ACC systems. The same holds for the other basins, suggesting that some
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regional changes of the ACC might be present but not necessarily on a large zonal scale.

Finally, Fig.4.10 shows latitude-time sections of the seasonal flow variations, but now
averaged over the western and eastern parts of each ocean basin which are indicated in
Fig.2.1. Again a dominance of the seasonal flow changes in low latitudes is obvious, with
smaller amplitudes of seasonal flow variations also visible in the western basin associated
with changes of the gyre circulation. In general, seasonal flow changes along the ACC appear
small. The tropical Atlantic has maximum counter currents in September - October on both
sides of the equator. A flow in the opposite direction can be found around 3° N. The latter
is missing in the eastern part of the basin, where the seasonal flow changes appear to reach
across the equator. The maximum of the NECC occurs in September - October. A similar
but weaker feature appears also south of the equator. While the seasonal flow changes
in the Atlantic appear to be mostly zonal, this does not hold for the Pacific where a clear
seasonal convergence/divergence on the equator can be observed. The seasonal flow changes
are in phase between western and eastern Pacific, leading to enhanced downwelling on the
equator in January- March and enhanced upwelling six months later. In addition, changes
in the gyre circulation of the western Pacific with complex meridional (banded) structures
are seen clearly. In the Indian Ocean, the annual reversal of the typical flow structures
(compare SCHOTT AND MCCREARY JR., 2001, their Figs.8 and 9) can be found with
enhanced amplitudes dominating the entire northern Indian Ocean.

4.2.3. Comparison with ADCP data from MV Oleander

In the above results substantial regional variations can be seen in the annual changes of the
flow-field, especially near the GS and other western boundary currents. This seems to hold
both for the JTP and the longer OSCAR data sets. Are those regional aspects representing

Annual Harmonic Flow Field (JTP, OSCAR & Oleander)

40°N

Latitude

30°N [~

Longitude

Figure 4.11.: Comparison of the annual flow-field from the geostrophic velocity anomalies
for JTP (blue), OSCAR (15 years, red), and Oleander ADCP ship data (black) in the
vicinity of the Gulf Stream region. Shown is a snapshot of the seasonal cycle from all three
estimates. The ADCP data was chosen from a depth of 100 m which gives the closest fit to
the JTP and Oleander data sets and is well out of the Ekman-layer to avoid the wind-driven
variability.
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Figure 4.12.: A direct comparison between the three estimates is shown in the right panels
for site [a] and left panels for site [b] that are marked in Fig. 4.11.

the ocean or are they rather an artifact of the data sets? To answer this question the extra
information available from the MV Olenader ADCP data will be used (see Section 2.4 for a
description of the data). Details of the Oleander ADCP program are provided by RossBY
AND GOTTLIEB (1998) and ROSSBY AND ZHANG (2001). Oleander-ADCP data has until
recently been available only from 1992 until August 2004, limiting the period of direct
overlap with JTP data to the period from September 30, 2002, to August 14, 2004. Due
to the short time series, the results of the annual harmonic obtained from three years of
JTP data are compared with those obtained from two years of Oleander-ADCP data both

starting September 2002.

For a direct comparison of the annual harmonic flow-field in all three data sets, Fig. 4.11

shows their seasonal geostrophic velocity anomalies for May in the vicinity of the GS region.
For the comparison the Oleander results were used from a depth of 100 m to minimize the
ageostrophic contributions from the Ekman layer to the Oleander observations. Additionally,
they lead to the best fit with JTP results. The figure clearly confirms the large spatial
inhomogeneity in the estimates of the annual flow cycle in the JTP, in the Oleander and
in the much longer (15 years) OSCAR results. Although the results are not identical, they
show consistent results in the spatial variability. Due to the differing periods, the phases
are not identical. To highlight this, Fig. 4.12 shows two time series of the seasonal cycle,
representing points a and b in Fig.4.11. A reasonable agreement is found between their
phases, amplitudes and directions of rotation. The amplitudes of the annual signal from
the JTP and Oleander data have the same order of magnitude in the core region of the
GS whereas in regions with less variability the Oleander velocities are much larger than
the JTP estimates. ROSSBY AND GOTTLIEB (1998) found a seasonal velocity dependence
of 0.01 m/s with a minimum in early winter that is supported by the JTP data.

With the aid of the in situ ADCP data from the MV Oleander it could be demonstrated
that the regional annual variations in the GS region within the JTP data set represent real
ocean processes and are not an artifact of the JTP time series.
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4.3. The Seasonal Signal of the Eddy Kinetic Energy

Previously, STAMMER AND WUNSCH (1999) and STAMMER ET AL. (2006) investigated the
extent to which EKE amplitudes are changing on the annual cycle using along-track T /P
data. To do so, the cross-track geostrophic velocity was used to compute the EKE field
under the assumption of isotropy. In the following, the JTP data set is used to revisit the
question of a seasonally changing large-scale eddy field. To this end, the EKE was calcu-
lated as described in Section 3.6 but now for each repeat cycle (10 day period) separately.
Subsequently, each repeat cycle was averaged on a 2° x 1° grid and an annual harmonic was
least-squares fitted as described in appendix A.2. The annual amplitudes of the EKE are
displayed in Fig. 4.13 (top) for the JTP estimates. The same computations based on EKE
fields averaged over two month periods led to similar results as those calculated over all
repeat cycles. All major current systems stand out in the amplitude field of seasonal EKE
variations alongside strong seasonal signals in the Gulf of Tehuantepec and along the entire
equatorial Pacific, Atlantic and Indian Ocean. The variations of a similar estimate based on
the 15-year long OSCAR time series in Fig. 4.13 (bottom) show even more clearly in the
Indian Ocean. The OSCAR EKE amplitudes are smoother than those from JTP due to the
longer time series. The largest amplitudes occur in the GW-region.

The phase fields of the seasonal cycle for the EKE from the JTP (top) and OSCAR (15

years, bottom) data sets are shown in Fig. 4.14. While both results essentially agree in low
and mid latitudes, the OSCAR results are smoother in space due to the longer extent of
the time series. Significant difference in the resulting phase fields exists in high latitudes,
especially in the subpolar North Pacific and North Atlantic basins. Here the JTP data
show a maximum of EKE early in the year in agreement with STAMMER AND WUNSCH
(1999) and STAMMER ET AL. (2001). In the subpolar North Atlantic, STAMMER ET AL.
(2001) identified those variations with the contribution of direct wind forcing to the eddy
variability. These are not seen in the OSCAR results. Again, the OSCAR data set is lacking
any barotropic variability. In the same way, the maximum of EKE along the ACC and in
large parts of the southern ocean occurs in the southern winter along with the maximum of
the wind stress forcing, while in the OSCAR results the maximum occurs rather in southern
summer.

To highlight the seasonal variations in EKE, Fig. 4.15 shows basin-wide zonal averages of
the annual harmonic EKE amplitude and corresponding phase. Compare Fig. 2.1 for the
location of the separated basins. Fig. 4.15 can be discussed in the same way as Figs. 4.13
and 4.14. As before, a substantial seasonal variation of the EKE field can be seen along zonal
stripes in the western Pacific. In contrast, the eastern Pacific shows highest seasonal EKE
variation in low latitudes, but also in the Alaskan Current and in the ACC region. In the
Atlantic, seasonal variations in EKE are even larger than in the Pacific Ocean. This holds
for the tropical Atlantic, but likewise for the GS region. Enhanced seasonal variations of the
EKE field can also be seen in the vicinity of the Malvinas Current, and, less pronounced,
near the Agulhas Retroflection. The amplitudes in the South Atlantic are not as large as
those in the North Atlantic. Finally, the Indian Ocean shows the highest variability of EKE
as compared to the other two basins. In the western part, the equatorial region as well as
the GW region are most pronounced. Further large amplitudes can be found at 20-30°S
in the South Indian Ocean Countercurrent (SICC; see Figs. 4.13 (top) and Fig. 4.18) and
at 40° S in the Agulhas Retroflection. The eastern part of the Indian Ocean has again the
largest amplitudes at the equator. However, a large annual signal occurs in the northern
Bay of Bengal. As in the western part, the pronounced annual signal around 25° S is visible
in the eastern part as well. At 50°S the ACC can be detected.
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Figure 4.13.: Amplitude of the seasonal cycle for the EKE estimated from the JTP time
series (top) and the OSCAR data (15 years, bottom). The scale is logarithmic for both
panels. The black line in the top panel is the path of the latitude-time-diagram shown in
Fig. 4.18.

To shed light on the significance of the seasonal signal for the EKE, the percentages of the
EKE at the total variability, normalized by the standard deviation of the EKE, are shown
in Fig.4.16 for JTP (top), and OSCAR (15 years, bottom), respectively. For both, only
few regions exist where the seasonal cycle exceeds 50 % in total variability. The regions are
namely the Gulf of Tehuantepec in the Pacific, the North Brazil Current and, even more
strongly, the NECC in the Atlantic, and the GW and parts of the Leeuwin Current in the
Indian Ocean. Further high percentages can be found for the JTP EKE in the northern
branch of the Pacific SEC, the NEC, parts of the California Current, patches westward of
Hawaii and the Bering Sea. Elsewhere, a very patchy structure exist. Except for the Indian
Ocean, the annual OSCAR EKE has a distinctly lower percentage in variability than JTP.
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Phase annual harmonic EKE (JTP) 2002-2005
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Figure 4.14.: Phase of the seasonal cycle for the EKE estimated from the JTP data (top),
and the OSCAR time series (15 years, bottom). Zero degrees of the phases correspond to
January 1st.

The largest percentage variations exist in the Indian Ocean where OSCAR percentages
exceed JTP by up to 20 %. Enhanced variations can be found in low latitudes for OSCAR.
From Fig. 4.17 it appears that zonal averages of the percentage fields are larger for JTP,
except for latitudes south of 60° S. Both averages of the percentages are in better agreement
in low latitudes equatorward of 20°N and S and are generally larger for the northern
hemisphere.

From the JTP results a seasonal EKE signal is evident between Australia and Madagascar
that evolves in the Leeuwin Current west of Australia in July which corresponds to the
seasonal maximum of the Leeuwin Current ranging from March-May on the shelf and
from June- August farther seaward (SMITH ET AL., 1991; GODFREY AND RIDGWAY, 1985;
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Amplitude and phase of basin-wide-zonal-mean annual harmonic EKE
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Figure 4.15.: Zonal-mean annual EKE from JTP averaged over the latitude bands 120° W -
154° W, 154° W-66° W, 66° W-30°W, 30°W-30°E, 30°E-72°E, 72° E-120° E, from left
to right. See Fig. 2.1 for a map of the separated basins. The color of the bars indicate the
phases of the annual signal.

FENG ET AL., 2003). To highlight this evolution, Fig. 4.18 shows the annual EKE as it
evolves in time along the corresponding black section shown in Fig. 4.13 (top). It is obvious
from Fig.4.18 that an enhanced EKE signal seems to move westward across the Indian
Ocean until it reaches the ninety-east ridge in October. These findings are consistent with
BirROL AND MORROW (2003, their Fig. 3) showing an offshore Rossby wave propagation
to the west from the suggested region of planetary wave generation at a broad latitude
range off western Australia. West of the ninety-east ridge, the enhanced EKE appears over
the whole west Indian Ocean instantaneously in October- November at 25°S where the
planetary wave and eddy flow pattern are embedded within the SICC east of Madagascar
(SIEDLER ET AL., 2006). This suggests a strengthening of the whole eddy field in the SICC
during October - November. A possible explanation for the occurrence of the annual signal
over the west Indian Ocean at 25°S is given by PALASTANGA ET AL. (2007). Their model
results show that the areas of maximum vertical shear in the flow system of the SICC
and the underlying SEC are baroclinically unstable and correspond surprisingly well to
estimations of the wavenumber spectra from altimetry and hydrography. With the Southeast
Madagascar Current (SEMC) the signal then moves south until it gets to the Agulhas
Retroflection in February. On its way down the African coast it joins the strong signal of
seasonal EKE originating in the Mozambique Channel that is propagating south with the
Mozambique Channel flow. DE RUIJTER ET AL. (2002) and SCHOUTEN ET AL. (2003) found
a constant train of about four eddies per year in the Mozambique Channel, triggered (see
RIDDERINKHOF AND DE RUIJTER, 2003) by Rossby waves propagating from the east rather
than an enhanced seasonal cycle.

The JTP results appear consistent with DE RUIJTER ET AL. (2002) who postulated the
sensitivity of Agulhas eddy shedding to anomalies propagating from the Indonesian through
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Figure 4.16.: Percentages held by the annual EKE amplitude at the standard deviation of
the EKE for JTP (top) and OSCAR (15 years, bottom). Both calculated for the mean of
each 2° x 1° grid cell.

flow across the Indian Ocean where the Rossby waves at the northern tip of Madagascar
trigger the generation of eddies that will form the Mozambique Current moving south and
from there on into the Agulhas region. However, an additional pathway from the Indonesian
through flow towards the Agulhas region can be seen. Coastal propagating waves at the
east Australian coast could be the source for mid-latitude baroclinic Rossby waves (BIROL
AND MORROW, 2003) crossing the Indian Ocean at 25° S within the SICC (SIEDLER ET AL.,
2006). The signal joins the EMC and continues to the African coast joining the Mozambique
Current and Agulhas Current. An alternative interpretation of the westward propagating
features could be that they are large non-linear eddies as discussed in detail by CHELTON
ET AL. (2007).

The JTP analysis of the annual EKE in the Mozambique Channel coincides with the
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Zonal mean % variability of annual harmonic EKE
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Figure 4.17.: Zonally averaged percentages held by the annual EKE amplitude at the STD
of the EKE, for JTP (blue) and OSCAR (15 years, red).

minimum southward flow from March-May in the POP time series for 1985-1995 from
MALTRUD ET AL. (1998, see their Fig.9). However, the maximum of southward flow that
they see from July-September does not correspond with the maximum of annual EKE
at the northern entrance in November - December where the North East Madagascar Cur-
rent (NEMC) reaches the Mozambique Channel. No connection can be found between the
seasonal EKE signal of the SEMC and the NEMC. As pointed out in SCHOTT AND McC-
CREARY JR. (2001), the SEMC has no seasonal cycle in terms of transport. However,
SWALLOW ET AL. (1988) estimated a seasonal transport variation of the NEMC with a
maximum in August - September and a minimum in January - February that coincides with
the annual EKE found in the JTP data set. Looking further north, the GW is evident
with its strong seasonal cycle showing the maximum during the summer monsoon from
July - October.

In the southern Pacific ocean, Qru AND CHEN (2004) calculated the seasonal modulations
of the EKE using T/P and ERS-1/2 altimeter data. Their seasonal variations of the South
Tropical Countercurrent (STCC) can be confirmed by the JTP data set with amplitudes of
50 cm?/s? and a maximum in November - January. The SECC shows higher energies in their
estimates with about 100 cm?/s? and a maximum in March- April compared to maximal
50cm?/s? from JTP with a maximum rather in May - June. The ACC on the other hand
show slightly higher EKE values in the JTP EKE with a maximum of 50 cm?/s?. The
seasonal cycle of the EKE within the East Australian Current (EAC) coincides in magnitude
(mean over 15° x 15° box of 50 cm?/s? and up to 150 cm?/s? for JTP) and phase for both
estimates with the maximum occurring in February compared to December - February for
JTP. Accordingly, RIDGWAY AND GODFREY (1997, their Fig. 8) showed before that the
EAC anticyclonic eddies are stronger in summer than in winter. The OSCAR results again
show a slight overestimation in low latitudes and an underestimation in higher latitudes as
proposed before in JOHNSON ET AL. (2007).

4.4. Summary

One of the major temporal signals in the global ocean is found on the annual cycle. In this
chapter the seasonal changes of the flow-field are calculated in terms of their amplitudes and
phases. The geostrophic velocity anomaly estimates of the JTP tandem mission are the first
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Annual Amplitude of EKE for section across the Indian Ocean
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Figure 4.18.: Latitude-time-diagram of the annual EKE variations estimated from JTP data
in the Indian Ocean (see black section in Fig. 4.13, top). Here, the white lines correspond
to the black dots on the section-line of Fig.4.13 (top). For display purposes, the one-year
time series of the annual harmonic is shown twice.

data set allowing for the along track calculation of ocean signals without the assumption of
isotropy. Hence, a more accurate global picture of the annual cycle compared with previous
estimates assuming isotropy could be drawn in this study. It is necessary to note that
the large scale structures for both the JTP velocities and estimates assuming isotropy are
comparable. However, on the regional scale, large differences occur.

In the amplitude fields all major current systems are visible. The largest amplitudes reach,
in the u-component, velocities larger than 10 cm/s in the low latitude currents (which reverse
on the seasonal cycle) as well as in the Kuroshio, and Agulhas Current. Similar amplitudes
are found for the v-component in the Kuroshio and Agulhas Current only.

Tilting phase lines are found in all ocean basins at the u-component poleward of 10° latitude,
as one would expect from annual Rossby waves crossing the ocean from east to west. Fur-
ther poleward, the phase lines become increasingly more complex. Additionally, phase lines
appear that tilt the opposite way (as expected from Rossby waves). Whether they represent
real physical phenomena is unknown and needs to be subject of a future study. However,
they are as well evident in longer model simulations as the 15-year long OSCAR time series.
In contrast, changes in the v-component appear on a larger meridional wavenumber within
the eastern tropical Pacific and Indian Ocean, and show mostly scatter in mid- and high
latitudes as would be expected for a purely random eddy field, probably due to the short
time series.

The impact of the short length of the time series is investigated through the comparison
with the 15-year OSCAR time series. Resulting amplitudes in the zonal and meridional
components are largely consistent whereas the phases of the longer OSCAR time series
show clearer spatial structures especially in the v-component in mid latitudes.

An outstanding significant percentage held by the annual cycle at the total variability is
found for the u-component in low latitudes. Slightly enhanced percentages of annual vari-
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ability are found for both components in mid latitudes with poleward shifted maxima of
the meridional components. The changes of the flow-field in mid latitudes on the annual
cycle are rationalized in terms of a changing Sverdrup circulation in response to a changing
wind stress field.

Predominantly zonal structures are shown to appear particularly in the low latitudes and

in the western Pacific. Those zonal jet like structures are in good agreement with previous
studies of satellite (GS and North Atlantic Current, Kuroshio), model (SECC) and in situ
data (tropical Pacific), both in their phases and amplitudes.
A clear dominance of the seasonal flow changes in low latitudes exist and the seasonal flow
changes along the ACC are generally small. The Atlantic shows mostly zonal seasonal flow
changes, whereas in the Pacific a clear seasonal convergence/divergence is observed on the
equator, that leads to enhanced downwelling in January - March and enhanced upwelling six
month later. Further complex meridional banded structures appear in the western Pacific
due to changes in the gyre circulation. Consistent with previous results in the Indian Ocean,
annual reversals of typical flow structures are found.

A regional test of satellite derived annual flow changes against annual flow changes derived
from in situ ADCP data measured by the MV Oleander is performed. It shows reasonable
agreement between their phases and amplitudes in the core region of the GS, even thought
the time series differ in length. However, the ADCP data yield higher velocities in regions
with less variability. It is demonstrated that regional annual variations in the GS region
within the JTP data set represent real ocean processes and are not an artifact of the
relatively short JTP time series.

Within the seasonal changes of EKE, all major current systems stand out in magnitude
along strong signals in the Gulf of Tehuantepec and along the entire equatorial Pacific,
Atlantic and Indian Ocean. The same estimates for the 15-year long OSCAR time series
are smoother due to the longer time series and are in essentially in agreement. However,
a difference is found in the phase fields in the subpolar North Pacific and North Atlantic
basins, where the JTP results have their maximum early in the year consistent with the
direct wind forcing that is not seen in the OSCAR results. The same is found along the
ACC and large parts of the southern ocean, where the maximum of the JTP amplitudes
occurs in the southern winter along with the maximum of the wind stress forcing, while in
the OSCAR results the maximum occurs rather in southern summer, again due to the lack
of the barotropic variability in that data set.

Basin wide averages show zonal structures within the seasonal variations of the EKE field
that are most pronounced in the equatorial regions of the separated basins. However, en-
hanced basin wide seasonal variations emerge as well in the Alaskan Current and the western
subtropical Pacific, the GS and in the vicinity of the Malvinas Current in the Atlantic, the
GW, the Bay of Bengal, the SICC and less pronounced in the Agulhas- and in the whole
ACC region in the Indian Ocean.

The significance of the seasonal signal within the EKE held at the total variability is largest
in the Gulf of Tehuantepec in the Pacific, the North Brazil Current and the NECC in the
Atlantic, and in the GW and parts of the Leeuwin Current in the Indian Ocean. Elsewhere,
a very patchy structure exist. The OSCAR results again yield distinctly lower percentages
held at the total variability than JTP. In general, both show larger percentages for the
northern hemisphere.

An obvious westward moving annual EKE signal is detected at 25° S in the Indian Ocean.
It is discussed in terms of westward Rossby wave propagation, most likely generated at the
western Australian shelf. An explanation for instantaneous occurrence of the annual signal
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in the western Indian Ocean could be the previously suggested (PALASTANGA ET AL., 2007)
baroclinic instability in regions of large vertical shear along the SICC-SEC system. Hence,
the Rossby waves could strengthen the eddy field within the SICC. However, an alternative
interpretation could be that they are large, non-linear eddies (CHELTON ET AL., 2007).
Within the SEMC the signal then moves to the African coast joining the Mozambique
Current until it gets to the Agulhas Retroflection. Further north, the GW is evident with
its strong seasonal cycle showing the maximum during the summer monsoon from July -
October.

Further comparisons in the Madagascar Current show differences in the data sets, whereas
comparisons in the STCC and the SECC (T/P data) as well as in the EAC (XBT data)
reveal reasonable consistency in the annual signal.

The annual EKE derived from the OSCAR velocities again show a slight overestimation in
low latitudes and an underestimation in higher latitudes relative to JTP.

Concluding, the seasonal changes of the flow-field and of the EKE field derived from the
JTP tandem mission fit largely within the depicted regional studies, greatly add to a global
overview of the changes that occur on the seasonal time scale and help to visualize their
regional significance and distribution.
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5. The Spectral distribution

5.1. Introduction

The spectral distribution in the frequency and in the wavenumber domain of the geostrophic
flow-field and of the resulting EKE retrieved from the JTP tandem mission will be presented
in this chapter. As the oceanic variability covers a wide frequency spectrum, the description
of the seasonal cycle as in Chapter 4 contains important information but only reflects
a small part of the oceanic variability. In contrast, the spectral frequency distribution can
demonstrate the significance of the annual cycle within the complete frequency range covered
by the JTP satellite mission.

As the oceanic variability comprises all temporal and spacial scales, the spectral distrib-

ution clarifies the impact of the different scales within the complete energy distribution.
Therefore, it would be desirable to investigate very long time series sampled at high
frequencies with spatial distributions from millimeters to thousands of kilometers. As both
a high spatial and temporal resolution at the same time is not operable, one needs to
combine different attempts to measure the oceanic circulation as recently proposed by
FERRARI AND WUNSCH (2010).

Ty 0 i 0 i 1 One such attempt are point measure-
s ' ' ments from moored current meters or
Ellemigier ADCPs that allow a spectral frequency
n description of the ocean circulation. A
huge amount of such records exists but
as mentioned in FERRARI AND WUNSCH
(2009), an exhaustive study is not in-
tended. However, FERRARI AND WUN-
SCH (2009) exemplarily demonstrate the

) ability of such records to contribute to
0 — 25% conidance p——" e . . .
——————————— \ the understanding of the oceanic circula-

Mocring  KIEL 276, 450m

tion on scales from hours to about half
a year. The inertial frequency as well
1 ' " . as tidal signals become evident in their
analysis. However, longer time series ex-
ist as the Kiel276 mooring in the North
Atlantic that allows frequency spectra to
be calculated up to the annual frequency
(MULLER AND SIEDLER, 1992, Fig. 5.1).
However, it is not practicable to estab-
lish and sustain moored observations for
the purpose of obtaining wavenumber spectra. Therefore, another attempt can be made
for the upper oceanic circulation by the use of satellite based measurements of e.g. SSH.
Pioneering work has been done by Fu (1983) who calculated wavenumber spectra of

Figure 5.1.: Frequency spectra for zonal (u)
and meridional (v) velocity components in the
main thermocline at Kiel276. With courtesy
of MULLER AND SIEDLER (1992, after their
Fig. 13).
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SSH and kinetic energy using Seasat data and in a detailed analysis of LE TRAON AND
ROUQUET (1990) with Geosat data. Using T/P data, STAMMER (1997a) analyzed in de-
tail the frequency and wavenumber spectra of SSH and cross-track geostrophic velocities,
whereas ZANG AND WUNSCH (2001, see Fig. 5.2) produced a first guess model for a general
frequency-wavenumber spectrum for the open ocean circulation deduced from altimetry,
moored current and temperature sensors, acoustic tomography and XBTs. Recently, an
alternative dynamical explanation compared to the quasi geostrophic (QG) theory has been
revisited by LAPEYERE AND KLEIN (2006) based on the surface quasi geostrophic (SQG)
turbulence theory proposed by BLUMEN (1978) and HELD ET AL. (1995). This ongoing
discussion (LE TRAON ET AL., 2008; TULLOCH AND SMITH, 2009; LAPEYRE, 2009; FERRARI
AND WUNSCH, 2010) needs to be continued throughout the different data acquisition types,
including JTP.

-
<
¢

With the use of the “parallel-track-
method” from the JTP tandem mission
it has been possible for the first time
to calculate the frequency and wavenum-
ber spectra for the zonal and meridional
geostrophic velocity components sepa-
rately and for the resulting EKE along
the virtual velocity track. These calcu-
lations could be performed without the
assumption of isotropy. Up to now, the 1
determination of the wavenumber spectra 107
of geostrophic velocity has been difficult
(ZANG AND WUNSCH, 2001) and could
only be achieved by using along-track Figure 5.2.: Zonal-wavenumber spectra of zonal
SSH slopes along with the assumption velocity (solid line) and meridional velocity
of an isotropic ocean circulation, through (dash-dotted line). After Fig. 17 of ZANG AND
the use of model results or through the WUNSCH (2001).

calculation of the geostrophic velocities

from gridded SSH fields.

For the “parallel-track-approach”, one has to keep in mind that the geostrophic velocities
were calculated over distances of up to 220 km at the equator, and thus the smaller scale fea-
tures of the flow-field cannot be resolved. However, within the sampled scales the geostrophic
velocities provide the opportunity to calculate frequency spectra for each data-point along
the JTP virtual ground track as well as along-track wavenumber spectra for the EKE and
for both geostrophic velocity components separately. Thus, another obstacle could be faced
(FERRARI AND WUNSCH, 2009) to obtain a nearly global (65°S-65°N) description of the
frequency and wavenumber spectra.
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A couple of questions will be addressed throughout this chapter. How is the energy distrib-
uted on regional scales across the global ocean in the frequency and wavenumber domain?
Can any similarities be found within the spectral distributions as proposed before by STAM-
MER (1997a) or do different dynamical regions show completely different behavior? What
are the significant differences between the ocean basins? Is there any latitudinal dependence
evident within the frequency and wavenumber spectra? How and where is the annual cycle
important? Do any further differences exist between the JTP spectra and those previously
estimated under the assumption of isotropy?

To tackle these questions this chapter is structured as follows: After a short introduction
of the frequency spectra calculation in Section 5.2, the global velocity and EKE frequency
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5. The Spectral distribution

spectra will be discussed in Section 5.2.1 to give an overview about the global frequency
(wavenumber) characteristics, as those are a fundamental element in the description of the
ocean circulation (WUNSCH AND STAMMER, 1995). The discussion of the different slopes
from former studies (e.g. STAMMER, 1997a) is continued and the spectral distribution for
the complete Atlantic, Pacific and Indian Ocean demonstrates the differences between the
three basins.

To obtain a global overview of the spectral frequency distribution across 10° x 10° regions
in Section 5.2.2, the spectra from all subregions are implemented within a global map.
Additionally, the zonal and meridional changes across a basin are demonstrated.
Proceeding to even more regional spacial scales, the JTP frequency spectra are compared to
spectra derived from in situ data obtained from the Kiel276 mooring in the North Atlantic
Canary Basin.

The spectral description is continued with the global wavenumber spectra in Section 5.3.
Again, an overview of the global wavenumber characteristics and a comparison of the JTP
wavenumber spectra with previous estimates by ZANG AND WUNSCH (2001) is given. The
basin wide (Atlantic, Pacific and Indian Ocean) wavenumber spectra are also discussed.
The along-track wavenumber spectra averaged over all available 10° x 10° areas are shown
in Section 5.3.2. As for the frequency spectra, zonal and meridional sections are displayed,
explaining the spectral wavenumber changes across a basin.

Section 5.4 displays enhanced Power Spectral Densities (PSD) at frequencies of about 60
days that correspond to the tidal aliasing frequencies for the My and Ss constituents. It is
discussed whether these signals can originate from tidal signals that have not been removed
sufficiently.

5.2. Frequency Spectra

To quantify the importance of the seasonal signal discussed in Chapter 4, and even more to
get an overview of the frequency characteristics on a global and regional scale, the frequency
spectra of both the geostrophic velocity estimates and of the EKE are discussed within this
section. The frequency spectra were calculated for each along-track position using the Lomb
periodogram. The details of computation are discussed in Appendix A.3. The frequency f
is given as f = 1/T, with T" denoting the period. Due to the oversampling, the length of the
resulting periodograms comprises 218 frequencies. After the calculation, the spectra were
gridded onto 2° x 1°, 5° x 5° and 10° x 10° grid boxes.

5.2.1. Global and Basin Wide Frequency Spectra

Globally averaged spectra of both frequency and wavenumber are a fundamental part in
the description of the ocean circulation and its variability. WUNSCH AND STAMMER (1995)
were the first to calculate global frequency and wavenumber spectra of sea surface height
and slope using the T /P dataset from December 1992 to December 1994. In a later study,
STAMMER (1997a) used three years of T/P data (December 1992 to November 1995) to
calculate the frequency and wavenumber spectra of sea surface height, slope and geostrophic
velocity.

Figure 5.3 displays the global mean frequency spectra of the Loess smoothed geostrophic
velocity anomalies (left) and of EKE (right), with the annual period marked as thin black
line denoting 365 days. The left hand figure contains both velocity components with the
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5. The Spectral distribution

u-component always shown as bold and the v-component as thin line. As mentioned above,

the PSDs of geostrophic velocity estimates (cm?/s?/cpd) and EKE (em*/s*/cpd) are shown

as a function of frequency in days.

Starting with the geostrophic velocities (Fig. 5.3, left), the highest PSDs can be found on

the annual period followed by the half year period. At about 60 days, two small peaks can be

found denoting aliasing effects of the My and So tides that are further discussed in Section
1

5.4. At periods longer than 5 year, the zonal velocity component contains more energy

compared to the meridional and the year- and %—year frequencies are far more pronounced.
For the geostrophic velocities, a relation of f~3/2 can be found for periods between 60 and
180 days a slightly steeper relation for periods shorter than 60 days. Within the range of 180
and 365 days, a slope of f~1/2 can be found for the zonal velocity component whereas for the
meridional velocity component, the slope between the semiannual and annual frequencies
is slightly flatter. For longer periods the spectrum turns more into a white spectrum with
a tendency to a blue spectrum for periods longer than three years. (See Fig. 5.4, below.)
The EKE frequency spectrum (Fig. 5.3, right) shows a clear peak at the annual period and
the 3-year period while only a small peak is visible for the half year period. A relation of
f3/2 is obtained for periods shorter than 100 days and of f~! for periods ranging from
100 up to 365 days. For longer periods, a white spectrum can be found up to periods of
three years. Ignoring the annual peak, a slope of f~2/5 can be fitted to the EKE frequency
spectrum for periods between 200 and 1000 days. The lowest frequencies end in a nearly
blue low-frequency-tail of the spectrum. The decay of energy for periods longer than three
years may be an artifact due to the shortness of the time series as can be seen from Fig. 5.4.
When comparing the spectra derived from the 3- and 15-year OSCAR time series (left and
right), it becomes evident that the spectra lose energy at the low frequency end.

The JTP SSH measurements were smoothed with a Loess filter as described in Section 2.2.1
(Equation 2.7 and Fig. 2.4). According to the latitudinal change of the filter length scale
L(¢), the measured JTP signal was smoothed and thus a certain part of the high frequency
energy was removed. While comparing the geostrophic velocity and EKE spectra derived
from the Loess smoothed JTP data with the unsmoothed data (not shown) it becomes

10* 10° 10? Period [days] 10° 102 10t
10"t Global U] [EKE 10
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Figure 5.3.: Global-averaged frequency spectra (left) of the geostrophic velocity components
[em?/s? /epd] and (right) of the EKE [em®*/s?/epd]. The annual frequency is marked in all
plots as thin black line denoting 365 days. The left hand figure contains both velocity
components with the u-component shown as bold and the v-component as thin line.
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5. The Spectral distribution

evident that the Loess smoothed spectrum lose energy over the complete frequency range.
For periods longer than a year only a small amount of energy was removed on a nearly
constant level, while for higher frequencies the spectra becomes slightly but increasingly
red. This results in an only slight reduction of the annual and semiannual peaks for the
spectra of the geostrophic velocity components, whereas the two tidal aliasing peaks around
60 days are far more reduced for the Loess smoothed data. The effect of the Loess filter is
even more pronounced for the wavenumber spectra in Section 5.3.

Comparing the smoothed global geostrophic velocity spectra from the JTP data, Fig. 5.3,
with spectra obtained from the OSCAR data set, Fig. 5.4, an overall agreement becomes
evident. The OSCAR data set was introduced in Section 2.3. The spectra are shown for a
3-year period covering the same time frame as JTP (Fig. 5.4, left) and for the complete
15-year OSCAR time series (Fig. 5.4, right). In both panels the JTP spectra for zonal and
meridional velocity components are shown in red color for an easy comparison. Both panels
demonstrate the under/over-representation of the meridional/zonal velocity component for
periods longer/shorter than 100 days. The peaks for the annual and semi-annual periods
are more pronounced for the 3-year OSCAR period than for JTP and, as expected for a
longer time-series, become very sharp for the complete 15-year OSCAR data set. For periods
longer than a year up to ten years, the spectrum stays white indicating that the decline in
the JTP velocity spectrum for periods longer than three years could be an artifact from the
length of the time series for all spectra shown here.

Now the basin-wide! averaged frequency spectra (Fig.5.5) will be compared with the
global mean spectra and with each other.

Starting with the Pacific (Fig. 5.5, top), the zonal velocity component is nearly equal to
the global mean while the meridional component has smaller PSDs for the annual and for
longer periods. Hence the EKE spectrum for the Pacific contains only slightly less energy
than the global EKE spectrum.

In the Atlantic (Fig. 5.5, middle), both spectra for the geostrophic velocity components

LCompare Fig. 2.1 for the location of the seperate basins.
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Figure 5.4.: Global-averaged frequency spectra from the geostrophic velocity components
[em?/s%/cpd) for the OSCAR data set (black). For the three years covering the same period
as JTP (left) and for the complete 15-year OSCAR period (right). The red spectra display
the JTP data from Fig. 5.3 (left).
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5. The Spectral distribution

contain less energy than the global spectra for periods longer than half year and, moreover,
the meridional velocity component is slightly enhanced on shorter periods. This results in an
EKE spectrum that contains less energy compared to the global EKE spectrum on periods
longer than 100 days.

Partly following from the scarce data coverage? (see Fig. 2.5, bottom) and the generally
fewer low energy regions (see Fig. 3.9, top), the spectra for the Indian Ocean (Fig. 5.5,
bottom) contain the highest energy level for both the geostrophic velocity components and
for EKE. That is clearly visible for periods longer than 100 days. For shorter periods,
the energy for the meridional velocity component is higher compared to the zonal velocity
component as it was also true for the Atlantic basin-wide spectrum. The EKE frequency
spectrum of the Indian Ocean shows higher energy levels than the global spectrum especially
for periods longer than 100 days. The annual frequency contains the highest energies.

When comparing only the basin wide spectra of the three basins with each other (Fig. 5.5),
several differences can be noticed, that are for example the meridional velocity component
that is less pronounced in the Pacific Ocean over the complete frequency spectrum than it
is for the other two basins. This is supported by the observation that in the Atlantic and
Indian Ocean the meridional velocity component is more energetic than the zonal velocity
component for periods shorter than 180 days, while both components show similar energy
levels in the Pacific. The energy levels of the zonal and meridional velocity components in
the Atlantic and Indian Ocean, on the other hand, stay closer together for periods longer
than 180 days. In the Pacific, the energy levels of the zonal and meridional geostrophic
velocity components show the largest energy differences. A possible explanation comes from
the non-isotropic velocity field that has a stronger zonal and a less pronounced meridional
alignment in the Pacific equatorial region than for the other basins. In the isotropy field
shown in Fig. 3.7 (top), the differences between the Pacific and the Atlantic/Indian Ocean
can be seen. The larger differences for the annual frequency within the energy levels of
both velocity components was discussed in Section 4.2.1 and can be seen in Figs. 4.1 and
4.2. In particular for the Indian Ocean the PSDs show the closest correspondence between
both velocity components on the annual frequency. Furthermore, the frequency spectrum
of both geostrophic velocity components in the Indian Ocean is the most energetic and the
steepest of the three. This observation is supported by Fig. 3.9 (top) where in contrast to
the subtropical regions of the Pacific and Atlantic the Indian Ocean displays a large number
of highly energetic areas raising the energy on longer periods while only a small number
of small energy areas can be observed. However, the steeper slope for periods shorter than
60 days might be due to the scarce data in the Indian Ocean with an average number of
only 47 values per time series (on average), compared with an average number of 65 and
71 values for the Pacific and Atlantic, respectively. Thus, the high frequencies are less well
sampled in the Indian Ocean than in the other oceans.

Comparing the basin wide EKE frequency spectra (Fig. 5.5, right panels) with each other,
the EKE spectra show similar shapes for periods smaller than 100 days but clearly differ for
longer periods. The Atlantic shows lower PSDs than the Pacific and both show even lower
PSDs compared to the Indian Ocean. As discussed before, the areas of very low energy in
the subtropics are missing in the Indian Ocean. Therefore, the basin wide average spectrum
is taken from high energy regions. The annual frequency is pronounced within all basins.
Whereas in the Pacific, the spectrum shows more characteristics of a red spectrum for
longer periods, the spectra in the Atlantic and Indian Ocean show more characteristics of
a white spectrum. The peak in the Atlantic at about 125 days could be assigned to the
equatorial Atlantic and westward propagating Rossby waves (e.g. CHELTON AND SCHLAX,

2The amount of measurements coming from the Indian Ocean is only ~16 %
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Figure 5.5.: Basin wide averaged frequency spectra for geostrophic velocity estimates
[em?/s%/cpd)] (left) and EKE [cm?/s*/cpd] (right) for the Pacific (top), Atlantic (middle)
and Indian Ocean (bottom). Note the different scale for the bottom right panel.
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1996; CHELTON ET AL., 2003). The signal is most pronounced in the Atlantic. However, it
exists throughout the whole global equatorial region. The signal can be seen in the spectra
of geostrophic velocity estimates averaged over smaller scales (2° x 1° areas) as well.

5.2.2. Regional Frequency Spectra

In this section, the frequency spectra calculated for each measurement-point along the JTP
virtual velocity track were averaged over all individual 2° x 1°, 5° x 5° and 10° x 10° areas.
For an implementation of all subregion spectra into a global map, only the 10° x 10° spectra
are reasonable. Hence maps with all available frequency spectra averaged over 10° x 10° ar-
eas are shown in Fig. 5.6 for the zonal and meridional geostrophic velocity components
(top, middle) and for the EKE (bottom). Although spectra are too small to investigate all
frequency aspects within such a view, they are intended to give an overview of their global
distribution in order to clearly identify the high and low energy areas. The equatorial region
is well defined as a highly energetic region for all three quantities. While concentrating only
on the equatorial regions, within all three basins the spectra show higher PSDs between
10° N and the equator than the respective spectra between 10°S and the equator. The an-
nual frequency can be identified by eye even on these small subplots within the equatorial
region. Despite the coarse resolution of 10° x 10°, one can easily follow the big current
systems as the Kuroshio, Gulf Stream, Agulhas Retroflection, Brazil Malvinas Confluence
region and the ACC within all three quantities. The low energy regions, as can also be seen
in the EKE from Fig. 3.9 (top, indicated with blue colors), can be identified by a smaller
PSD on longer periods, resulting in a white or even blue low frequency end of the spectrum
for periods longer than a year. The spectra from the highly energetic regions, however, tend
to a much slower decay for longer periods.

To get an idea of the latitudinal distribution of the PSDs for both the geostrophic velocity

estimates and the resulting EKE, in Fig. 5.7 the frequency spectra of globally averaged
10° zonal bands (center-latitudes are given in the plots) are shown for all different 10° lati-
tude sections, on the left for the southern and on the right for the northern hemisphere. As
in Fig. 5.3 results are presented for the geostrophic u and v velocity components (left) and
the EKE (right) and the annual frequency is marked as a thin black line. For both hemi-
spheres, the equator is displayed in the bottom and the highest latitudes in the uppermost
panels. For the velocity and EKE, the scales are equal for all sections.
Moving from the poles to the equator, the shape of the 65° (not shown), 55° and 45° band
are very similar, showing a red spectrum for periods shorter than 365 days and a plateau
up to periods of three years. In this latitude range, the southern hemisphere shows clearly
higher PSDs. The main contributors are the ACC and partly the Agulhas Retroflection that
comprise more energy than the northern hemisphere in that latitude range. At 65° the zonal
velocity component significantly exceeds the meridional component which can probably be
partly attributed to the up to 1/3 higher error in the zonal velocity component poleward
of 60° as is discussed in Section 2.2.2. In the 55° latitude band, both velocity components
are highly isotropic over the complete frequency range, as can be seen from Fig. 3.8 (blue
curve).

At 45° the shape of the spectrum is still consistent with the observations described above,
but now the northern hemisphere shows higher PSDs due to the very strong Kuroshio and
Gulf Stream compared to the Agulhas Retroflection, the Brazil Malvinas Confluence and
the east Australian Current. For periods longer than a year, the meridional velocity com-
ponent exceeds the zonal.

This becomes even more obvious at the 25° global latitude band. There, for periods longer
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Figure 5.6.: Map with mean frequency spectra of the geostrophic v and v velocity compo-

nent [cm?/s?/cpd] (top and middle) and the EKE [em*/s*/cpd] (bottom). See text for the
calculation of the spectra. The top right insets give the axis ranges of the displayed spectra.
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than a year, the u-component has a steeper slope and the v-component behaves more like a
white or even blue spectrum on these long periods. For periods shorter than 180 days, the
meridional velocity component exceeds the u-component showing the maximum PSD at a
cutoff period of about 100 days. Still, the northern hemisphere contains the higher PSDs.
A related spectrum can be found at 25°. While the meridional velocity component still
exceeds the zonal component for periods shorter than half a year and vice versa for longer
periods, both show clear annual and semiannual peaks.

The 15° latitude band still has a steep slope for periods below ~60 days, however, the slope
flattens towards the annual period. The annual period itself is pronounced and a plateau
can be seen for the low frequency tail.

As close as 5° around the equator, the frequency spectra show the flattest, but still red slope
for periods up to three years and the strongest annual and semiannual signal, compared
to the other latitudes. The meridional velocity component contains slightly less energy and
its annual and semiannual peaks are less pronounced. Within the EKE spectra a plateau
is visible for periods longer than a year. Overall, the PSD is highest at the equator. Addi-
tionally, when concentrating at periods of smaller than 80 days, one can identify a higher
noise level for the equatorial region (see Section 2.2.2) than for the other latitudes.

Previously, STAMMER (1997a) calculated averaged frequency spectra for SSH and slope
(their Fig. 10) for different regional amplitudes of the RMS SSH variability according to
ossH, With oggg < 6 cm for the very low energy regions, 6 cm < oggg < 15 cm for the bulk
of the oceans, oggrr > 15 cm for the high energy areas and for the tropical oceans between
15°S and 15°N. According to their assumptions, the RMS SSH variability in Fig. 3.1
(top) thus leads to the distribution seen in Fig. 5.8 for very low energetic regions (small
grey dots), the bulk of the ocean (dark grey dots), highly energetic regions (black dots)
and the equatorial region (open circles). In contrast to STAMMER (1997a), no overlap was
applied for the calculation of the spectra. Thus, the tropical region here covers the latitude
band between 10° S and 10° N. The corresponding averaged frequency spectra are shown in
Fig. 5.9 for the geostrophic velocity estimates (left) and the EKE (right), with the tropical
region shown in blue.

While comparing the slope frequency spectra from STAMMER (1997a) with the geostrophic

velocity frequency spectra (Fig. 5.9, left), similar features occur for all subregions. These
features include the general slope of f~2 for the high frequency part of all spectra. However,
the equatorial region has a slope of f~3/2 in the velocity spectra, most likely due to the
increasing error for the geostrophic velocity estimates (see Section 2.2.2). A f~2 relation
has been observed from current meter moorings (WUNSCH, 1981; MULLER AND SIEDLER,
1992), that indicate a f~2 decay for periods up to 100 days. The same frequency range as
for the current meter moorings of the f~2 decay is now visible for the frequency spectra of
the geostrophic JTP velocity estimates. Furthermore, the peaks of the tidal aliasing periods
of the My and S tides around 60 days (see discussion in Section 5.4) are pronounced in
the tropical and low energetic regions, whereas the bulk of the oceans shows only a small
peak and the highly energetic regions none at all. The low frequency end of all regions end
within a white spectrum.

For the low energy regions (Fig. 5.9, light grey), the annual period is visible for both
velocity components. For periods shorter than 180 days, the PSD is larger for the meridional
component whereas for longer periods the PSD of the zonal component dominates. At the
low frequency end, the meridional component exhibits white to blue spectral characteristics
while the spectrum for the zonal component remains red with a slope of f~1/2 between 200
and 1000 days.

The bulk of the ocean (dark grey) shows a red spectrum over the complete frequency range.
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Figure 5.7.: Frequency spectra of globally averaged 10° zonal bands for different latitudes,
left for the southern and right for the northern hemisphere. As in Fig. 5.3 for the geostrophic
u and v velocity components [em?/s?/cpd] (left) and the EKE [cm*/s*/cpd] (right).

As for the low energy regions, the slope of the u-component follows a f~/2 relation for
periods longer than 200 days. The v-component has lower PSDs and shows a f~/4 relation
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Figure 5.8.: Map of the 10° x 10° areas over which the frequency (Fig. 5.9) and wavenumber
spectra (Fig. 5.17) were averaged for different regional regimes according to their RMS SSH
variability. For the very low energy regions with oggy < 6cm (small grey dots), the bulk
of the oceans with 6cm < ogsy < 15cm (dark grey dots), the high energy areas with
ossg > 15cm (black dots) and the tropical oceans between 10°S and 10°N (open circles).

within that frequency range. Similar to the low energy regions, the v-component has higher
PSDs than the u-component for periods shorter than 180 days.

An equal slope of f=2 and f~'/2 can be found for the highly energetic regions (black) for
shorter and longer frequencies, respectively. However, the meridional component has higher
PSDs for periods shorter than a year. Therefore, the zonal component continues as a red
spectrum whereas the meridional component declines.

Different from the other three regions, the tropical ocean (blue) has the most pronounced
annual peak for both velocity components as well as the most pronounced semiannual peak
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Figure 5.9.: Regional averaged frequency spectra of the geostrophic v and v velocity com-
ponents [cm?/s%/cpd] (left) and of the EKE [em*/s*/cpd] (right), for the tropical oceans
(blue), the low energy regions (light grey), the bulk of the ocean (dark grey) and the high
energy areas (black). Their respective geographical regions are marked in Fig. 5.8 as open
circles, small light grey-, dark grey- and large black-dots.
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5. The Spectral distribution

for the zonal velocity component. As mentioned before, the tropical ocean has a slope of
f73/2 for periods shorter than 100 days and for longer periods a decay of f~1. On periods
longer than the tidal aliasing period of 60 days, the zonal velocity component comprises
higher PSDs than the meridional component.

The regional averaged EKE frequency spectra (Fig. 5.9, right) can be described as red
spectra with a nearly white low frequency end for periods longer than a year. Interestingly,
the shape of the spectra from low energy regions (light grey) and the tropics (blue) show,
despite their different PSD level, a similar slope of f~%/3 for periods shorter than the
semiannual and annual cycle. This will be mainly due to the small signal to error relation in
those regions, that are in the equatorial regions determined by the larger errors, whereas in
the low energy regions due to the only small signal. However, the spectra which represent
the bulk of the ocean (dark grey) and the high energy regions (blak) have slopes of of f~%/3
and f~3/ for periods shorter and longer than 100 days, respectively. A peak at 30 days is
visible in the spectrum of the low energetic regions (light grey).

Only very few frequency spectra for geostrophic velocity measurements of suffi-
cient length exist in the literature that can be compared directly to the JTP
results. Therefore, as an example, the Recording Current Meter (RCM) record
from the Kiel276 mooring described in MULLER AND SIEDLER (1992) pro-
vides a great opportunity to compare two completely independent data sets.
The Kiel276 mooring is located at 22° W

101?4 ———— 193 . P,er'Od“[(,j?,y?], —- 1?1 and 33°N in the Canary Basin in the
3 232255\/&/ eastern subtropical North Atlantic. The

] 3/; 1 site was chosen to measure the North At-

I 1 lantic subtropical gyre within the Azores

g10° 3 E Current. The frequency spectra for the 9-
Nﬁ . ] year long time series (1977-1989) from
NE -2 ] a depth of 450 m (see Fig.5.1) are very
5 similar to the velocity spectra shown in
a10°F E Fig.5.10 from JTP. Both spectra have
a slope of f=2 for periods between 20

I | and 100 days. Towards longer periods the

A I flow gets anisotropic with the meridional
1074 1073 Frequency [cpd] 107t component being more energetic than the

zonal with a peak at the half year period.
For longer periods the spectrum reverses
for Kiel276 whereas it has a second even
higher maximum at a period of 270 days
in the JTP spectrum. Beyond that, the
v-component from JTP reverses to the same PSD level as the Kiel276 mooring. For peri-
ods longer than a year, both zonal velocity components exceed the meridional component.
The current measurements from the Kiel276 mooring were point measurements whereas the
spectrum in Fig.5.10 was averaged over 5° x 5°. However, both spectra picked up equal
spectral behaviors of the ocean circulation. Results from the smaller 2° x 1° areas close to
the mooring site show similar shapes but with a larger noise level.

Figure 5.10.: Geostrophic velocity frequency
spectrum [cm?/s?/cpd] of 5° x 5° area in the
North Atlantic.
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5. The Spectral distribution

5.3. Wavenumber Spectra

To obtain an overview of regional wavenumber characteristics in a global content, the
wavenumber spectra of both the geostrophic velocity estimates and the EKE were cal-
culated alongside the along-track positions using the Lomb periodogram. The details of
computation for the Lomb periodogram are discussed in Appendix A.3. The wavenumber
spectra are displayed in units of cycle per kilometer [cpkm] with the wavenumber 7 = 1/
(in contrast to the angular wavenumber k = 27 /)), with A denoting the wavelength. The
JTP virtual ground tracks were divided into sections spanning 10° of latitude, ranging from
60°S to 60° N. Measurements from 65° to 60° are rejected. Due to the curvature of the
JTP-tracks, arc-segments spanning different latitude ranges contain a different amount of
measurements and therefore they comprise different distances (see Fig. 5.16). For the cal-
culation of a global spectrum it is necessary to average all spectra. As the frequencies of
the spectra have to be the same, the number of data points from the 10° arc-segment with
most data points was set to be the necessary track length for the calculation of the peri-
odogram. Shorter arc-segments were completed with dummy values that were treated as
zero throughout the interpolation of the data (see Section A.3). The wavenumber spectra
are available over 10° x 10° areas. As the arc-segments spanning 10° in latitude do not only
fall within one 10° x 10° area in zonal direction, the location of each mid point of a single
10° arc-segment chooses whether the spectrum falls within the easterly or westerly box.
Therefore, a single 10° x 10° area can likewise contain wavenumber information both from
its easterly and westerly neighboring areas.

For the discussion of the wavenumber spectra within this section, the resolution of the
JTP data set becomes apparent. Due to the given separation of both satellite tracks of up
to 157km at the equator (see Section 2.2.2), only large mesoscale eddies can be resolved
with the JTP tandem constellation. As previously estimated from LEEUWENBURGH AND
STAMMER (2002), a closer track separation would have lead to smaller measurement errors
allowing the resolution of smaller scaled eddies due to the estimation of geostrophic velocities
over much smaller scales. The potential increase of knowledge from an evenly sampled global
SSH cannot be doubted, but by only reducing the track separation, the SSH information
from a two satellite constellation would have provided a drastically increased measurement
density compared to a single satellite. For the estimation of geostrophic velocities, however,
an increase in resolution by an order of magnitude would have been achieved!

Moreover, it is important to keep in mind that the wavenumber spectra were calculated
along the JTP virtual velocity track that is displayed in Fig. 2.2. It can be seen, that differ-
ent arc-segments ranging across 10° latitude have different elongations. Therefore, the path
direction over which the zonal, meridional, and EKE wavenumber spectra were calculated
extend neither only in zonal nor in meridional direction. As can be seen from Fig. 2.2,
they are almost diagonally oriented, that is in N-E or S-W direction for ascending and
descending arcs, respectively. The figure also demonstrates that ascending and descending
wavenumber spectra were mixed while averaging over individual 10° x 10° areas. In com-
parison to the along-track derived wavenumber spectra, ZANG AND WUNSCH (2001) have
shown zonal wavenumber spectra for the zonal and meridional velocity components derived
from model results (see Fig. 5.2). A direct comparison of both is not trivial as the wavenum-
ber spectra were calculated in different directions across a non-isotropic ocean. However, as
the assumption of isotropy is reasonable over most parts of the ocean (see Section 3.5), a
comparison is worth a try. This has even been demonstrated by LE TRAON ET AL. (2008)
who showed spectral estimates from different satellites (with different inclinations) that lead
(next to other sources of error) to only small differences within their respective spectra.
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5. The Spectral distribution

5.3.1. Global and Basin Wide Wavenumber Spectra

A global wavenumber spectrum (Fig.5.12) can now be obtained while averaging all
along-track 10° x 10° spectra in space and time. However, before starting the discus-
sion about the global wavenumber spectrum, first the resolvable scales of the JTP tan-
dem constellation should be considered. Therefor, Fig. 5.11 shows the wavenumber spec-
tra of the geostrophic velocity components that were estimated from the SSH mea-
surements without Loess smoothing (see Section 2.2.2 for the Loess filter). For wave-
length longer than about 200km, a smooth spectrum (in shape) is visible, whereas
for shorter wavelength an uncertainty range or noise level exists. To keep in mind,

the along-track resolution of the ana-

4 3 1 . . .
o Wavelength [km] 10 lyzed variables is still on the order of
10 4y Global 3 10 km whereas the distances D1 2 and D3 4
v ] between the pairs of SSH-measurements

[y
(=]
I

L 4 (see Fig. 2.3, right) that were used for
: ] the calculation of the geostrophic veloc-
ities, and hence the EKE, are on the
order of up to 220km at the equa-
tor. Now it appears from Figs.5.11
that the resolved geostrophic velocity

PSD [cmzlszlcpkm]
5(.nJ
T
Il

10*F E scales (order of 220 km) denote the tran-

sition between the “smooth” spectrum

ot and the spectrum containing an uncer-
L MR | L sl L MR .

107 10°  Wavenumber [cpkm] 10~ tainty range, for wavelengths longer and

shorter than 220km. Looking at all un-
Figure 5.11.: As Fig.5.12 (left), but without smoothed wavenumber spectra zonally
Loess smoothing applied to the SSH measure- averaged over 10° latitude from 60°S to
ments. 60° N (not shown), the transition wave-

length between the smooth part of the
spectrum and the part containing an uncertainty range varies with latitude in the same
way as the distances Dj 2 and D3 4. The scales from Fig. 2.3 (bottom left) have to be kept
in mind while interpreting the Loess smoothed wavenumber spectra in the following section
because of the vanished uncertainty range for the smoothed wavenumber spectra as a result
of the reduced noise. See figures 5.11 and 5.12 (left) for a comparison between spectra from
smoothed and unsmoothed SSH measurements.

The globally averaged wavenumber spectra of both velocity components are displayed in
Fig.5.12 (left). Both components show equal PSDs for wavelengths shorter than 200 km
with a slope of 7~2. However, for longer wavelengths both behave differently. The zonal
component has a steeper slope of 773 for wavelengths of up to 300 km whereas the merid-
ional component follows a 72 relation in that wavenumber range. In quantitative agreement
with ZANG AND WUNSCH (2001, compare Fig. 5.2), the JTP results show a steeper slope
for the zonal velocity component in contrast to the meridional, leading to higher PSDs for
the zonal component in the 180 to 700 km wavelength range. The slopes of the zonal ve-
locity component tend to be similar for both estimates. ZANG AND WUNSCH (2001) found
slopes for the zonal (meridional) velocity component of 7~ (7=2), 7=%/2 (5=1/2) and 7~1/2
(5*1/2) for wavelengths up to 100, between 100 and 300 km and between 300 and 1000 km,
respectively. The corresponding wavenumber spectra of the zonal (meridional) geostrophic
velocity estimates from JTP (Fig. 5.12, left) have slopes of 72 (#72), =3 (#~2) and &~ /2
(7~ 1) for for wavelengths up to 100 km, between 100 km and 300 km and for longer wave-
lengths of up to 1500 km. For wavelengths longer than 900 km, the meridional component
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5. The Spectral distribution

slightly exceeds the zonal component in the JTP estimates.

ZANG AND WUNSCH (2001) explained the different slopes between zonal- and meridional-
wavenumber spectra, of zonal and meridional velocity to originate from geostrophy. How-
ever, as the JTP velocities were calculated along-track, they have to be somehow a mixture
between the purely zonal- and meridional-wavenumber spectra.

For the globally averaged EKE wavenumber spectra different slopes can be found for wave-
lengths shorter and longer than 180km. The shorter wavelengths follow a =2 relation
whereas the longer wavelengths up to 1500 km follow a 7%/ relation.

The basin wide® averaged wavenumber spectra can be seen in Fig. 5.13. As for the global
JTP wavenumber spectra, one has to be aware of the fact that wavenumber spectra calcu-
lated on differently oriented JTP tracks (see Fig. 2.2) are averaged.

For the Pacific (Fig. 5.13, top), the wavenumber spectra are nearly indistinguishable from

the global wavenumber spectra (Fig. 5.12) except for the zonal geostrophic velocity com-
ponent for wavelengths longer than 400 km. In that range, the Pacific has higher PSDs than
the global spectrum. For wavelengths longer than 1000 km, the spectra of both velocity com-
ponents have the same PSD level for long wavelengths. Therefore, the slopes do not differ
significantly from the global spectrum. The wavenumber spectrum of the EKE has slopes of
=2 (79/5) for wavelengths shorter (longer) than 200 km, equal to the global wavenumber
spectrum.
In the Atlantic (Fig.5.13, middle), the meridional component remains unchanged com-
pared to the Pacific and the global estimates, whereas the zonal component show decreased
PSDs for wavelengths longer than 400 km and hence a less steep slope of 7~ /6 within these
wavelengths. The EKE wavenumber spectrum has slightly decreased PSDs compared to the
global wavenumber spectrum of EKE with a relation of 72 between 100 and 200 km.

The wavenumber spectra for the geostrophic velocities in the Indian Ocean (Fig.5.13,
bottom) contain higher PSDs than the other basins. However, the slopes do not differ sig-

3Compare Fig. 2.1 for the location of the seperated basins.

10* 10° 102 Wavelength [km] 10° 10? 10t
10°F Global " U] [EKE {10
vit ]
10°F :
T E
X X
810°¢ g
o~ C <
% L ©
e : e
L2 L,
107 a)
0 7]
o o
101§ ]
100 ™ 10t
107 1073 1072 Wavenumber [cpkm] 107 1072 107t

Figure 5.12.: Global-averaged wavenumber spectra of the geostrophic velocity components
[em?/s? [epkm] (left) and of the EKE [em?/s*/cpkm] (right). The left hand figure contains
both velocity components with the u-component shown as bold and the v-component as
thin line. The spectra were calculated for each arc segment spanning 10° in latitude. See
text for details.
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Figure 5.13.: Basin wide averaged wavenumber spectra for geostrophic velocity estimates
[em?/s%/cpkm] (left) and EKE [em*/s*/cpkm] (right) for the Pacific (top), Atlantic (mid-
dle) and Indian Ocean (bottom). Note the different scale for the bottom right panel.
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5. The Spectral distribution

nificantly. The “plateau” in the zonal component between 300 and 1500 km has a slope
of 7~Y* and is therefore less steep than in the global spectrum. However, the meridional
component has a steeper slope and thus higher PSDs than in the other ocean basins and
in the global spectrum at a wavelength of 1500 km. This leads to an enhanced wavenumber
spectrum of EKE over the complete wavenumber range.

Therewith it could be demonstrated again that the Indian Ocean is the most energetic
ocean basin over the complete wavenumber range.

5.3.2. Regional Wavenumber Spectra

For a more detailed discussion of the wavenumber spectra, the along-track calculated
wavenumber spectra are shown for each 10° x 10° subregion in Fig. 5.14 for the along-track
zonal and meridional geostrophic velocity components (top, middle) and EKE (bottom).
For all quantities, the distribution of high and low energy regions are represented by the
magnitude of the PSDs within each spectrum. As previously for the frequency spectra in
Fig. 5.6, the highest PSDs can be found for example in the equatorial and boundary current
regions. The regionally changing shapes of the spectra in Fig. 5.14 indicate the change of
the length-scale-distribution on which the geostrophic velocities and the EKE occur.

In the wavenumber spectra of the geostrophic velocity estimates (Fig. 5.14, top and mid-
dle), most of the high energy regions show a straight red spectrum with a single peak and a
decrease for longer wavelengths. For some lower energy regions, however, a plateau is visible
rather than a single peak, indicating a wider preferred wavelength range, as can be seen for
example in the ACC for both components and in the very low energy regions for the zonal
velocity component. While comparing different regions, different slopes can be recognized
especially when comparing high and low energy regions. As indicated before for the global
wavenumber spectra, the zonal and meridional components have different slopes especially
in the low energetic regions.

The shape and hence the slopes of the EKE wavenumber spectra are very similar (Fig. 5.14,
bottom) as could be seen before for the basin wide averages in Fig. 5.13 (right). A gener-
ally red spectrum can be observed which mostly changes into a white spectrum for the long
wavelength tail that only differs in the magnitudes of the PSDs for the different 10° x 10° re-
gions.

While looking at meridional sections in Fig. 5.14, the changing of the cutoff wavelength
with latitude becomes obvious on every longitude. To shed light upon the latitude-dependent
differences in the wavenumber spectra, the wavenumber spectra of global averaged 10° zonal
bands are shown for all different latitudes in Fig. 5.15, as before on the left for the southern
and on the right hand side for the northern hemisphere. The center latitudes of the 10° bands
are given in each panel. The 10° equatorial bands for both hemispheres are shown in the
bottom panels and the highest latitudes in the uppermost panels. The scales are equal for
the velocity and the EKE panels, respective.

The largest PSDs for the wavenumber spectra of the v-component and of the EKE can
be found at wavelengths corresponding to the length of the arc-segments spanning 10° in
latitude. For the u-component this is only true for the 5° and 55° latitude band. The arc-
segment-length varies between 1567 km for the 55° and 1185 km for the 5° latitude band,
as can be seen in Fig.5.16. Over this wavelength range, only three frequencies are es-
timated by the Lomb periodogram making it difficult to determine a latitudinal shift of
that maximum. However, for the meridional velocity component the peak is confined at
the wavelength of ~ 1550 km for the 55° and 45° latitudes and gets wider towards smaller
wavelengths closer to the equator. For the EKE a shift of that peak is indeterminable.
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Figure 5.14.: Mean wavenumber spectra of the geostrophic u- and v-velocity component
[em?/s%/cpkm] (top, middle) and for the EKE [em?/s*/cpkm] (bottom). See text for cal-
culation of the spectra. Top right insets give the axis ranges of the displayed spectra.
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Across all 10° latitude ranges, the slope of the zonal is steeper than the slope of the merid-
ional velocity component for longer wavelengths, according to the wavelength of the uncer-
tainty range displayed in Fig. 5.11 and 2.3 (right). That leads to a shorter cutoff wavelength
for the zonal velocity component in the range of 400/350 km at 15°/35° and down to 280 km
at 55° latitude. For the meridional components, this cutoff is shifted to longer wavelength in
lower latitudes, leading to 700/600 km at 15°/35° latitude and decreases to the same wave-
lengths of 280 km at 55°, as for the zonal component. For wavelengths longer than the cutoff
wavelength, the spectra behave more like a white spectrum. However, a detectable peak is
evident in the zonal velocity component for wavelengths on the order of the arc-segment-
length. The findings about the variable cutoff wavenumber are in general agreement with
the wavenumber spectra of the surface slope by STAMMER (1997a, their Fig. 16), i.e. a 73
relation for wavelengths shorter than the cutoff wavelength. That is the same slope as in
the spectra for the zonal velocity component. While comparing both relations, one has to
keep in mind that the former was calculated from an along-track slope spectrum of SSH
and the latter from along-track geostrophic velocity estimates.

The cutoff wavelength in the EKE wavenumber spectrum again varies with latitude and
is following the distances in Fig. 2.3 (bottom, left) over which the geostrophic velocities
were calculated from the SSH measurements, ranging from 200km at 5° to 100 km at 55°
latitude. The slopes of the EKE spectra are similar to each other excluding the equatorial
region. The same holds for the slopes of both geostrophic velocity components which are
similar in the latitude range between 15° and 45° latitude.

These results emphasize that over different ranges of 10° latitude, the track spacing as well
as the arc-segment length significantly influence the shape of the wavenumber spectra for
the JTP tandem data set.

The different PSD magnitudes in the wavenumber spectra (Fig. 5.15) between the northern

and southern hemisphere follow the same explanations as for the frequency spectra in the
previous Section 5.2.2 (Fig. 5.7). Therefore, they will only be described on the basis of the
EKE spectra.
Going from the equator to the poles, the northern hemisphere has higher PSDs than the
southern hemisphere at 5° N and S and is still true for latitudes of 15° N and S. That results
from the stronger currents within the north-equatorial current system due to wind forcing.
At 25° latitude both hemispheres have equal PSDs, whereas at 35° N higher PSDs can be
seen as result of the strong Kuroshio and Gulf Stream boundary current regions. Further
poleward, at 45° and 55° the southern hemisphere exceeds the northern one concerning
their PSDs due to the Brazil Malvinas Confluence region and the ACC.

As before for the frequency spectra in Section 5.2.2, the regional wavenumber spectra were
averaged for different regional scales (see Fig.5.8) of the RMS SSH variability (ossm),
The division again is according to ogsy < 6cm for the very low energy regions, 6 cm
< ogsm < 15cm for the bulk of the oceans, oggsyr > 15cm for the high energy areas and for
the tropical oceans between 10° S and 10° N. The regional averaged spectra are displayed for
the geostrophic velocity components and the EKE in Fig. 5.17 (left and right, respectively).
All wavenumber spectra in Fig. 5.17 show a short scale noise for wavelengths shorter than
60 km.

The slope of the mean geostrophic velocity wavenumber spectrum across the equatorial
region is close to 72 for wavelengths up to 200 km and rather 7! for longer wavelength.
In that range, the zonal velocity component is only slightly steeper than the meridional.
However, for the three off-equatorial subregions a slope of 72 can be found for wavelengths
up to the cutoff wavelength of 300-400 km. Within the low energy regions (light grey) and
the bulk of the ocean (grey), a flatter slope exist for the meridional velocity component on
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Figure 5.16.: Track-segment-length for the different 10° latitude ranges that was used for
the calculation of the wavenumber spectra (right) and (left) an estimate of a “Rhines” scale
(Eq. 5.1).

wavelengths longer than 200 km. The high energy regions have no decline in slope of the
meridional component in that wavenumber range but rather a steeper slope of 7~° for the
zonal component.

In the wavenumber range between 500 km and 1500 km, the wavenumber spectra of the off-
equatorial meridional components have a slope of 7—3/5 (5*4/ ° for the low energy regions),
whereas the wavenumber spectra of the zonal components behave like a white spectrum.

The regional averaged off-equatorial (equatorial) wavenumber spectra of the EKE
(Fig. 5.17, right) show, despite their different PSD level similar slopes of 75/ (both)
for wavelength longer than 120km (300 km) and slopes of =3 (7~2) for shorter.
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Figure 5.17.: Regional averaged wavenumber spectra of the geostrophic u and v velocity
components [cm?/s?/cpkm] (left) and of the EKE [em*/s*/cpkm] (right), for the tropical
oceans (blue), the low energy regions (light grey), the bulk of the ocean (dark grey) and
the high energy areas (black). Their respective geographical regions are marked in Fig. 5.8
as open circles, small light grey-, dark grey- and large black-dots, respectively.
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5. The Spectral distribution

In an ideal geostrophically turbulent flow field (KRAICHNAN, 1967; RHINES, 1979; STAM-
MER, 1997a) the wavenumber spectra of EKE should have slopes close to 75/3 and 773 for
wavenumbers smaller and larger than the wavenumber of maximum instability. The max-
imum should show up at the “Rhines” scale Ly or “8 arrest” at which the red energy
cascade comes to a halt as a result of Rossby wave dispersion. After RHINES (1975) the
“Rhines” scale [km] (see Fig. 5.16, right) can be estimated as

Urms

g

Lpp = (5.1)

with § the meridional gradient of the Coriolis parameter and Ugrys = V2EKE the RMS
velocity. Urps can be estimated using the EKE (Equation 3.2) from Fig. 3.9 (top), see
STAMMER (1997a), DANILOV AND GURARIE (2002) and DANILOV AND GURARIE (2004).
Ly, was calculated for the zonal mean EKE. Over most parts of the ocean, L, has a spatial
scale of approximately 300 km. The scale reaches up to 400 km at latitudes where the big
current systems as the Kuroshio, Gulf Stream and Agulhas Retroflection play an important
role for the magnitude of the EKE. Within the JTP wavenumber spectra the Rhines scale
can be identified in the zonal velocity component only and at wavelengths of 300 -400 km.
For the meridional component, however, the cutoff can be found at wavelengths longer than
1000 km. The cutoff wavelength for all EKE spectra can be found on scales longer than
1000 km.

STAMMER (1997a) proposed a strikingly universal shape of the wavenumber spectra over
the entire extra-tropical ocean, which would suggest that interior ocean dynamics are not
significantly different from those near boundary currents. This finding can be supported
by the JTP tandem data set but with the restrictions that the spectra of both velocity
components have different slopes for wavenumbers larger than 100-200km and that the
predicted EKE wavenumber slope of 7~%/% described by theory for an ideal geostrophically
turbulent flow-field has a flattened slope of 7~5/% for the JTP data.

Due to the scarce number of velocity wavenumber spectra in the literature only a few
comparisons can be considered. Using the Geosat data set, LE TRAON AND ROUQUET
(1990) calculated a transverse along-track geostrophic velocity wavenumber spectrum (their
Fig. 2b) for a region in the North Atlantic (30°-40° N, 70°-60° W). The wavelength range
between 100 and 400 km shows a slope of #~2. The equivalent wavenumber spectra, but
now from the JTP data set can be seen in Fig. 5.19 (middle, left). In the wavelength range
between 100/200 and 400km a slope of 773 and 772 rather than 7~2 (for Geosat) can
be found for the meridional/zonal velocity component, respectively. For the zonal velocity
component an even steeper slope of 7% can be found for the wavelength range between 100
and 200 km. Hence, the estimated slope from the Geosat data (LE TRAON AND ROUQUET,
1990, Fig.2b) of 772 is closer related to the meridional velocity component of the JTP
data in Fig. 5.19 (middle, right).

Within the same region, STAMMER (1997a, their Fig. 13 b) calculated cross-track veloc-
ity wavenumber spectra for several 10° boxes across the North Atlantic. As previously
LE TRAON AND ROUQUET (1990), STAMMER (1997a) could identify the same slope of 72
for wavelengths between 100 and 400 km. For both estimates, the PSD declines for wave-
lengths longer than 400 km in consistency with the Rhines scale, whereas in the wavenumber
spectra of the JTP data seen in Fig. 5.18, the PSD declines only slightly. Note that the cen-
ter longitudes of the grid boxes are shifted by 5° for JTP in contrast to STAMMER (1997a).
While moving from west to east and hence from the energetic boundary current towards a
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Figure 5.18.: Averaged wavenumber spectra from all 10° x 10° areas in the latitude band
of 30°N and 40°N in the North Atlantic (see Fig. 5.14), for the zonal (left) and merid-
ional (right) geostrophic velocity component [cm?/s?/cpkm]. The center longitudes of the
10° x 10° boxes are indicated in the figure.

less energetic region, a PSD decrease is evident and is accompanied by a decrease in slope
from 772 to =2 for the meridional velocity component. However, the slope of 7~° for the
zonal velocity component stays unchanged across the basin in the wavenumber range of 100
to 300 km.

Recently, there has been a discussion about spectral wavenumber slopes and the underly-
ing turbulence theory concerning whether the quasi geostrophic (QG) or the surface quasi
geostrophic (SQG) theory yield a better description of the estimated wavenumber spec-
tra seen for example within the SSH satellite data. The discussion goes back to the work
of BLUMEN (1978, who proposed the SQG) and HELD ET AL. (1995), and has been re-
visited by LAPEYERE AND KLEIN (2006). In this discussion (TULLOCH AND SMITH, 2009;
LAPEYRE, 2009; FERRARI AND WUNSCH, 2010), LE TRAON ET AL. (2008) show SSH (veloc-
ity*) wavenumber spectra in the highly energetic boundary current regions of the Kuroshio,
Gulf Stream and Agulhas Retroflection. They find slopes for the SSH (velocity) of p—11/3
(7=%/3) in the wavelength range between 100 and 300 km, rather than 7~° (#3) as would
be expected for QG turbulence. These slopes moreover indicate that the SQG turbulence
theory yield a much better dynamical description in those regions. But questions remain as
to the generality of the results (FERRARI AND WUNSCH, 2010). To compare their results
with the wavenumber spectra derived from the JTP tandem mission, Fig. 5.19 shows the
10° x 10° averaged wavenumber spectra for the geostrophic velocity estimates (left) and
the EKE (right). The spectra are shown for the Kuroshio (top), the Gulf Stream (middle)
and the Agulhas Retroflection (bottom). The slopes predicted by the QG turbulence theory
(773) and SQG theory (7~°/3) are indicated in the velocity wavenumber spectra within
the right panels of Fig.5.19. One can easily see that the EKE wavenumber spectra fol-
low slopes of ~%/% and 73 for wavelengths longer and shorter than ~ 150km. According
to LE TRAON ET AL. (2008) the SQG theory would better explain the variability seen in
the JTP velocity estimates. However, a steep slope can be seen in the wavelength range
between 80 and 150km that arises mainly due to the resolvable spacial scales, i.e. the

4Which should be noted to be the absolut velocity or kinetic energy.
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Figure 5.19.: 10° x 10° averaged wavenumber spectra for geostrophic velocity estimates
[em?/s%/cpkm] (left) and EKE [cm?/s*/cpkm] (right) for the Kuroshio (top), Gulf Stream
(middle) and Agulhas Retroflection (bottom).
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Figure 5.20.: Differences [em] of the My tide from the HAMTIDE and FES2004 models.
The largest differences occur on the North-Brazilian shelf.

track spacing of the JTP tandem mission with the respective distances D2 and D34 over
which the geostrophic velocities were calculated (see Section 2.2.1 and Fig. 5.11). A closer
track-spacing during the JTP tandem mission would have minimized the uncertainties in
that wavenumber range and therefore improved the knowledge about the wavenumber spec-
tra on shorter wavelength, as to date (FERRARI AND WUNSCH, 2009) the observations on
wavelengths of 200 km and shorter are particularly needed.

5.4. The aliasing frequencies of the M, and S, tides

In Section 5.2, the geostrophic surface
currents estimated from the JTP tandem
altimetric SSH data were used to calcu-
late their frequency spectra.

The global frequency spectrum in
Fig. 5.21 (same as Fig. 5.3) shows peaks
close to the My and So aliasing periods
of 62.1 and 57.8 days (see SCHLAX AND
CHELTON, 1994; RAY, 1998) indicated by
the arrows. A regional analysis reveals
that the signal originates from only a few
regions on the continental shelves of the
world ocean. The question arises whether
those peaks describe ocean processes or
emerge from the processing of the data
set. It has to be noted that eddies can
generate a signal with a ~60 day period.
However, these regions coincide with ar-
eas for which large differences exist be-
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Figure 5.21.: Same figure as Fig. 5.3 (left). The
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which are the aliasing periods of the My and So
tides for the JTP satellites.
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Figure 5.22.: PSD peak-height of the geostrophic velocity spectra (see Fig.5.6) at the
period of 62.1 days (which is the aliasing period for the My tide), for the zonal (top) and
meridional (bottom) velocity components [em?/s?/cpd]. Shown are regions with a clear peak
at the aliasing period of the My tide. The letters from a-f correspond to the spectra in
Fig. 5.23. Note the logarithmic scale.

tween the My and the Sy constituents that were provided by the finite element solutions
(FES) FES2004 tidal model (LYARD ET AL., 2006) that was used to correct the ocean tides
in the JTP altimeter data and is known to have difficulties within the tidal solutions in the
coastal and shelf regions and those provided by the more recent Hamburg direct data As-
similation Methods for TIDEs (HAMTIDE) tidal model (TAGUCHI AND STAMMER, 2010).
The differences between both tidal models can be seen in Fig.5.20 for the Ms aliasing
period. Here, the differences are largest on the continental shelf and, albeit smaller, in the
open ocean. The largest differences occur on the North-Brazilian shelf and reach values of
more than 5cm. The resulting velocity aberrations can reach values of 20 cm/s and more.

In order to check all frequency spectra averaged over 10° x 10° regions (see Fig. 5.6, top
and middle) for significant peaks at the aliasing periods of My and Sg, the regression slope
and a corresponding noise-level were calculated for the period range between 45 and 100
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Figure 5.23.: 10° x 10° averaged frequency spectra for geostrophic velocity estimates
[em?/s%/cpkm] for (left) a Alaskan Stream, b Yellow Sea, ¢ Argentine Shelf and (right)
d Bay of Biscay - European Shelf, e Amazon Shelf and f Abrolhos Bank east of Brazil. The
spectra belong to the regions a-f in Fig.5.22. The regression slope of the period range
45-100 days is indicated as blue and the according noise-level as red lines.
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5. The Spectral distribution

days. Exemplarily, six frequency spectra averaged over 10° x 10° areas are displayed in
Fig. 5.23 for the zonal (bold) and meridional (thin) geostrophic velocity estimates. The
spectra are shown (left) for a the Alaskan Stream, b the Yellow Sea, ¢ the Argentine Shelf
and again (right) for d the Bay of Biscay - European Shelf, e the Amazon Shelf and f the
Abrolhos Bank east of Brazil. The associated geographic locations are marked in Fig. 5.22.
The blue line denotes the regression slope whereas the red lines denotes the respective noise
level®. A peak at one of those periods was chosen to be significant if it exceeded the noise
level. Peaks exceeding the noise level by more than 10° at the M, aliasing period are shown
in Fig. 5.22 for the frequency spectra of zonal (top) and meridional velocity (bottom). All
locations with large differences between HAMTIDE (Fig. 5.20) and FES2004 (Fig. 5.22)
show peaks at the My aliasing period in the JTP velocity frequency spectra. Smaller less
prominent peaks can be seen for the aliasing period of Sy that are not shown here.

The results suggest that the “parallel-track-approach” to estimating instantaneous surface
geostrophic currents is capable of detecting tidal currents over the global ocean. Further
improved estimates of tidal constituents could be obtained through new models using data
assimilation and a high horizontal resolution. To test the assumption, the FES2004 tide
correction could be replaced by a newer version of tide models as the HAMTIDE tide
model to verify whether the differences between both models as observed in Fig. 5.20 can
reduce the tide signal from the frequency spectra of geostrophic velocity.

5.5. Summary

Within this chapter, the spectral distribution in the frequency and in the wavenumber
domain of the geostrophic flow-field and resulting EKE were presented. As the oceanic
variability is broadband and comprises all time and spacial scales, the spectral frequency
and wavenumber distributions clarified the impact of the different scales. The description
of the seasonal cycle indeed implied important information, but reflected only a part of
the oceanic variability. With the JTP tandem mission it was for the first time possible to
calculate the frequency and wavenumber spectra for the zonal and meridional geostrophic
velocity components separately and for the resulting EKE along the virtual velocity track.

The frequency spectra were calculated for each along-track position and subsequently
gridded to obtain regional (10° x 10°) and global mean frequency spectra of geostrophic
velocity anomalies and of EKE.

Within the global mean frequency spectra, the annual peak was the most prominent fol-
lowed by the peak at the half year period. At periods longer than half a year, the zonal
velocity component was more energetic than the meridional and the the year- and half-year
frequencies were far more pronounced. The geostrophic velocities showed relations of f~2
for periods shorter than 60 days, f~3/2 for periods between 60 and 180 days and f~1/2
within the range between 180 and 365 days.

The global mean EKE frequency spectrum showed a clear annual and 3-year peak and
slopes of f~3/2 were obtained for periods shorter than 100 days, f~! for periods ranging
from 100 up to 365 days and a white spectrum was seen on longer periods.

A comparison with the global mean velocity spectra obtained from the OSCAR data set
showed an overall agreement, except for the under/overestimated meridional/zonal compo-
nent in the OSCAR data for periods longer/shorter than 100 days. The amplitudes of the
annual and semiannual peaks were most pronounced and sharpest for the 15-year OSCAR

5The lower noise level of f was omitted for display purposes as it ranges below a PSD of 107",
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time series where the energy decrease was shifted to longer periods.

The basin wide averaged frequency spectra contained an average number of 65, 71 and 47
values in time for the Pacific, Atlantic and Indian Ocean, respectively. The Pacific basin
wide frequency spectra were nearly equal to the global mean spectra, whereas the spectra
for the Atlantic contained less energy than the global spectra for periods longer than about
half a year. The PSDs were the largest in the Indian Ocean due to the fewer low energy
regions in the Indian Ocean and additionally a scarce data coverage. Only ~ 16 % of all
data came from the Indian Ocean. Hence, the high frequencies were less well sampled in
the Indian Ocean compared to the Pacific and Atlantic. The comparison of the basin wide
EKE frequency spectra revealed similar shapes for periods smaller than 100 days and a clear
difference for longer periods. There, the Atlantic showed the lowest PSDs followed by the
Pacific with PSDs close to the global mean and the Indian Ocean with the largest PSDs.
The annual frequency, however, was pronounced in all basins. A peak at 125 days in the
equatorial Atlantic could be identified by westward propagating Rossby waves (compare
CHELTON AND SCHLAX, 1996).

Global maps, containing regional distributions across all 10° x 10° areas of the frequency

spectra for the geostrophic velocities and EKE emphasized the regional energy distribu-
tion in a global context. Therewith high and low energy areas could clearly be identified.
Those were the equatorial regions, with larger PSDs north of the equator, as well as the
big current systems as the Kuroshio, Gulf Stream, Agulhas Retroflection, Brazil Malvinas
Confluence region and the ACC. Thus, spectra calculated over high energy regions showed
a red behavior and tended to a slow decay only for the longest periods, whereas the low
energy regions can be identified by smaller PSD with white to even blue spectral behavior
for the long period end of the spectra.
To highlight the latitudinal distribution, globally frequency spectra averaged over 10° lati-
tude were discussed. Therewith the latitudinal differences got clearly visible, as there were
for example the pronounced annual peak in the tropical regions and the larger PSD level
for the zonal geostrophic velocity component in low latitudes (15°-25° N and S) compared
to the meridional, for periods longer than half a year.

The spectral behavior of geostrophic velocities for diverse energetic regimes (low energy
regions, bulk of the ocean, high energy regions, equatorial region) were characterized by
different RMS SSH variabilities. In spite of different PSD levels, they showed similar slopes
for all subregions. For the geostrophic velocities, thus, a general slope of f~2 was found
for the high frequency part of all spectra and a slope of f~%/2 could be attributed to
periods longer than half a year for the zonal velocity component and a close to white
spectral behavior for the meridional component. Only minor deviations were found within
the equatorial spectral slopes, most likely due to the increased error level there, along with
enhanced annual and semiannual peaks in the equatorial zonal component.

Similar shapes were also found within the regional averaged EKE frequency spectra. Beside
a nearly white low frequency end for periods longer than a year, the extra-tropical regions
had slopes of of £~5/3 and f=3/4 for periods shorter and longer than 100 days, respectively.
Interestingly, the high frequency part of the low energy regions and the equatorial region
for periods shorter than a year showed, despite their different PSD level, an equal slope of
f~*? mainly due to the small signal to error relation in those regions.

A very regional comparison between a frequency spectrum derived from nine years (1977 -
1989) of RCM measurements (450 m depth) within the “Kiel276 mooring” in the Canary
Basin and an average frequency spectrum over the according 5° x 5° region® from JTP

5To avoid the noise within the JTP spectra.
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showed astonishingly similar behavior for both geostrophic velocity components as well as
PSD levels at the same order of magnitude.

The wavenumber spectra of the geostrophic velocity estimates and EKE were calculated

alongside the along-track JTP virtual ground track and were divided into sections spanning
10° of latitude ranging from 60°S to 60° N. However, one had to be aware of the JTP
tandem mission conditions such as the distances between the pairs of SSH-measurements
that were used to calculate the geostrophic velocities in the order of up to 220km at the
equator. They allowed only large mesoscale eddies to be resolved with the JTP tandem
constellation. Moreover, the JTP track direction was shown to be almost diagonally oriented
and therefore the spectral wavenumber information was calculated along those “diagonal”
JTP tracks. But as both the ascending and descending arcs were averaged, wavenumber
information from both directions was considered. The global wavenumber spectrum was
obtained by averaging all along-track 10° x 10° spectra in space and time.

The globally averaged wavenumber spectra of both velocity components showed equal
PSDs for wavelengths shorter than 200 km with a slope of #~2. This slope continued for the
meridional component onto longer wavelengths. However, the zonal component followed a
steeper slope of 73 up to a wavelength of 300 km. For wavelengths longer than 300 km,
the zonal component then had a slope of 7~/2. The different slopes between zonal- and
meridional-wavenumber spectra of zonal and meridional velocity were shown before (ZANG
AND WUNSCH, 2001) to follow from geostrophy. However, as the JTP velocities were cal-
culated along-track, they had to be different from purely zonal- or meridional-wavenumber
spectra.

For the globally averaged EKE wavenumber spectra, slopes of 72 and #~/5 were visible
for wavelengths shorter and longer than 180 km, respectively.

The wavenumber spectra were averaged across each basin to highlight their differences. For
the Pacific, the averaged spectra are nearly indistinguishable from the global wavenumber
spectrum. The same was true for the Atlantic, only the zonal geostrophic velocity component
has lower PSDs at wavelengths longer than 400 km and the PSD of the EKE wavenumber
spectrum was slightly decreased. Compared to the other basins and to the global spectra,
the wavenumber spectra of the Indian Ocean contained the highest PSDs. However, the
slopes did not differ significantly.

Regional distributions across all 10° x 10° areas of the wavenumber spectra for the
geostrophic velocities and EKE were shown within global maps to emphasize the regional
energy distributions in a global context. The highest PSDs were again found in the equa-
torial and boundary current regions. Within these highly energetic regions, a straight red
spectrum was found for the geostrophic velocities with a single peak and a decrease towards
longer wavelengths. In contrast, a few regions of lower energy exhibited a plateau rather
than a single peak. Furthermore, the slopes differed significantly in the low energy regions
between both velocity components.

Within all 10° x 10° regions, generally red EKE wavenumber spectra were observed with a
white long-wavelengths tail. However, they differed significantly in their magnitudes.

A change of the cutoff wavelength was seen within meridional sections. To emphasize the
changing cutoff wavelengths, wavenumber spectra of global averaged 10° zonal bands were
calculated. Within the wavenumber spectra of geostrophic velocities and EKE, a cutoff
wavelength was determined by the length of the arc-segments spanning 10° in latitude. The
arc-segment length varied between 1185 km and 1567 km for the 5° and 55° latitude band,
respectively. However, a second cutoff wavelength was determinable. For the wavenumber
spectra of zonal /meridional geostrophic velocity, the cutoff wavelength varied in the range of
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400/700 km and 350/600 km down to 280/280 km, at 15°, 35° and 55° latitude, respectively.
The cutoff wavelength in the EKE wavenumber spectrum varied according to the distances
over which the geostrophic velocities were calculated from the SSH measurements, ranging
from ~200km at 5° to 100 km at 55° latitude.

It was proposed that the track spacing of the satellite track as well as the arc-segment length
significantly influenced the shape of the wavenumber spectra for the JTP tandem data set.

Averaged wavenumber spectra were calculated over different energetic regions as the low
energy, bulk of the ocean, high energy and equatorial regions. Except for the equatorial
region with a general slope of 72, the spectral behaviors were equal for the other regions
but with differing PSD levels. Hence, the wavenumber spectra of geostrophic velocity showed
a general slope of 73 for wavelengths shorter than the cutoff wavelengths (300 km - 400 km).
A flatter slope was found for the meridional component on wavelengths longer than 200 km
and within the high and low energy regions a slope of 75 was evident between ~ 100
and ~ 300 km. For longer wavelengths, the meridional component had slopes close to 7—3/°
whereas the zonal component continued in a white spectral behavior.

For the different energetic regions, the wavenumber spectra of EKE had similar slopes of
7%/4 and 73 for longer and shorter wavelengths than 150 km, except for low wavenumber

end of the equatorial region which showed a slope close to 72.

As proposed before, the wavenumber spectra showed with some restrictions a strikingly
universal shape over the entire extra-tropical ocean. The restrictions were namely the dif-
ferent slopes within the spectra for both velocity components and the slope of 75/ for the
EKE wavenumber spectrum being flatter than predicted by theory.

Two comparisons in the North Atlantic were examined, the first with transverse along-track

geostrophic Geosat velocities (30°-40° N, 70°-60° W). In the wavelength range between
100 km and 400 km, the wavenumber spectrum obtained from Geosat was closer related to
the wavenumber spectrum of the meridional velocity from JTP.
The second comparison was within the same latitude band but across all 10° sections in
the North Atlantic from cross track T/P velocity estimates. In contrast, the JTP data did
not show the PSD decrease for wavelengths longer than 400 km as for the T /P cross-track
velocities. Further interesting features became evident such as the PSD-decrease moving
from west to east (i.e. from the energetic boundary current towards a less energetic region)
and the slope-decrease within the meridional component.

The recent discussion about the underlying turbulence theory behind the spectral
wavenumber slopes was addressed. As in previous studies of SSH, the SQG theory could ex-
plain the spectral behavior (17_5/ 3) on wavelengths longer than ~ 150 km within the regions
of high eddy energy as the Kuroshio, Gulf Stream and Agulhas Retroflection.

Finally, it was investigated whether the peaks close to the My and S, aliasing periods
of 62.1 and 57.8 days could have been related to oceanic processes or were rather not
sufficiently corrected tidal signals. A regional study revealed that the signal originates from
only a few regions on the continental shelves. Within these regions, the largest differences
between the FES2004 and the HAMTIDE tidal model existed, which suggested that the
peaks at the aliasing periods of the My and Sy tides could be explained due to difficulties
in the tidal solutions of the FES2004 tidal model in the costal and shelf regions. Therefore,
it was suggested to recalculate the JTP data set for a test of that assumption.
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The aim of this thesis is to investigate the basic statistics of the oceanic flow-field using
the geostrophic current estimates available from the Jason-1-TOPEX/Poseidon tandem
mission covering three years of SSH data from September, 2002, to September, 2005. The
satellites measured the SSH with an along-track resolution of 6.2km, a track spacing of
157km at the equator and an inclination of 66°. While the time covered by the data is
still short (three years) for an elaborate evaluation of statistical quantities, the analysis
demonstrates the value of geostrophic velocity estimates which can be computed from the
JTP SSH fields. As previously demonstrated for the first month of the JTP tandem mission
(STAMMER, 1997a), the data set gives the opportunity to calculate geostrophic velocities
for the zonal and meridional velocity components separately and for each along-track posi-
tion. Therefore, the JTP tandem mission was the first satellite observing system to obtain
geostrophic velocities along track without the assumption of isotropy, turning the two al-
timeter satellites TOPEX /Poseidon and Jason-1 into a space born near real time current
meter.

In order to describe the distribution of the geostrophic velocity anomalies, a global PDF

is shown that has a clear exponential shape as a consequence of the significant variance of
EKE over the global ocean. However, when the PDF's are calculated across smaller regions
with only low variability, a clear Gaussian shape appears as shown before in GILLE AND
SMITH (2000). Hence, the exponential shape is the result of averaging Gaussian PDFs with
different PDF-width. Moreover, all PDFs have Gaussian shapes when normalized by their
STD.
In particular, the study underlines the importance of the JTP velocity estimates for the un-
derstanding of the spatial structures of flow changes on the annual period (SCHARFFENBERG
AND STAMMER, 2010). Results reproduce conclusions drawn from several studies which are
available on a regional basis, as for example the clear dominance of the seasonal flow changes
in low latitudes. However, they are extended to the basin-scale and into a global context.
At the same time, complex structures of the seasonally changing flow-field are reveal. In the
western Pacific, for instance, they appear as zonally coherent jet-like structures. Further-
more, complex phase structures are found in mid- and high latitudes. To what extent all of
those structures represent the ocean still has to be investigated. However, it is reassuring in
this context that similar structures could be reproduced while using the longer time series
available from the OSCAR data set (JOHNSON ET AL., 2007). Moreover, first preliminary
results that use model output from a 1/10° global ocean circulation model also seem to
reproduce the complex phase structures from altimetric data. Their dynamical causes could
not be identified and next steps will need to use the model output for a better understanding
of the dynamical processes leading to those complex structures of the seasonally changing
flow-field.

Somewhat unexpected is the result of a slight excess of meridional eddy variability over
most parts of the mid latitudes. From previous results (e.g. WUNSCH, 1997), an isotropic
eddy field was expected. These results have to be revisited using model outputs to discrim-
inate data uncertainties from dynamical principles responsible for the slightly enhanced
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meridional eddy variance. The findings from the JTP tandem mission agree with a recent
publication by SCOTT ET AL. (2008) who found an excess of meridional eddy variability in
a numerical simulation of the mesoscale eddy field.

While still preliminary, the analysis reveals a very complex relation between the filtered
large-scale EKE and the MKE in the ocean. As expected, for large parts of the ocean the
EKE field is a factor of 102 to 10% larger than the MKE field. However, this certainly does not
hold for all regions and in intense current regions the factor was only of the order of 1-10.
The JTP results suggest that this holds particularly all along the ACC. On global average,
a ratio of large-scale EKE/MKE of 6-7 is obtained. But for a more accurate investigation,
results from the European Space Agency (ESA) GOCE gravity mission (JOHANNESSEN
ET AL., 2003) and the the wide-swath altimeter mission (SWOT, Fu AND RODRIGUEZ,
2004; Fu AND FERRARI, 2008) have to be awaited which will allow to recompute the MKE
and EKE with an accuracy required to gain more insight into the spatial structures of the
relation of MKE to EKE, respectively. Until now, both the fields of EKE and MKE are
considered to be lower bound estimates. On the other hand, a much longer time series of
altimetric geostrophic currents is required. Data sets like OSCAR or the AVISO objective
analyses can serve as a basis to compute geostrophic currents. Nevertheless, the analysis
reveals shortcomings in those data sets, for example in high latitudes where essentially most
of the fast barotropic variability of the flow-field is filtered out through smoothing in time.

In contrast, the tandem velocities can be used to evaluate the annual cycle of the EKE
without any temporal filtering and without the assumption of isotropy (SCHARFFENBERG
AND STAMMER, 2010). All major current systems stand out in magnitude of their seasonal
EKE changes. In particular, basic structures in the seasonal changes of the EKE field
reproduce earlier results from STAMMER AND WUNSCH (1999). However, seasonal changes
in the EKE field seem to be significant only in regions where seasonally modulated currents
are prevailing (notably the low latitudes), and where seasonally varying wind fields lead to
enhanced barotropic variability (notably the high latitudes). In general, the annual cycle
is more significant in the northern hemisphere. In the Indian Ocean, an obvious westward
moving annual EKE signal could be detected at 25°S that can be related to westward
propagating Rossby waves, most likely generated at the western Australian shelf, or to
large non-linear eddies. The Rossby waves could strengthen the eddy field within the SICC
from where the signal moves on to the African coast joining the Mozambique Current until
it gets to the Agulhas Retroflection region. Another interesting annual EKE signal appears
in the Gulf of Tehuantepec close to the Central American continent in the eastern equatorial
Pacific this signal is related to the strong seasonal winds through the Isthmus of Tehuantepec
that cause substantial EKE variability there.

The oceanic variability is broadband and comprises all temporal and spacial scales, hence
spectral frequency and wavenumber distributions can clarify the impact of the different
scales. This has been done in previous studies, however, with the JTP tandem mission
it has been possible for the first time to calculate frequency and wavenumber spectra for
the zonal and meridional geostrophic velocity components separately as well as for the
resulting EKE along the satellite track. The opportunity to study each velocity component
on its own yields an important increase in knowledge to the general spectral behavior of
the ocean circulation.

Within the global mean frequency spectra of the geostrophic velocities and EKE, the annual
peak is the most prominent. The peak becomes even more pronounced and sharper when
looking at longer time series as the 15-year OSCAR data set. The seperate ocean basins
differ in the magnitude of their PSD. Out of there, the Atlantic is the least energetic basin,
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followed by the Pacific with a PSD close to the global mean and the Indian Ocean which is
the most energetic. The same holds for the basin wide EKE frequency spectra that indicate
clear PSD-differences on longer periods. To emphasize the regional energy distributions of
all spectra averaged over 10° x 10° areas in a global context, they are displayed within
global maps. Therewith high and low energy areas can be clearly identified due to the
different shapes of the spectra. Furthermore, spectra calculated solely over high energy
regions showed a red behavior and an only a slow decay for the longest periods, whereas the
low energy regions can be identified by smaller PSD and white to even blue spectral behavior
for the long period end of the spectra. Latitudinal differences exist such as the pronounced
annual peak in the tropical regions and the larger PSD level for the zonal compared to the
meridional geostrophic velocity component in low latitudes for periods longer than half a
year, which is related to the excess of meridional eddy variability over most parts of the
mid latitudes and will be revisited in that context. Spectra calculated over all low and high
energy regions, over the bulk of the ocean and over the equatorial regions, respectively,
show similar slopes for the geostrophic velocities in all subregions as well as different PSD
levels according to their variability and enhanced annual and semiannual peaks in the
equatorial zonal component. Similar shapes can also be found within the regional averaged
frequency spectra of the EKE. A very regional comparison between a frequency spectrum
from a mooring in the Canary Basin and JTP yield astonishingly similar behavior for both
geostrophic velocity components and their respective PSDs.

In a few regions on the continental shelves, peaks close to the Mo and So aliasing periods
of 62.1 and 57.8 days are evident and are most likely related to insufficiently removed tidal
signals through the FES2004 tide model, which is known to have difficulties within the
tidal solutions in the coastal and shelf regions (LYARD ET AL., 2006). The assumption that
these peaks do not reflect ocean eddies is supported by the differences between the FES2004
and the more recent HAMTIDE tide models (TAGUCHI AND STAMMER, 2010) that appear
in the same regions where the peaks in the aliasing frequencies are visible. Therefore, the
JTP data will be recalculated in a future study using the recent HAMTIDE tide model to
verify whether the peaks at the tidal aliasing frequencies in the spectra of the geostrophic
velocities can be reduced.

There has been a long evolution of wavenumber spectra over the years since the pioneering
work of Fu (1983) who showed the first wavenumber spectra derived from Geosat data. The
spacial resolution went to shorter wavelengths as the errors of the SSH measurements from
the different satellites decreased. For the smoothed JTP wavenumber spectra, this range is
now as small as 30 km. However, the resolved eddy scales are an order of magnitude larger
due to the large track spacing of the JTP tandem mission and the concerning distances
over which the geostrophic velocities have been estimated. The wavenumber spectra for
the geostrophic velocity estimates and EKE are calculated alongside the along-track JTP
virtual ground track within each 10° x 10° area ranging from 60°S to 60° N. Therewith
scales up to 1185 km in the 5° and 1567 km at 55° latitude band are resolved defining the
cutoff wavelength for the calculated wavenumber spectra.

The global averaged geostrophic velocity wavenumber spectra show equal PSDs for both
components on to wavelengths of 200km with a slope of 772, This slope continues for
the meridional component onto longer wavelengths. However, the the zonal component fol-
lows a steeper slope of 773 up to a wavelength of 300 km. The variance in slope between
zonal- and meridional-wavenumber spectra of zonal and meridional velocity has been shown
before (ZANG AND WUNSCH, 2001) to follow from geostrophy. However, as the JTP veloc-
ities are calculated along-track, they have to be different from purely zonal- or meridional-
wavenumber spectra, and as their relation varies with latitude, the situation becomes com-
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plex. The global averaged EKE wavenumber spectra have slopes of 72 and 7~%/% for wave-
lengths shorter and longer than 180 km, respectively. The basin wide averaged spectra again
display different energy levels as seen before in the frequency spectra. However, the shapes
and slopes do not differ significantly between the three basins and are close to the global
mean. In regional energy distributions for all wavenumber spectra averaged over 10° x 10°
areas, the highest PSDs can be seen in the equatorial and boundary current regions. These
regions show a straight red spectrum for the geostrophic velocities in contrast to a few lower
energetic regions that exhibit a plateau rather than a single peak. Furthermore, significantly
different slopes exist for both velocity components in the low energy regions. There is a clear
latitudinal dependence of the cutoff wavelength different for both velocity components that
goes along with their different slopes on wavelengths longer than ~ 180 km and varies for the
EKE wavenumber spectra according to the distances over which the geostrophic velocities
are calculated. These results suggest that the track spacing of the satellite track as well as
the arc-segment length have significant influence on the shape of the wavenumber spectra
derived by the JTP tandem data set. Regional wavenumber spectra of geostrophic velocity
that are averaged over all low and high energy regions, over the bulk of the ocean and over
the equatorial regions, respectively, show the same spectral behavior for all extratropical
regions, but on different PSD levels and with a change in slope in the meridional velocity
component. The equatorial region itself has a general slope of 72 over all wavelengths. The
same division for the wavenumber spectra of EKE results in nearly similar slopes of 7%/
and 72 for wavelengths longer and shorter than 150 km. Therewith the question of the
generality of the spectral behavior (FERRARI AND WUNSCH, 2010) or, even more general,
of the whole extra-tropical spectral behaviors can be answered by the strikingly universal
shape of the wavenumber spectra show here with minor restrictions. These restrictions are
the different slopes within the spectra from both velocity components and the slope of p—o/4
for the EKE wavenumber spectrum which is flatter than predicted by theory.

Previous studies of SSH (LE TRAON ET AL., 2008) showed that the slopes derived from
altimetry in high energy regions follow a relation that is in close agreement with the SQG
theory. Kinetic energy spectra shown here for the same high energy regions indicate the
proposed slope for the SQG theory of 7~5/3 on wavelengths longer than 150 km, whereas
for shorter wavelength (< 100km) a clear 73 relation is evident. Therewith, the spectra
of the geostrophic velocities from the JTP tandem mission support the SQG theory but
show clear deviations in the wavelength range shorter than 150km. That range has has
been shown to have uncertainties due to the resolvable scales in the JTP measurement
setup. Hence, a closer track seperation would have increased the confidence in the smaller
wavelength of the geostrophic velocity and EKE wavenumber spectra.

This thesis examines the increase of knowledge gained by the process of obtaining instanta-
neous velocity estimates through a “parallel-track-approach” that is an attractive procedure
for observing ocean currents. Nevertheless, it should be recalled that due to the relatively
wide track separation between the T/P and Jason-1 satellites only the variability of large
eddies exceeding about 500 km in wavelength are investigated. To examine the variability
down to shorter wavelength, the two tracks should be moved further together as suggested
by LEEUWENBURGH AND STAMMER (2002). While it is unlikely that this will be established
with two satellites in the near future (the follow on tandem mission of Jason-1 and Jason-2
is already in orbit with the same track separation as JTP), the anticipated SWOT mission
(Fu AND RODRIGUEZ, 2004; FU AND FERRARI, 2008) will provide measurements on spatial
scales on the order of 10 km. With those novel data, it will finally be possible to investigate
a large part of the eddy spectrum that could not be resolved with present technology. Next
to the remaining questions that appeared within this thesis from JTP, a further step will
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be to include the SSH data from the ongoing tandem mission of Jason-1 and Jason-2 to
get an even longer time series. Unlikely both satellites fly with a five day offset making
direct velocity calculations difficult. An interesting goal will thereby be the connection of
both data sets that, are well separated in time, especially for the spectral frequency and
wavenumber calculations.
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A. Main Equations

Within this chapter the basic equations are described that are used for the computations
in this study. Section A.1 comments on the geostrophic balance that forms the basis of the
calculation of geostrophic velocities (Section2.2.1) based on the equations of motion. An
important part of this study is the description of seasonal variations within the JTP tandem
data set for geostrophic velocities and for EKE. The description of the least-squares fit used
for the computation of the annual signal is hence given in Section A.2. To furthermore
quantify the complete spectral range that is covered by the 3-year JTP data set, a spectral
analysis using the Lomb periodogram is performed that is explained in Section A.3.

A.1. Geostrophic Velocities

The equations of motion (PEDLOSKY, 1987) can be written as:

di - 1 .
W oG x 7= ; |~Vp+pVe + Fr| (A.1)

with 4@ = (u,v,w) being the velocity of a fluid parcel, Qp Earth angular velocity, ® the
combined gravitational and zentripetal potential, p the water density and Fr the friction
and other forces. With % = % + 1 -V the total derivative with time ¢ (A.1) can be written
as

ot . 1 .
8—1:+6-Vﬁ+2§2><ﬁ:7 —Vp+ oV + F. (A.2)
p
The continuity equation accounts for the conservation of mass and can be written as
0 . 0 . .
aff-l-v'(pu):af[t)—ku-Vp—ka-u:O. (A.3)

These equations can be simplified whith a few assumptions. Not looking at sound waves,
seawater can be treated as incompressible. Thus (A.3) can be written as

Vi =0. (A.4)

Now typical length scales can be taken into account. Geostrophy can be assumed if the
Rossby number Ro < 1, which is the ratio of inertial to Coriolis force:

i- Vi gi vY
20 x 7 20xu 20U’

YU o<t (A.5)
L

The typical length scales L were taken from STAMMER (1997a). Their Fig. 22 shows the eddy
scales estimated from the zonally averaged TOPEX SSH autocorrelations, see open circles
in Fig. A.1. The eddy scales range from 50 (60) km at 55° N (S) up to 110km at the equator
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A. Main Equations

and typical velocity scales U were taken from the standard deviations of the geostrophic
velocity estimates in Fig. 3.2. In Fig. A.1, the Rossby number is shown exemplarily for
the northern hemisphere. It can clearly be seen that the geostrophic approximation breaks
at the equator where Ro > 1. Up to a latitude of 5°, the geostrophic approximation is valid
for the complete range of velocities and up to a latitude of 2° it is valid for velocities in the
order of 20 cm/s. The order W of the vertical velocity component w is much smaller than
the order U of the horizontal velocity components v and v so that

1474
— 1 A.
= < (A.6)

is true over the whole ocean. The same holds for the Ekman number Ek which gives the
ratio of viscous forces to the Coriolis force:

Bk = \/g (A7)

L
with (A.5) and Re = U—, (A.8)
VEK

where Re is the Reynolds number, which is the ratio of inertial forces to viscous forces.

FEk can be written as

Bk = ;EL’; (A.9)

Here vgy denotes the kinematic viscosity of the order of 1073m?/s which is defined as
ver = nek/p. With the dynamic viscosity ngg in the order of 1kg/m/s and p in the order
of 103kg/m3, Ek is in the order of 1077 to 1072 at the equator and at high latitudes,
respectively. Using a local cartesian coordinate system in the way that O has only a z-
component 20 = (0,0, f) the equations of motion can be written as

~ 16
Ffu=-—-22 (A.10)
p oy
~ 16
v="-2 (A.11)
pox
op
= —— A12
pg=—5, (A.12)
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Figure A.1.: Eddy scale [km] from STAMMER (1997a, Fig.22) (right axis) and Rossby
Number (A.5) calculated for geostrophic velocities of 10 cm/s, 20 cm/s and 50 cm /s (compare
also Fig. 3.2) from the equator to 55° N (left axis).
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with u and v the zonal and meridional velocity components, z the depth, p the density of
seawater, g = % the gravitational acceleration, f = 2|Q_}3| sin ¢ the Coriolis parameter, Ox
the Earth angular velocity, ¢ the latitude and p the pressure. This approximation is called
the geostrophic approximation. The pressure is given as p = pgn, with n SSH. Thus with
the deviation of the sea surface at two positions the geostrophic velocity normal to their
connecting line can be estimated. For v and v follows

u= —j’zgn, (A.13)
y
UZ??K (A.14)
X

The balance of terms in (A.10, A.11) and (A.13, A.14) is the geostrophic approximation
and the hydrostatic approximation is given in (A.12). As demonstrated in Fig. A.1, the
geostrophic approximation breaks down at the equator due to the vanishing coriolis para-
meter. Even though the geostrophic balance holds only for velocities smaller than 10cm/s
for as close as 1° latitude around the equator and in general as close as 5°N and S, all
calculations within this work are performed down to +1° around the equator. So as can
be seen from Fig. 2.6, the errors of the geostrophic velocity estimates are largest at the
equator. Nevertheless, the results close to the equator seem to be acceptable.

A.2. Seasonal Harmonic Analysis

To investigate the annual cycle in the JTP flow-field and EKE field of Chapter 4, the along-
track velocity components u and v were first averaged in 2° x 1° geographic boxes to reduce
noise effects and to avoid phase abberations due to the averaging. Subsequently, a least-
squares fit was applied to the data and an annual harmonic was fitted independently to each
velocity component. The resulting annual harmonic amplitudes X, of the time series in
x, at time steps ¢ with a period of T' = 365,25 days can be written as

cx —1> sx
Xomn = %CQ + \/;22

2w (t — ¢
with ¢ = cos <7T(0)>

(A.15)

T

. (27 (t —to)
ds— A0
and s = sin ( )

¢ and s being the cosine and sine fit for the real and imaginary part of (A.15). The phase
of the annual signal ®,,, can then be calculated as

T

Dy = arctan (Xgppn) —. (A.16)

27
A phase of zero would denote that the maximum positiv amplitude is at January 15¢, whereas
a phase of 182.5 would denote July 15*. A minimum number of 10 data points in time was
set as threshold to be necessary for the computation of an annual harmonic of a time series.
With both values X, and ®g,, the time series of the annual harmonic signal can be
recomputed as

2 (t — B — t
mann:|Xmm|cos<7T( = 0)>, (A.17)
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where x4y, are the recomputed amplitudes of the annual harmonic signal from time series
x. With the extracted annual part of the time series the evolution of seasonal phenomena
can be displayed.

A.3. Lomb Periodogram

The Lomb periodogram (LoMmB, 1976; SCARGLE, 1982; VANicEK, 1971) was used for a
complete spectral analysis of the JTP data in time and space. The following computations
are based on the code described in PRESS ET AL. (2001) with minor modifications.

The advantage of the Lomb periodogram is its capability to analyze unevenly sampled data.
Thus no interpolation prior to the spectral analysis was necessary, as it would have been
required for an Fast Fourier Transformation (FFT) analysis. To test the Lomb periodogram,
data with different amounts of missing values ranging from 5% up to 60 % were analyzed.
With an increasing number of missing values the Lomb periodogram loses energy at the
low frequencies whereas it gains energy at higher frequencies. To overcome the problem of
too scarce data, an interpolation of the data was applied. As was previously estimated by
STAMMER (1997a) for an FFT analysis, a linear interpolation was applied but no extrapo-
lation. Instead, missing values at the beginning and end of the data were treated as zero.
STAMMER (1997a) filled only gaps smaller than 20 days in time and 30 km in space by linear
interpolation, and data with larger gaps were rejected. A test showed that even interpola-
tion over much larger gaps in space and time produced no major divergencies between the
spectra calculated from data with and without interpolated gaps. Therefore all existing time
series could be taken into account and all gaps in space and in time were interpolated. A
comparison of the spectra calculated with the Lomb periodogram and with an FFT analysis
both calculated from the interpolated data showed an overall good agreement. From these
simple tests it is thus recommended to use the Lomb periodogram for evenly sampled data
with a percentage of data gaps below 10%. Otherwise an interpolation of the data gaps
is recommended. When interpolating the gaps the faster FFT analysis could be used for
the calculation instead. However, as the Lomb periodogram is able to calculate significance
levels for each frequency and to fit frequencies up to 1/4 of a wavelength into the data
compared to 1/2 of a wavelength for an FFT, the Lomb periodogram was used in this study
instead of an FFT analysis, knowing that the capabilities of the Lomb periodogram are
disregarded due to the previous interpolation of the data.

Instead of a Fourier analysis the Lomb algorithm uses the least squares method. The Lomb
periodogram P(@) as a function of angular velocity @ = 27 f is then given as

2 2

N N
Z:l(a:j —Z)cosw(t; — ) z_:l(:nj —Z)sinw(t; — 1)
P@) =4 + (A.18)
> cos?w(t; — ) > sin? @ (tj — 7)
Jj=1 j=1

after PRESS ET AL. (2001, Chapter 13.8). Here Z represents the mean of values z; of time
series x, N the number of samples, ¢ time and 7 the time shift

N
>~ sin(wt;)
2wt = arctan j;li (A.19)
> cos(wt;)
j=1

114



A. Main Equations

An oversampling (OS) of 4 was applied to the Lomb algorithm which results in
N
F = ?OS (A.20)

frequencies with Fj,., being the maximum number of frequencies.

The amplitude spectrum is calculated from the Lomb periodogram that is in the form
(A.18) a one sided spectrum. Therefore the factor % accounts for the correct amplitudes
as they would be seen from a two sided spectrum. Thus the amplitude spectrum A(®) is
calculated as

A@) = -/P(@), (A.21)

whereas the energy conserving Power Spectral Density PSD(&) spectrum for the Lomb
periodogram is given as
PSD(w) = At P(o), (A.22)

with At = 1/fs and fs being the sampling frequency. The units for the PSD are in [1/cpd]
(cycle per day) for the frequency spectra and in [1/cpkm] (cycle per kilometer) for the
wavenumber spectra. The appropriate significance level can be calculated using the variance
(%) normalized spectrum

- 1 -
Pnormalized(w) - ; P(”) (A23)
Prormatized(@) is an exponential probability distribution with mean 1. Therefore the signif-
icance ;g 1s given as
asig =1 (1 _ e_Pnormalized(w))Fi’ (A24)

with F; the number of independent frequencies which is approximately the number of sam-
pled frequencies v. In Chapter 5 the significance for each spectrum is plotted only for regions
up to a 2° x 1° grid. Due to averaging it is not useful to display the significance for larger
areas.

For the calculation of the Power Spectral Density (PSD) it is necessary to satisfy Parseval’s
theorem. For a Fourier Transform of discretely sampled data, the discrete form of Parseval’s
theorem (PRESS ET AL., 2001, Chapter 12.1) can be written as

N-1 1 N-1
A 2o X% A2
Il = 5y 2 (4.25)

Where X is the Discrete Fourier Transform (DFT) of the time series z;. Looking at a
normalized Power Spectrum estimation the total power under the PSD spectrum has to
be equal to the corresponding mean squared amplitude of the function x; (PRESS ET AL.,
2001, Chapter 13.4):

N F

1

N lwil? =AfY PSD. (A.26)
t=1 j=1

Here Af is the frequency interval of the PSD spectrum. Due to the applied oversampling,

the number of data points N is not equal to the number of sampled frequencies F'.

The the PSD periodograms calculated with the Lomb algorithm were tested against spectra
calculated with the Welch method, i. e. using an FFT. Both methods showed similar results
with slightly enhanced amplitudes within the Lomb PSD-spectrum.

The alongtrack frequency and wavenumber spectra were then averaged over 2° x 1° and
10° x 10° boxes, respectively.
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B. Glossary

Acronym

ACC
ADCP
AVHRR
COAPS
CRD
DFT
EAC
EKE
ENSO
EQ
ERS1/2
ESA
EUC
FES2004
FFT
Geosat
GOCE
GS
GW
HAMTIDE
IFREMER
ITCZ
JTP
MDTP
MKE
NEC
NECC
NEMC
NEUC
nSEC
(ON]
OSCAR
PDF
POP
PSD
QG
RCM
RMS
SEC
SECC
SEMC

Meaning

Antarctic Circumpolar Current

Acoustic Doppler Current Profiler

Advanced Very High Resolution Radiometer

Center for Ocean-Atmospheric Prediction Studies

Costa Rica Dome

Discrete Fourier Transform

East Australian Current

Eddy Kinetic Energy

El Nino Southern Oscillation

Equatorial Region

European Remote Sensing Satellites

European Space Agency

Equatorial Undercurrent

Finite Element Solutions FES2004 Tidal Model

Fast Fourier Transformation

Geodetic Satellite

Gravity-field and steady-state Ocean Circulation Explorer
Gulf Stream

Great Whirl

Hamburg direct data Assimilation Methods for TIDEs tidal model
Institut Francais de Recherche pour I’Exploration de la MER
Intertropical Convergence Zone

Jason-1- TOPEX /Poseidon tandem mission (altimeter satellites)
Mean Dynamic Topography

Mean Kinetic Energy

North Equatorial Current

North Equatorial Counter Current

North East Madagascar Current

North Equatorial Undercurrent

Northern branch of the South Equatorial Current
Oversampling

Ocean Surface Current Analyses - Real time velocity estimates
Probability Density Function

Los Alamos National Lab distribution of Parallel Ocean Program model

Power Spectral Densities

Quasi Geostrophic

Recording Current Meter

Root mean square

South Equatorial Current

South Equatorial Counter Current
Southeast Madagascar Current



B. Glossary

Acronym

SICC
SISMER
SLD

SP

SQG
SSH
SSM/I
ST
STCC
STD
SVP
SWOT
TAO
TB
TOGA
T/P
XBT
WGC
WOCE

118

Meaning

South Indian Ocean Countercurrent

Syteme d’Informations Scientifiques pour la Mer
Sri Lanka Dome

Subpolar region

Surface Quasi Geostrophic theory

Sea Surface Height

Special Sensor Microwave Imager

Subtropical region

South Tropical Countercurrent

Standard deviation

Surface Velocity Program

Surface Water Ocean Topography (altimeter satellite)
Tropical Atmosphere Ocean array

Tehuantepec Bowl

Tropical Ocean and Global Atmosphere
TOPEX /Poseidon (altimeter satellite)
Expendable Bathythermograph

West Greenland Current

World Ocean Circulation Experiment



C. Constants and Variables

Constants

Symbol

g = 9.81 ms?

Op = 729 x 107% !

T = 3.14159
Variables

Symbol Unit

a _

A(w) misc.

B 57!

c misc.

Ek -

EFEKFE em? s72

n m

ngk kgm=ts™!

f st

/ 57!

fs s

F _

F; -

Fr kgs2m™2

k radm™!

A km

L km

Lpy, km

MKE em? 572

N -

1 m~!

VEk m? st

w s71

¢ o

P kgs—2m™2

(I)ann °

P kgs—2m™2

P(w) misc.

Meaning

Gravitational Constant

Earth Angular Velocity of planetary rotation
Pi

Meaning

Significance

Amplitude spectrum

Meridional gradient of the Coriolis parameter f
Cosine fit for real and imaginary part of X,
Ratio of viscous forces to the Coriolis force
Eddy Kinetic Energy

Sea Surface Height (SSH)

Dynamic viscosity of a fluid
Coriolisparameter, ' = 2Qgsing
Frequency

Sampling Frequency

Number of Frequencies

Number of independent Frequencies
Friction

Angular wavenumber

Wavelength

A typical length scale

Rhines scale

Mean Kinetic Energy

Number of samples

Wavenumber

Kinematic viscosity of a fluid, vgr = ”%k
Angular frequency

Geographical Latitude

Combined gravitational and zentripetal poten-
tial

Phase of annual signal

Pressure gradient

Lomb Periodogram

Page
113
113
113

Page
114
115

85
113
112

30
112
112
113

65
115
115
115
111

76

76
111

85

33
114

76

76
114
113
111

113

111
114
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C. Constants and Variables

Symbol
PSD(w)

Re

P
Ro

120

Unit
1/epd, 1/cpkm

kgm™3
misc.
misc.

misc.

misc.
misc.

Meaning
Power
wavenumber

Reynolds number

Density

Rossby number

Sine fit for real and imaginary part of Xy,
Standard deviation

Variance

RMS SSH variability

Time

Timeshift

Aa typical velocity scale

RMS velocity

Zonal velocity component in x direction
Meridional velocity component in g direction
Order of the vertical velocity component w
Velocity in z direction

PDF width

Annual harmonic amplitudes

Reconstructed annual harmonic time series
Horizontal coordinate W-E

Horizontal coordinate S-N

Vertical coordinate

Spectral Density for frequency or

Page

115

112
111
111
113

12
115

82
111
114
112

85
111
111
112
111

25
113
113
113
113
113
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