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Abstract 

Satellite altimetry has been used in vanous studies to gain a better under

standing of the world's oceans. These studies have varied from global circulation to 

studies on mesoscale activity. In the past, satellite altimeter measurements of sea 

surface height have been plagued by large orbit errors and primitive gravity mod

els. TOPEX/POSEIDON was launched on August 10, 1992 and has been providing 

near real-time, accurate sea surface height data to the scientific community since its 

launch. The accuracy of the TOPEX/POSEIDON orbit is much better than initial 

expectations achieving an RMS error of ~ 3 em. The geoid error is still the dominant 

error source and prevents studies of time independent ocean circulation with wave

lengths less than 1000 km. With careful removal of the geoid error, time-dependent 

mesoscale ocean circulation can be studied. 

This study is divided into three main sections. The first part deals with the 

general oceanography of the north central Pacific Ocean and the Emperor Seamount 

Chain. The second part deals with the TOPEX/POSEIDON satellite and the errors 

associated with this mission. The third section deals with time-dependent mesoscale 

features that were found using the TOPEX sea surface height data. A comparison 

with previous studies which support the existence of these features is presented. 
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Chapter 1 

Introduction 

One year of TOPEX sea surface height data from 28 February 1993 to 12 March 

1994 (Cycles 17 through 54 covering 376.8 days) were used to study time-dependent 

mesoscale features in the north central Pacific Ocean. TOPEX/POSEIDOK was 

launched on August 10, 1992 and has been providing the most accurate measure

ments of sea surface height, compared to previous satellite missions, to the scientific 

community since its launch date. Orbit errors, which have plagued previous satellite 

missions' capability of measuring the sea surface height, have been significantly re

duced in TOPEX/POSEIDON. The shape of the geoid and tides are the remaining 

dominant errors. The previous best orbit accuracy was GEOSAT with an error of ;:::::; 

50 em RMS compared to TOPEX/POSEIDON with an orbit error of;:::::; 3 em RMS. 

A one year sea surface height mean was calculated from the TOPEX altimeter 

sea surface height data from Cycles 17 through 54 referenced to Cycle 29. Cycle 

29 was chosen as the reference cycle for two reasons. Firstly, Cycle 29 contained 

one of the most complete cycles of data through the geographical region of interest 

compared to the other cycles. Secondly, based on the mean latitude and longitude of 
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the first data point in each cycle (i.e. the first data point in the geographical region), 

Cycle 29 had the exact mean latitude and longitude. Cycles when the POSEIDON 

altimeter was in operation, and therefore the TOPEX altimeter was not in operation, 

were not used to avoid the requirement for application of an altimeter bias. During 

this one year study there were only three cycles in which POSEIDON's altimeter was 

operating, Cycles 20, 31 and 41. Each point in each pass of each cycle used in this 

study was geographically matched to the observation points in Cycle 29, the reference 

cycle. This one year sea surface height mean was then removed from all of the cycles 

of data to yield the time-dependent sea surface height. Four eddies in the vicinity of 

the Emperor Seamount Chain and Hess Rise were discovered using the TOPEX data 

and are presented in this thesis. The thesis is comprised of the Introduction plus six 

chapters which are detailed below. 

Chapter 2 details the general oceanography of the north central Pacific Ocean 

with special emphasis on the oceanographic region around the Emperor Seamount 

Chain. The oceanic structure, general circulation, wind and storm systems for the 

north central Pacific Ocean are discussed. Flow over the Emperor Seamounts, the 

Kuroshio Extension, oceanic fronts and bottom topography are all discussed in detail. 

Chapter 3 introduces the TOPEX/POSEIDON mission and discusses the many 

parameters that are used for sea surface height determination. Orbit configuration, 

geoid errors, environmental errors, tidal influences and inverse barometer effect are 

all discussed in detail. 

Chapter 4 is an error analysis with respect to the two dominant errors in TOPEX 

sea surface height data, tidal aliasing and the geoid. Gravity model development is 

also discussed. 
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Chapter 5 details the method of analysis used to extract the time-dependent 

sea surface heights as well as how the data were processed and smoothed. 

Chapter 6 provides historical evidence of mesoscale features in the region to the 

east of the Emperor Seamounts in the form of XBT data and satellite tracked drifter 

buoy data. The four eddies that were found using the TOPEX sea surface height data 

are discussed in detail with emphasis on their lifetimes, positions, heights, sizes and 

geostrophic velocities. Ten contour plots of Eddy KT4 are presented which illustrate 

the complete lifetime from generation to dissipation of the eddy. 

Finally, Chapter 7 contains a summary, conclusions and suggestion for future 

work. 
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Chapter 2 

The Northeast Pacific Ocean: 
General Oceanography 

2.1 Introduction 

North of the equatorial belt in the Pacific Ocean there exist two main oceanic 

regions, the Subarctic Pacific Region and the Subtropic Pacific Region. The oceanic 

area of interest for this thesis is bounded by 30°N latitude in the south) the Alaskan 

coastline and the Aleutian Islands to the north, the North American coastline to the 

east and 170°E longitude on the west. 
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2.2 Environmental Factors 

2.2.1 Upper Oceanic Structure 

In the top few hundred metres the vertical structure is dominated by three 

distinct layers or zones: the upper or surface layer, the halocline, and the lower 

layer [Fofonoff and Tabata, 1966]. The upper or surface layer, which extends to 

approximately 100m depth, is influenced by seasonal variations and surface processes. 

Precipitation exceeds evaporation resulting in relatively cool, low salinity water in this 

layer. The vertical temperature structure of this region is typical of a subarctic region 

with a well-defined thermocline during the summer and an isothermal water column 

during the winter. In the halocline and lower layer, the temperature remains near 

constant year round with temperatures ranging from 3°C to 4°C. The temperature 

structure is illustrated in Figure 2.1a. Below the upper layer, between 100-200 m, is 

a very distinct halocline where salinity increases approximately one practical salinity 

unit (psu). The halocline forms the transition zone between the upper and lower layers 

[Fofonoff and Tabata, 1966]. It is a permanent feature of the region and varies only 

slightly from summer to winter as is evident from Figure 2.1b. Below the halocline 

to 500 m depth salinity increases slowly, approximately 0.6 psu, and below this it 

increases by only 0.3 psu to the ocean bottom. In the upper 500 m depth the salinity 

structure, not the temperature structure, determines the vertical density structure 

and thus the water column stability [Tabata, 1976]. Density is minimum during the 

summer with a value of approximately 1024.5 kg m-3 • This is a result of the relative 

ineffectiveness of vertical mixing during the summer. During the winter, density in 
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Figure 2.1: Temperature, salinity and density profiles for the upper 500 metres in the 
northeast Pacific Ocean at Ocean Weather Station P (50°N,145°W). Solid (dotted) 
lines represent summer (winter). Adapted from Tabata (1976). 

the upper layer is maximum with an approximate value of 1025.9 kg m-3 . Intense 

vertical mixing occurs during this time frame which results in the upper mixed layer 

becoming deeper and more saline [Fofonoff and Tabata, 1966]. It is evident from 

Figure 2.1c that below the upper layer, the density does not vary from summer to 

winter and reaches a maximum value of 1027.4 kg m-3 at 500 m. 
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2.2.2 General Circulation 

Circulation in this region is highlighted by the Alaskan Gyre and several other 

current systems. Tabata (1975) divides the eastward flowing current into two separate 

currents: the Subarctic Current to the north and the North Pacific Current to the 

south. Figure 2.2 illustrates these current systems as well as the Alaskan Gyre. 

Figure 2.2: Surface circulation pattern of the north Pacific Ocean. Adapted from 
Tabata (1975). 

According to Fofonoff and Tabata (1966), the Subarctic Current is a component of 

the Oyashio Current that does not actively mix with the easterly flowing Kuroshio 

Current. The Subarctic Current then flows into the Gulf of Alaska, around the 

Alaskan Gyre and then westward along the Aleutian Islands as the Alaskan Stream. 

Eventually the Alaskan Stream returns to the Oyashio Region and closes the subarctic 

circulation system. The North Pacific Current is a combination of the Kuroshio and 
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Oyashio Currents from the west. It then flows eastward towards the North American 

coastline and at approximately 500 km from the coast, the North Pacific Current 

begins to flow southward. At this point the North Pacific Current becomes the 

California Current as can be seen in Figure 2.2 [Tabata, 1975]. 

A deep trench, south of the Aleutian Islands with depths exceeding 5000 m, and 

ranges of seamounts above the abyssal plain characterize the general bathymetry of 

the north central Pacific Ocean. Overall the ocean depth in this region varies between 

3000 to 5000 m with shallower depths along the coastlines. 

2.2.3 Wind and Storm Systems 

Fofonoff and Tabata (1966) describe the mean surface winds in the Gulf of 

Alaska as a reflection of the annual cycle of two dominant atmospheric pressure sys

tems. Strong development of the Aleutian Low Pressure system in the Gulf of Alaska 

in winter results in a mean northerly flow which is almost parallel to the coastline. 

The Aleutian Low weakens and shifts westward as the summer approaches and is 

replaced by the North Pacific High Pressure system. In the summer, the North Pa

cific High dominates the entire northeast and north central Pacific Ocean creating 

winds which are from the west or northwest in the Gulf of Alaska. Summer winds are 

historically one-half the magnitude of the winter winds [Fofonoff and Tabata, 1966]. 

Storms in the north Pacific Ocean are frequent and follow the same general track 

year round [Rand McNally, 1977]. Storms are generated to the southwest of Japan, 

cross the Pacific between 40°N and 50°N, and travel through the Gulf of Alaska into 

the North American coast. Fissel (1975) used ten years of data at Ocean Station 

P (50°N,145°W) and concluded, through analysis of the winds, that storms occur 
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Figure 2.3: Bottom topography of the Emperor Seamount Chain. (From Roden et 
al., 1982). 

approximately every four to sixteen days (with a ten day average) in the northeast 

Pacific Ocean. 

2.3 The Emperor Seamounts 

L 

The major north-south meridionally oriented bathymetric feature of the North 

Pacific Ocean is the Emperor Seamount Chain. Situated at ~170°E longitude, it is 

an arc of seamounts which stretch from the Hawaiian Islands to the Aleutian Islands. 

The chain is ~ 2400 km long, 100 km wide and rises from 3000 to 5000 m above 
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DEGREES NORTH LATITUDE 
32 

Figure 2.4: Bathymetric section along the crest of the Emperor Seamount Chain. 
(From Roden et al., 1982). 

the ocean floor. It has numerous gaps with the largest situated between 38. 7°N and 

40°N. This gap is the division between the Northern Seamounts and the Southern 

Seamounts. This gap is ::::150 km wide, 6200 m deep and forms a major link between 

the western and eastern basins of the North Pacific Ocean. A topographic map of 

this region can be found in Figure 2.3. 

The Emperor Seamount Chain represents a large-amplitude perforated barrier. 

The peaks and ridges of this chain extend upward into a region of the water where 

strong horizontal temperature and salinity gradients exist. Because of the height 
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extent of these seamounts, see Figure 2.4, the impinging flow overtop feels the bottom 

topography of the seamounts and is modified by it. The modified flow depends on 

the geometry of the seamount which the flow is moving across. With respect to 

the southern seamounts, Figures 2.3 and 2.4, the impinging flow is the Kuroshio 

Extension. The Kuroshio Extension is a continuation of the Kuroshio Current after 

it leaves the coast of Japan. The Kuroshio Extension is described as a meandering, · 

baroclinic jet of ~100 km width with very strong vertical and horizontal velocity 

shears. A much weaker baroclinic eastward drift flows over the northern seamounts. 

Ekman currents are superimposed on top of both of these baroclinic flows. In the 

south, the ratio of the Ekman flow speed to that of the Kuroshio Extension is ~0.1. 

Over the northern seamounts this ratio is as high as unity since the northern baroclinic 

drift is much weaker than the Kuroshio Extension. The ratio of seamount height to 

bottom depth approaches unity for the southern seamounts and 0.5 for the northern 

seamounts (see Figure 2.4 for seamount heights). 

2.3.1 Flow Over the Seamounts 

The Emperor Seamounts act as a barrier to the flow of the Kuroshio Extension. 

As the Kuroshio Extension approaches the barrier it is deflected upwards leading 

to the formation of velocity gradients and bottom stress. The velocity gradients 

and bottom stress generate vorticity, deformation and divergences in the flow field. 

Therefore, current deflections, eddies, convergence zones and wavelike features should 

exist in the vicinity of the Emperor Seamount Chain. Furthermore, assuming that 

the water column is horizontally stratified, these mesoscale features should cause 
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Figure 2.5: Dynamic height of the Kuroshio Extension in the summer of 1957 relative 
to 1000 dbar. (From Roden et al., 1982). 

concentrations of horizontal temperature and salinity gradients in some areas, and 

weakening of the horizontal gradients in others. Thus, there is the potential for the 

appearance of topographically generated thermohaline fronts in the region around the 

seamounts [Roden et al., 1982]. 

2.3.2 The Kuroshio Extension 

The Kuroshio Current flows along the coast of Japan and enters the North 

Pacific at ~ 140°E where it flows across the Izu-Ogasawara Ridge. At this point the 

Kuroshio Current becomes the Kuroshio Extension. The Kuroshio Extension flows 

eastward as a meandering baroclinic jet. Its jetlike character is clearly evident in a 

plot of the dynamic height of this region as seen in Figure 2.5. The width of the 
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Kuroshio Extension varies from 100-150 km between Japan and 155°E and is :::::250 

km wide between 155°E and 170°E. Beyond the Emperor Seamounts, the Kuroshio 

Extension becomes much more diffuse with widths of the order of 300 km. Current 

speeds range from 30 to 50 em s-1 and the meander amplitudes are larger in winter 

than summer [Roden et al., 1982]. 

Eastward of 155°E the Kuroshio Extension meanders between 33°N and 35°N 

until it reaches 200 km west of the Emperor Seamounts where it abruptly changes 

to a northerly course to 38°N. At this location it changes to an easterly course again 

apparently flowing through the main gap which separates the northern and southern 

seamounts (see Figure 2.3). This flow description is based on data from 1957 as seen 

in Figure 2.5. Expendable bathythermograph (XBT) data obtained from ships of 

opportunity from 1975-1977 indicate that the Kuroshio takes either the path through 

the gap as explained above or it flows over the Emperor Seamounts. These XBT data 

illustrate that in the winter months of 1976 and 1977 the Kuroshio Extension flowed 

over the seamounts centered on ::::35°N. These plots can be found in Figure 2.6. Of 

particular note is that the Kuroshio Extension flows across the Emperor Seamounts to 

latitudes as low as 30°N [Roden et al., 1982]. Flow across these topographic features 

should, according to Roden et al. (1982), produce mesoscale features. 

13 



I 
·~ 
;!r 
0 
z 
w 
a 
:J 
...... 
+-
4 
...J 

JAN 1976 

OCT 1976 

EMPEROR 
SEAioiOUNTS 

NOV 

160" 

LONGITUDE EAST 

EMPEROR 
SEAMOUNTS 

14--+i 

Figure 2.6: Temperature at 300 m depth for XBT data from 1976-1977 for the winter 
months. (From Roden et al., 1982). 
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2.3.3 Oceanic Fronts 

There are three main oceanic fronts which characterize the Emperor Seamounts 

region. To the south lies the Kuroshio front whose boundary is defined by the northern 

boundary of the Kuroshio Extension. Further north is the subarctic front, defined by 

the southern edge of the low-salinity subarctic water mass. North of the subarctic 

front is the polar front which is defined by the southern boundary of the subsurface 

temperature minimum. There are occasions when the subtropical front, defined by 

the northern boundary of the high-salinity subtropical water mass, is found over the 

southernmost part of the Emperor Seamounts. As would be expected, the location 

and strength of these fronts vary with the seasons. Figure 2. 7 is an example of the 

summer frontal positions to the west of the Emperor Seamounts (175°E) and to the 

east of the seamounts (175°W). Of note is that the Kuroshio front is much more 

defined west of the seamounts than to the east. In fact, during the summer, the 

Kuroshio front is practically nonexistent east of the Emperor Seamounts. This is 

due to the broadening of the Kuroshio Extension east of the Emperor Seamounts 

compared to the west where the Kuroshio Extension is very narrow and well defined. 

The polar front is defined by the 5°C isotherm and the salinity minimum which 

defines the subarctic front appears to coincide with the 7°C or 8°C isotherm. These 

three fronts are strongest at depths below the seasonal thermocline. Figure 2. 7 was 

produced from XBT data which extended from the surface to 200 m [Roden et al., 

1982]. 
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Figure 2.7: Thermal structure defining frontal locations in the vicinity of the Emperor 
Seamounts. Locations of the fronts are defined by P (polar front), S (subarctic front) 
and K (Kuroshio front). (From Roden et al., 1982). 
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Chapter 3 

The TOPEX/POSEIDON Mission 

3.1 Introduction 

On August 10, 1992 the TOPEX/POSEIDON satellite was launched by an Ar

iane 42P rocket .which marked the beginning of the TOPEX/POSEIDO::\ mission. 

TOPEX/POSEIDON is a satellite mission which utilizes radar altimetry to make 

precise sea level measurements for the primary purpose of studying global ocean circu

lation. This mission differs from other satellite missions in that it has unprecedented 

accuracy in sea level measurement which facilitates the study of small amplitude, 

basin wide sea level changes [TOPEX/POSEIDON Science Working Team, 1991]. 

To study ocean circulation at gyre and basin scales, numerous improvements were 

made over previous satellite missions. A specially designed satellite, sensor suite, 

tracking system, orbit configuration, and gravity model were employed for precision 

orbit determination. The mission is conducted jointly by the National Aeronautics 

and Space Administration (NASA) of the United States and the Centre National 
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d'Etudes Spatiales (CNES) of France [Fu et al., 1994]. A brief description of the sci

entific instruments onboard the TOPEX/POSEIDON satellite is listed in Table 3.1. 

A more detailed explanation of each of the scientific instruments can be found in 

Appendix A. 

Instrument Function Frequency 
Dual-Frequency Measures the height of the satellite above 13.6 GHz 
Radar Altimeter the sea. This measurement is used to (Ku band) 
(ALT) calculate wind speed, wave height and 5.30 GHz 

ionospheric correction (C band) 
TOPEX Microwave Measures water vapor along the nadir path 18.0 GHz 
Radiometer as viewed by the altimeter; this parameter 21.0 GHz 
(TMR) corrects altimeter data for pulse delay 37.0 GHz 

due to water vapor 
Laser Used with ground-based laser stations to -
Retroreflector track the satellite and to calibrate and 
Array (LRA) verify altimeter height measurements 
Single-Frequency Measures the height of the satellite 13.65 GHz 
Solid State above the ocean. This measurement is (Ku band) 
Radar Altimeter used to calculate wind speed and wave 
(SSALT) height 
DORIS Receives signals from ground-based 401.25 MHz 
Dual-Doppler stations for satellite tracking, 2036.25 MHz 
Tracking System gravity field measurements and 
Receiver ionospheric correction for the SSALT 
GPS Provides a new tracking data type (via 1227.6 MHz 
Demonstration range differencing) for precision orbit 1575.4 MHz 
Receiver determination (P 0 D) 
(GPSDR) 

Table 3.1: TOPEX/POSEIDON satellite instrument description. (Modified from 
TOPEX/POSEIDON Science Working Team, 1991). 
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3.2 Position Reference System 

TOPEX/POSEIDON references northern (southern) latitudes with positive (neg

ative) values which range from 0° to ±66.04°. Longitudes range from 0° to 359.99° 

with 0° referenced to the prime meridian and all longitudes measured east of this 

meridian. Thus, west longitudes are expressed as east longitudes using the formula, 

satellite longitude = 360 - west longitude. 

3.3 Orbit Configuration 

There were many factors which influenced the determination of the orbital con

figuration of the TOPEX/POSEIDON mission. The sampling of the ocean by the 

satellite is determined by the inclination and repeat period of the orbit. Aliasing of 

tidal signals into frequencies of ocean current variabilities (i.e. zero, annual and semi

annual) was a major concern and was to be avoided. Inclinations and repeat periods 

that would alias different tidal constituents to the same frequency, thus reducing the 

accuracy of the estimate of ocean tides, were also to be avoided. An inclination of 66 

degrees was selected to satisfy all of these constraints and provide coverage of most 

of the world oceans [TOPEX/POSEIDON Science Working Team, 1991]. 

Spatial and temporal resolution are two parameters that are always in direct 

competition on a satellite mission. The higher (lower) the spatial resolution, the lower 

(higher) the temporal resolution. A repeat period (the time for the satellite to pass 

over the same ground position on the same ascending or descending pass) of 9.9156 

days was chosen as a compromise between spatial and temporal resolution. This re-
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peat period also takes the tidal aliasing problem into consideration and results in an 

equatorial cross-track separation of 315 km [TOPEX/POSEIDON Science Working 

Team, 1991). To maximize the accuracy of orbit determination a high orbit is pre

ferred since this reduces the atmospheric drag on the satellite. However, this increases 

the altimeter's power requirements to achieve a required signal-to-noise ratio. A range 

of 1200 km to 1400 km is considered a compromise between the desired high orbit and 

the altimeter's increased power requirement. An orbit height of 1336 km was chosen 

since this altitude satisfies all of the previously mentioned constraints and also en

ables the satellite to fly over two verification sites. NASA and CNES were responsible 

for supplying one verification site each, Point Conception off California (NASA) and 

Lampedusa Island in the Mediterranean Sea (CNES) [TOPEX/POSEIDON Science 

Working Team, 1991]. 

3.4 Altimetric Measurement Accuracy 

The following section discusses the sources of error involved in the measurement 

of the sea surface height. 

3.4.1 Precision Orbit Determination (POD) 

The largest error source in satellite altimetry is the uncertainty in the radial 

component of the satellite orbit [Fu et al., 1994]. Each of the sponsoring agencies 

was responsible for a verification site for use in precision orbit determination. NASA 

utilizes a system of satellite laser range (SLR) stations and CNES a Doppler Orbitog

raphy and Radiopositioning by Satellite (DORIS) network for tracking data to obtain 

the radial component of the satellite [Benada, 1993]. A description of the tracking 
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stations can be found in Appendix A. The mission objective for TOPEX/POSEIDON 

was that the radial position of the spacecraft be measured with an R11S accuracy 

better than 13 em [Tapley et al., 1994]. Tests on Cycles 1 through 15 based on data 

fits, covariance analysis and orbit comparisons by Tapley et al. (1994) indicate that 

the radial component of the satellite is determined with an RMS accuracy of 3 em 

to 4 em. This measurement is relative to the Earth's center of mass [Tapley et al., 

1994]. According toFu and Pihos (1994), the high accuracy of TOPEX/POSEIDON 

eliminates the requirement to apply orbit error removal procedures. Furthermore, it 

is difficult to detect any errors in the orbit since the accuracy is now at the same level 

as most of the measurement corrections [Nerem et al., 1994 b ]. 

3.4.2 Uncertainty in the Altimeter Signal 

The basic operating principle for an altimeter is that it transmits a short ra

diation pulse and measures the time it takes that pulse to reflect back from the sea 

surface. This measurement, defined as the altimeter or satellite range, yields the 

height of the altimeter above the sea surface given that the propagation velocity 

of the pulse and precise arrival time are known. In the Merged Geophysical Data 

Records (MGDR), this reported range, called H-Alt, is already corrected for calibra

tion errors, pointing angle/sea state errors, satellite center of gravity motion, and 

other terms which are related to the altimeter acceleration, Doppler shifting and os

cillator drift [Benada, 1993]. A major objective of the verification experiments at the 

two verification sites, Platform Harvest off the coast of California and Lampedusa 

Island in the Mediterranean Sea, was to determine the bias in the altimeter height 

measurement [Fu et al., 1994]. Based on the first 36 cycles of data, approximately 
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one year, Christensen et al. (1994) estimate the bias for the NASA radar altimeter 

(ALT) height measurement to be -14.5 ±2.9 em. The negative value in this bias 

estimate indicates that the NASA altimeter is measuring the altimeter range short 

[Fu et al., 1994]. Thus, in order to correct the MGDR values for sea level, the bias 

must be added algebraically [Christensen et al., 1994]. When the SSALT (the CNES 

altimeter) is operating, a bias of 1.0 ±2.4 em must be added [Menard et al., 1994]. 

3.4.3 Uncertainty in the Geoid 

The geoid, an equipotential surface of the Earth's gravity field corresponding to 

mean sea level (Nerem et al., 1994a), is a parameter which must be directly subtracted 

from the sea level as measured by the altimeter. This will yield the oceanic topogra

phy which is caused by prevailing surface geostrophic currents. If one wishes to find 

the permanent geostrophic velocities then the geoid must be accurately determined. 

However, if one is only interested in time-dependent changes in the geostrophic ve

locity then an accurate geoid is not a fundamental requirement since the satellite 

orbits of TOPEX/POSEIDON repeat with a very high degree of accuracy [Benada, 

1993]. A detailed explanation of the gravity model development and geoid errors can 

be found in Chapter 4. 

3.4.4 Environmental Errors 

The velocity of a radio pulse is slowed by the atmosphere and ionosphere. The 

rate at which the pulse is slowed is proportional to the mass of water vapor in the 

atmosphere, the total mass of the atmosphere, and the number of free electrons in 

the ionosphere. Also, radio pulses do not reflect from the ocean's mean sea level, 

the radio pulse reflects from a level which depends on wave height. These errors are 
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not large, but they cannot be ignored and must be removed. These errors will be 

discussed as: tropospheric influence (wet and dry), ionospheric influence, ocean waves 

influence (electromagnetic bias), and rain influence [Benada, 1993]. 

3.4.4.1 Tropospheric Influence (Wet and Dry) 

The propagation speed of the radio pulse transmitted by the TOP EX microwave 

radiometer (TMR) is slowed by the quantity of water vapor and by the dry gases in the 

Earth's troposphere. The amount of water vapor that exists along the path length of a 

radio pulse influences the index of refraction of the Earth's atmosphere. The amount 

of water vapor in the troposphere is variable and unpredictable, and produces height 

errors in the range of -6 em to -40 em. The water vapor contribution to the index of 

refraction can be estimated by measuring the atmospheric brightness near the water 

vapor line at a frequency of 22.2356 GHz. Measuring at 22.2356 GHz also provides 

data for a method of removal of the background brightness. The TMR uses three 

frequencies (18 GHz, 21 GHz and 39 GHz) to measure the brightness temperatures 

in the nadir path. The 21 GHz channel senses the water vapor signal, the 18 GHz 

channel is used to remove the surface emission (i.e. wind speed influence) and the 

39 GHz channel is used to remove other atmospheric contributions (i.e. cloud cover 

influence). These measurements are combined to provide the error in the satellite 

range measurement which is caused by the water vapor content of the troposphere 

[Benada, 1993]. Ruf et al. (1994) compared TMR data with various sources of 

ground truth data, such as ground-based microwave water vapor radiometers and 

radiosondes, to test the accuracy of the TMR. Results indicate that the TOPEX 

microwave radiometer (TMR) RMS accuracy for the wet tropospheric range correction 
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is 1.1 em. Furthermore, the TMR performs consistently under clear, cloudy and windy 

conditions [Ruf et al., 1994]. 

Another contributor to the index of refraction are the gases in the troposphere. 

The effect depends both on temperature and density of the gases. Assuming hydro

static equilibrium and the ideal gas law, the vertically integrated range delay can be 

estimated as a function of surface pressure only. The correction for dry meteorologi

cal tropospheric range is estimated by the product of surface pressure multiplied by 

-2.27 mm m-1 [Benada, 1993]. Since there is no straight forward method to mea

sure the nadir surface pressure from a satellite, it is determined by a model which 

uses assimilated weather data from the European Center for Medium Range ·weather 

Forecasting (ECMWF). This model also calculates the value of the wet tropospheric 

delay and is reported in the MGDRs as a backup to the TOPEX microwave radiome

ter (TMR). This backup is useful when sun glint, land contamination or anomalous 

sensor behaviour makes the TMR data unusable [Benada, 1993]. Based on the as

sumption of an RMS accuracy of 0.3 kPa in the atmospheric pressure product from 

the model, the estimated RMS accuracy of the dry tropospheric error is 0. 7 em [Fu 

et al., 1994]. 

3.4.4.2 Ionospheric Influence 

The propagation velocity of a radio pulse is slowed by an amount proportional 

to the number of free electrons present in the Earth's ionosphere at any given time. 

The slowing or retardation of the propagation velocity is inversely proportional to the 

square of the frequency of the transmitted radio pulse. The TOPEX/POSEIDON 

altimeters use two frequencies, 13.6 GHz (Ku band) and 5.3 GHz (C band), and thus 
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there is an ionospheric influence on these radio pulses. The ionospheric influence 

causes the altimeter to over-estimate the range to the sea surface by approximately 

0.2 em to 20 em for the Ku Band frequency. Several factors influence the magnitude 

of this error; day to night (there are fewer free electrons at night), summer to winter 

(there are fewer free electrons in the summer) and the solar cycle (there are fewer free 

electrons during a solar minimum) [Benada, 1993]. 

When the NASA radar altimeter (ALT) is in operation, the range delay, caused 

by the ionospheric free electrons, is retrieved by the dual-frequency measurements 

of the ALT. The ALT retrieval method is the most direct method of estimating 

ionospheric error whereas the DORIS approach used by CNES requires a method of 

space-time interpolation to the altimeter nadir path. When the CNES SSALT is in 

operation, the correction is derived from the DORIS measurement [Fu et al., 1994]. 

Results indicate that the dependence of the ionospheric correction on ocean and 

satellite parameters is less than one centimetre. Furthermore, the standard deviation 

of the 1-second ionospheric correction is related to the height of the ocean waves 

and ranges from 5 to 15 mm. Imel (1994) concludes that the accuracy of the NASA 

ALT ionospheric correction is better than 1 em and should be averaged along track 

on a scale not less than 140 km (20 seconds) in order to minimize its noise without 

sacrificing its accuracy. This increases the precision to 2 mm RMS even in rapidly 

varying regions of the ionosphere [Imel, 1994]. 
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3.4.4.3 Ocean Waves Influence or Electromagnetic Bias 

The radar pulse transmitted by the ALT does not remain as a fine beam as it 

travels through the troposphere and ionosphere; it disperses. As a result the beam has 

a large footprint area, 6 km diameter [Christensen et al., 1994], when it strikes and 

reflects off the ocean surface. Surface scattering elements do not contribute equally to 

the radar beam as it travels back to the ALT [Benada, 1993]. At the surface, troughs 

of waves reflect altimeter pulses better than wave crests, thus altimeter measured sea 

surface height is biased toward wave troughs and this bias is called the electromagnetic 

bias [Fu et al., 1994]. This results in the altimeter overestimating the height of the 

satellite above the sea surface [Benada, 1993]. Electromagnetic bias is proportional 

to the height of the ocean surface waves and conventionally is expressed in terms 

of a percentage of the significant wave height (SWH). Wind speed influences this 

percentage and thus the electromagnetic bias [Fu et al., 1994]. Rodriguez and Martin 

(1994) used 22 cycles of data (approximately 220 days) to examine the correlation 

between altimeter height and SvVH. Their results suggest that there is a residual 

electromagnetic bias error of approximately one percent of SWH in the geographical 

data records (GDR). For a two metre SWH, the residual is approximately 2 em 

[Rodriguez and Martin, 1994]. 

3.4.4.4 Rain Influence 

The effect of rain on the radar altimeter is an attenuation of the altimeter 

pulse; heavy rain reduces the radar echo from the sea surface, whereas light rain 

produces rapid changes in echo strength as the altimeter crosses rain cells. Both of 

these conditions degrade the altimeter's performance and the altimeter usually fails 
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to operate accurately if the rain rate exceeds 5 mm/hr. However, the occurrence of 

such conditions is considered rare; if they do occur the MGDR data are tagged and 

ignored [Benada, 1993]. 

3.4.5 Tidal Influences 

Tides have a significant effect on the observed sea surface height and must be 

removed in order to study ocean circulation. The orbit of the TOPEX/POSEIDON 

mission was specifically chosen, with respect to inclination and attitude, such that 

diurnal and semi-diurnal tides would not be aliased at lower frequencies. The effect or 

influence of the tides on sea surface height can be broken down into three subsections: 

ocean tide, solid earth tide and pole tide [Benada, 1993]. 

3.4.5.1 Ocean Tide 

The ocean tide is the result of the sum of all the different tidal forces which 

act upon the Earth. There is an infinite number of these tidal forces and most 

tidal models consider only those which have the greatest influence on the ocean. 

Gravitational attractions from the Moon and the Sun provide all of the tidal forcing 

constituents which are used to estimate the effect of tidal forcing on the ocean. The 

response of the Earth to the loading by the ocean is called the loading tide [Benada, 

1993]. 

Two tidal models were available for use with the TOPEX/POSEIDO~ :VIerged 

Geophysical Data Records (MGDR). They were the "modified enhanced Schwiderski" 

and the "Cartwright and Ray". The original Schwiderski model was produced in 1981, 

contained 11 tidal constituents, and was a hydrodynamical interpolation of tide gauge 
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data. In 1991, Le Provost et al. (1991) included five more tidal constituents to the 

Schwiderski model, used linear interpolation and produced the "modified enhanced 

Schwiderski" tide model. Both of these models were produced prior to the availability 

of extensive time series collections of satellite altimeter data [Ma et al., 1994]. 

Improvements to the "modified enhanced Schwiderski" model began in the early 

1980s with the GEOS 3 and Seasat altimeter data series, but the most significant im

provements occurred with the altimetric data from the Geosat Exact Repeat Mission 

[Cartwright and Ray, 1990]. Cartwright and Ray produced the "Cartwright and Ray" 

model by applying the response method to two years of altimeter data from Geosat. 

Ma et al. (1994) describe the response method, with reference to the Cartwright and 

Ray tidal model, as a method of determining the tidal correction over the ocean by 

considering residual tidal errors and the tidal species (long period, diurnal and semi

diurnal). For a description of the response method, the reader is referred to Groves 

and Reynolds (1975). Detailed studies by Molines et al. (1994) and Wagner et al. 

(1994) indicate that the global RMS errors for the two tidal models provided with the 

TOPEX MGDR data are of the order of five centimetres. However, the Cartwright 

and Ray model has a slightly better RMS value and is the recommended tidal model 

[Fu et al., 1994). 

3.4.5.2 Solid Earth Tide 

External gravitational forces act upon the Earth and the solid Earth responds 

to these forces in a manner similar to that of the loading by the ocean. The response 

of the Earth to these gravitational forces is fast enough so that it can be considered 

or assumed to be in equilibrium with the tide generating forces (i.e. the ocean tide). 
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With this assumption, the surface can be considered parallel with the equipotential 

surface and from this the tide height caused by gravitational forces is proportional to 

the potential. This proportionality is called the Love number. The Love number is 

considered frequency independent except near a frequency corresponding to the K 1 

tidal constituent, due to resonance in the liquid core [Wahr, 1985; Benada, 1993]. 

3.4.5.3 Pole Tide 

The rotational axis of the Earth oscillates about its nominal direction which 

creates an additional centrifugal force. This centrifugal force displaces the surface but, 

the effect is indistinguishable from the tides [Benada, 1993]. The tide corresponding 

to this polar motion is called the pole tide and has a Chandler period of 14.3 months 

[Ekman and Stigerbrandt, 1990]. This 14.3 month period is sufficiently long to be 

considered in equilibrium for both the ocean and the solid Earth. The pole tide is 

calculated from the known position of the pole, from the orbit ephemeris data, and 

is reported in the MGDRs as an error to be removed from the sea surface height 

[Benada, 1993]. 
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3.4.6 Inverse Barometer Effect 

The sea level responds hydrostatically as a result of forcing from atmospheric 

pressure; this is called the inverse barometer effect. The sea level response, which 

is characterized by a rise or fall to compensate for atmospheric pressure changes, is 

of the order of -0.1 m kPa-1 . A 0.1 kPa increase (decrease) in atmospheric pressure 

will induce a 1 em depression (rise) in the sea surface. The response is not associated 

with oceanic currents and is therefore treated as an error that has to be removed from 

sea level measurements [Fu and Pihos, 1994]. This error correction is computed in 

the TOPEX/POSEIDON data by using the surface atmospheric pressure calculated 

from the dry tropospheric correction from the meteorology [Benada, 1993]. 

Fu and Pihos (1994) used TOPEX/POSEIDON data and applied linear regres-

sion and spectral transfer function analysis to investigate the validity of the inverse 

barometer effect. They conclude that in regions outside the tropics, such as the 

northeast Pacific Ocean, the regression coefficient is close, on a consistent basis, to 

the theoretical value of -0.1 m kPa-1 . This is not true however in western bound-

ary current regions where mesoscale variability interferes with the inverse barometer 

effect. Fu and Pihos (1994) conclude that with the proper removal of wind forcing 

effects that the inverse barometer effect, for periods longer than 10 days and spatial 

scales greater than 500 km, is valid for open ocean areas. 
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3.5 Post-Launch Parameter Accuracies 

A summary of the accuracies of the satellite parameters which are used to 

calculate sea surface height can be found in Table 3.2. Of particular note is that 

these are one sigma values given in centimetres and that for the total altimeter range 

the altimeter bias and bias drift have not been included. Also, values are based on a 

maximum of one full year of data and are RMS accuracies. 

Parameter TOP EX POSEIDON 

Altimeter 
Altimeter noise 1.7 2.0 
EM bias 2.0 2.0 
Skewness 1.2 1.2 
Ionosphere 0.5 1.7 
Dry troposphere 0.7 0.7 
Wet troposphere 1.1 1.1 

Total altimeter range 3.2 3.7 
(not including ALT or SSALT 
bias and bias drift) 

Precision Orbit Determination 
Radial orbit height 3.5 3.5 
(based on JGM-2 gravity model) 

Sea Surface Height 
Single-pass sea surface height 4.7 5.1 

Table 3.2: Measurement accuracy assessment of satellite parameters for sea surface 
height calculations. Units are centimetres. (Modified from Fu et al., 1994). 
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Chapter 4 

Error Analysis 

4.1 Tidal Aliasing 

Sea surface height variations caused by ocean tides are a significant component 

of the signal measured by the TOPEX/POSEIDON altimeters. The ocean tide is 

made up of an infinite number of tidal constituents; the six most energetic constituents 

are the diurnal constituents K1 , 0 1 and P1 and the semi-diurnal constituents M2 , 

S2 and N 2 . In sea surface height measurements, oceanographic signals of interest 

can be obscured by the amplitudes of these tidal constituents [Schlax and Chelton, 

1994b]. TOPEX/POSEIDON does not sample at diurnal or semi-diurnal periods. 

The TOPEX satellite has a repeat sampling interval of 9.9156 days (i.e. each point 

along any given satellite pass is resampled 9.9156 days later). The exception to this 

time interval is at crossover points, where an ascending and descending track cross 

and result in irregular, but shorter, time intervals . For example, at a crossover 

latitude of 34.82°N, the ascending track samples the same position 3.5692 days after 
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the descending track [Schrama and Ray, 1994]. For a complete listing of the crossover 

latitudes and sampling intervals the reader is directed to Table 2 in Schrama and 

Ray (1994). Since the sampling period of the satellite is much greater than the tidal 

periods, 9.9156 days versus diurnal or semi-diurnal, the tidal signals are aliased into 

the sea surface height (SSH) data. The periods of these tidal signals are greater than 

the diurnal and semi-diurnal periods. When examining SSH data, the tides must be 

removed. The method of removal is detailed in Chapter 6, Method of Analysis. It 

should be noted that no method of tidal signal removal will completely remove tidal 

signals and there will be residual tidal errors in the sea surface height data. However, 

the tidal errors that remain have the exact periods of the tides and are aliased in the 

same manner [Schlax and Chelton, 1994b]. 

Previous satellite missions, such as Geosat, were hampered by large orbit errors, 

of the order of 50 em (Chelton and Schlax, 1993), which obscured tidal aliases unless 

significant correctio11s were applied to the data. Another problem, due to orbit con

figuration, was that the M 2 tide was aliased into a westward propagating signal that 

could be and was easily mistaken as a Rossby wave. The period and wavelength of 

the M2 alias were almost equivalent to that of a first baroclinic mode annual Rossby 

wave. 

TOPEX/POSEIDON, because of its orbital configuration and unprecedented 

orbital accuracy (less than 5 em RMS; Tapley et al., 1994), is not plagued by the errors 

of previous satellite missions. According to Schlax and Chelton (1994b ), the orbital 

configuration of TOPEX/POSEIDON has made it possible to study oceanographic 

processes from sea surface height data and not confuse them with aliased tidal signals. 

When analyzing TOPEX sea surface height data, any tidal aliasing that is 
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Figure 4.1: Sampling characteristics of TOPEX/POSEIDON. (From Schlax and Chel-
ton, 1994b ). 

present appears as propagating signals (east or west) in a time-longitude contour 

plot. In order to understand how tidal aliasing occurs in the TOPEX sea surface 

height (SSH) data, a brief description of how the sea surface is sampled is necessary. 

Figure 4.1 depicts the sampling times for a given latitude relative to an arbitrary 

reference frame. The 360° of longitude are divided between 127 longitude nodes 

which yields a nodal spacing, L).x, of 2.835°. The sampling interval, the time required 

for the satellite to repeat over a given location, is 9.9156 days, represented by L).t 

[Schrama and Ray, 1994]. The exception to this sampling interval occurs at crossover 

points where ascending and descending tracks intersect. At these points the sampling 

interval varies with latitude. Once again the reader is referred to Table 2 in Schrama 

and Ray (1994) for a complete listing of the crossover latitudes and various sampling 
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intervals. Adjacent tracks to any pass of interest will have a relative time shift, 8t, 

which can vary up to 6.949 days. For example, by examining ten adjacent longitude 

nodes on any cycle, the pattern for 8t would be as in Table 4.1. 

Pass 8t (days) 
1-2 +6.949 
2-3 -2.967 
3-4 -2.967 
4-5 +6.949 
5-6 -2.967 
6-7 -2.967 
7-8 +6.949 
8-9 -2.967 
9-10 -2.967 

Table 4.1: Sampling interval between ascending passes for ten adjacent longitude 
nodes. 

In Table 4.1, a negative 8t indicates that the first pass occurs after the second 

pass (i.e. for Pass 1-2, Pass 1 occurs 6.949 days before Pass 2). 

Consider a particular tidal constituent with frequency f and the corresponding 

period T= f-1 . Also consider two consecutive measurements (from one cycle to the 

next) of the same position; the separation is 6t=9.9156 days. The measurements of 

the particular tidal constituent, at the same position, are separated by f 6t cycles of 

the tidal harmonic. There is a corresponding phase difference which is represented 

by 

8¢ = 211' (! 6t - [! 6t + 0.5]) ( 4.1) 

Let x= f 6t + 0.5 such that the value [ x] is the greatest integer less than x. 

By taking consecutive measurements at a given location the same phase of the tide 
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is measured which results in an aliased tidal harmonic with period, T a, given by 

T. = 21r At 
a 8cfy (4.2) 

Assume that the amplitude and phase of a particular constituent are locally 

constant (i.e. they do not vary over the region where the data making up the smoothed 

estimate of sea surface height are drawn [Schlax and Chelton, 1994a,b]). Given these 

assumptions, and considering two adjacent longitude nodes, the same tidal harmonic 

is sampled by the two adjacent time series. Different phases of the tidal harmonic are 

sampled by the two time series, due to the time shift 8 t. The difference in tidal phase, 

8<Px, at two adjacent longitude nodes for ascending satellite tracks can be represented 

by 

8c/Yx = 27r (J 8i - [f 8t + 0.5]) ( 4.3) 

where, as in Equation 4.1, x = f 8 t + 0. 5 and the value of [ x] is the greatest integer less 

than x. Since the time series at adjacent longitude nodes sample different phases of 

the tidal harmonic, the aliased tidal signal at these nodes is shifted in phase. Consider 

the aliased tidal signal at two adjacent nodes and let the phases of the aliased tidal 

signal be represented by '1/;1 and '1/; 2 . Corresponding to the phase difference is a time 

difference 8t = t£ - t1 • Furthermore, the tidal signal can be represented by a simple 

harmonic sin(21rjt) [Schlax and Chelton, 1994b]. Since the tidal signal must equal 

the aliased signal at the adjacent sampling points of both time-series, then 

( 4.4) 
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and 

sin(~ t2 + 'l/J2) = sin(21r Jt2) ( 4.5) 

Recall that 8t = t£ - t1 , therefore t2 = 8t + t1 • Substituting this into Equation 4.5 

yields 

sin(~ t 2 + 'l/;2) = sin(21rj8t + 27rjt1) (4.6) 

but from Equation 4.3, 21rj8t = 8¢:.· Therefore substitution into Equation 4.6 yields 

sin(~: t2 + 'l/J2) = sin(21r Jt1 + 8¢x) (4.7) 

The phase difference ofthe aliased tidal signals can be expressed as 8'1/Jr = 'l/; 2 - '1/J 1 • 

By taking the sin -l of Equations 4.4 and 4. 7 and isolating the aliased tidal signal 

phases 'l/;1 and 'l/;2 yields 

and 

Thus 

Therefore 

8'1/Jx = 8</Jx - 21r8t 
Ta 

(4.8) 

(4.9) 

( 4.10) 

( 4.11) 

According to Schlax and Chelton (1994b), spatial aliasing of the tidal signals 

at adjacent nodes is a result of the juxtaposition of the phase-shifted aliased signals. 

To analyze the aliased signals, it is necessary to construct a time-longitude plot with 

reference to a common latitude. If straight lines are used to connect points of equal 

phase, on the time-longitude plot, then the aliased signals will appear as wavefronts. 

37 



The aliased signals have a period, T a., and phase shift, 8'1j;x, resulting in a temporal 

shift equal to 

temporal shift = Ta.( 81/Jx) 
27!" 

( 4.12) 

Referring to a time-longitude plot, points of equal phase on the aliased tidal 

signals have a temporal shift given by 

temporal shift= Ta.(k + 81/Jx) 
2rr 

(4.13) 

where k is an integer. There is a corresponding slope to the constant phase lines 

which is given by 
T (k + o,JJ:r) 

slope = a. 2"" 
!:lx 

(4.14) 

and can be seen in a time-longitude contour plot. The tidal aliasing wavelength is 

given by 

( 4.15) 

From a given spatially uniform tidal constituent, the aliasing pattern appears 

as the superposition of plane waves with a period, T a., and wavelength, Ak. The 

aliasing pattern is evident provided that the wavelength, >.k, is greater than !:lx, the 

longitudinal spacing between adjacent nodes [Schlax and Chelton, 1994b]. 

38 



4.1.1 Sample Calculation 

The following sample calculations are for the M2 tide. The period, T, for the 

M2 tide is 12.420601 hours. Therefore, the frequency, f, is 

f - r-1 - 1.932274 day.s- 1 

thus 

f !::..t = (1.932274 day.s- 1 )(9.9156 days) - 19.1597 

therefore, since [ x] is the greatest integer less than x 

[x] = [f!::..t + 0.5] = 19.6597 

[x] - 19 

Recalling 

8¢ - 271" (! !::..t - [! !::..t + 0.5]) 

8¢ - 271" (19.1597 - 19) 

8¢ = 1.0031 

Therefore, the aliased tidal harmonic becomes 
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21!"(9.9156 days) 
1.0031 

Ta = 62.11 days 

Thus, the difference in tidal phase, for 8t=2.967 days (see Table 4.1), becomes 

8</Jx = 21!" (f8t - [f8t + 0.5]) 

In this instance 

[x] = [f8t + 0.5] - [(1.9323)(2.967) + 0.5] - 6.233 

[x] - 6 

Therefore 

8¢x = 21!" ((1.9323 days- 1 )(2.967 days) - 6) 

8¢x = -1.6773 

Recalling the equation for the phase difference of the aliased signals 

Therefore 

8'l/Jx = -1.6773 - 21!"(2.967) 
62.11 

40 



Thus, the tidal aliasing wavelengths given by 

become, for k=O 

for k=-1 

for k=1 

2.835° 
>-o - 0 + 1.9774 

211" 

>-o - -9.00° - 9.00° East 

)._1 -1 + -1.9774 
211" 

-2.16° = 2.16° East 

2.835° 
1 + -1.9774 

211" 

Since ..\o and ..\1 are the only two wavelengths greater than ~x, they are the 

only two M2 aliased wavelengths that could be observed in the data. 
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Tide Tk f Ta )._1 Ao ).1 
(h) (h-1) (days) (deg) (deg) (deg) 

M2 12.420601 0.0805 62.11 4.14W 9.00E 2.16E 
s2 12. 0.0833 58.74 2.88E 179.95W 2.79W 
N2 12.658348 0.0790 49.53 4.14E 9.00\V 2.16W 
K1 23.93447 0.0418 173.19 2.86E 359.90W 2.81W 
01 25.819342 0.0387 45.71 4.09\V 9.23E 2.16E 
pl 24.06589 0.0416 88.89 2.86E 359.90W 2.81W 

Table 4.2: The six major tidal constituents for tidal aliasing for the TOPEX altimeter 
with the associated tidal periods, tidal frequencies, alias periods and three longest 
alias wavelengths. E or W denotes easterly or westerly propagation. (Modified from 
Schlax and Chelton, 1994b). 

Table 4.2 lists the six most energetic tidal constituents with their period (T k ), 

frequency(!), alias periods (Ta), and the three longest aliased wavelengths. Accord

ing to Schlax and Chelton (1994b) the three listed wavelengths for each tidal con-

stituent are probably the only aliased wavelengths that can be observed in smoothed 

sea surface height estimates from the TOPEX altimeter. 

Figure 4.2 illustrates the primary tidal aliased wavelength for the six con-

and K1 are represented by westward propagation while the M2 and 0 1 constituents 

are manifested as eastward propagation. With the exception of Figure 4.2d, these 

aliases have periods and wavelengths which do not represent realistic oceanographic 

processes. Figure 4.2d, the K1 tidal alias, has a near semi-annual period and must 

be considered when examining large-scale, semi-annual signals in the TOPEX sea 

surface height data [Schlax and Chelton, 1994b]. 
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Figure 4.2: Time-longitude plots for the six tidal aliases. Solid (dashed) lines repre
sent crests (troughs) of the propagating waves for which the six tidal constituents in 
Table 4.2 alias in TOPEX sea surface height data. (a) M2, (b) 5 2 , (c) N2, (d) K 1 , 

(e) 0 11 and (f) P1 . (From Schlax and Chelton, 1994b). 
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Longitude 

Figure 4.3: Time-longitude contour plot of smoothed sea surface height data along 
32.4°N. (a) Using both ascending and descending track data, (b) induced M2 tidal 
aliasing by using descending track data only. (From Schlax and Chelton, 1994b). 

Schlax and Chelton (1994a) state that it is possible to induce M 2 tidal aliasing 

by using only ascending or descending track data. An example of this induced aliasing 

is evident in Figure 4.3. This figure shows contoured time-longitude plots for 32.4°N 

using data from both ascending and descending tracks, Figure 4.3a, and using data 

from only the descending tracks, Figure 4.3b. From a comparison of Figures 4.3b and 

4.2a, the reader can clearly see the M 2 tidal aliasing and note that it would be quite 

easy to confuse these signals with mesoscale activity [Schlax and Chelton, 1994b]. 
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4.2 Time-Longitude Contour Plots 

Two time-longitude contour plots of the time-dependent sea surface height are 

presented for satellite crossover points at 34.82°N and 32.37°N. Both of these plots, 

Figures 4.4 and 4.5, were constructed from smoothed TOPEX sea surface height data 

to determine if tidal aliasing was present in the Emperor Seamount region. These 

latitudes were chosen because they were the closest crossover latitudes relating to the 

four eddies discovered from TOPEX sea surface height data in the current study (see 

Chapter 6). 

If tidal aliasing were present in the sea surface height data that are used in this 

study then there would be aliased wavelengths apparent in the time-longitude plots. 

It is quite apparent, from Figures 4.4 and 4.5 that no aliasing is present in these plots 

which proves that the signals present are real oceanographic processes. These plots 

also illustrate that the oceanographic signals are not related to any residual geoidal 

errors since these errors would appear in the same location on the time-longitude 

contour plots and would be present throughout the entire time frame of this year 

long study. The mesoscale features that are described in Chapter 6 have periods of 

80 to 120 days. A comparison of Figures 4.4 and 4.5 shows that mesoscale activity 

is stronger in the northern time-longitude plot and that mesoscale activity is almost 

nonexistent to the east of 170°W (190°E on the time-longitude plots). 
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Figure 4.4: Time-longitude contour plot for 34.82°N. Each contour line represents 
5.0 em. Data are from TOPEX Cycles 17 - 54, 28 February 1993 - 12 March 1994. 
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Figure 4.5: Time-longitude contour plot for 32.37°N. Each contour line represents 
5.0 em. Data are from TOPEX Cycles 17 - 54, 28 February 1993 - 12 March 1994. 
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4.3 Gravity Model Development 

Precise knowledge of the Earth's gravitational field is required for meaningful 

exploitation of satellite altimeter data. There are two main reasons: (1) in order to 

measure sea surface height from altimeter range measurements an accurate satellite 

position is required, and (2) for the computation of ocean dynamic topography, and 

hence geostrophic velocity of the ocean currents, the geoid is required as a reference 

surface. Prior to the launch of the TOPEX/POSEIDON satellite, the best long

wavelength Earth gravitational models available would have caused RMS radial orbit 

errors of more than 50 em had they been used for TOPEX/POSEIDON. It was 

well known amongst the TOPEX/POSEIDON Science Investigators that gravity was 

the dominant error source for determining the TOPEX/POSEIDON orbit. Thus, 

improved models were developed with the goal of reducing the radial orbit errors 

from the geopotential to :::;10 em RMS [Nerem et al., 1994a]. 

After nearly a decade of work, new Earth gravitational models were devel

oped such as the pre-launch Joint Gravity Model-l (JGM-1) and the postlaunch 

JGM-2 for TOPEX/POSEIDON. JGM-2 differs from JGM-1 in that JGM-2 uses 

TOPEX/POSEIDON tracking data [Nerem et al., 1994a]. JGM-2 is the model which 

provides one of the parameters used for the calculation of the ocean dynamic topog

raphy. 

Nerem et al. (1994a) define orbit determination as the adjustment of model pa

rameters (orbit state, force and measurement) to minimize, in a least squares sense, 

the weighted difference between the actual tracking observations and their predicted 

values. The accuracy and completeness of the force and measurement models, and 

48 



the accuracy of the tracking data, determine the accuracy of the computed orbit. 

For TOPEX/POSEIDON Merged Geophysical Data Records (MGDR) the computed 

orbits use satellite laser ranging (SLR) data and Doppler orbitography and radiopo

sitioning integrated by satellite (DORIS) tracking data. These two types of data 

have been well tested by NASA and are ocean-surface-independent. The SLR data 

provide precise slant-range information and the DORIS data provide precise line-of

sight velocity information. Both of these data are used in the gravity solution for 

TOPEX/POSEIDON and provide extensive sensing of gravitational effects which are 

specific to the satellite's orbit. Some of the specific effects include long-term zonal 

and resonant perturbations [Nerem et al., 1994a]. 

Both of the Joint Gravity Models, JGM-1 and JGM-2, are complete to degree 

and order 70 with respect to spherical harmonic representation. This corresponds to 

a half-wavelength spatial resolution of;::::: 300 km [Nerem et al., 1994a]. 
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4.4 Accuracy of the Geoid 

The accuracy of the JGM-2 geoid is of great interest when examining ocean 

dynamic topography using the TOPEX/POSEIDON altimeter data. Spherical har

monic representation of the gravity model introduces two types of errors, commission 

errors and omission errors. Commission errors result from the coefficients in the 

spherical harmonic representation up to degree 70. Omission errors, a result of the 

higher order terms (>70) in the spherical harmonic representation, are due to trun

cation of the model at degree 70. Figure 4.6 shows the commission errors of the geoid 

complete to degree 70 using the JGM-2 error covariance. Of note is that the geoid 

error for JGM-1 is nearly identical to that of JGM-2, thus Figure 4.6 can be seen as 

an equal representation of either gravity model. Also of note from Figure 4.6 is that 

the geoid commission errors over the oceans are :::::: ±25 em. This predicted model 

error is consistent with TOPEX/POSEIDON altimeter residuals of 28.9 em RMS for 

JGM-1 and 28.7 em RMS for JGM-2. From Figure 4.7 the geoid error exceeds the 

dynamic topography signal at about spherical harmonic degree 15. In terms of a 

length scale, the geoid error exceeds the dynamic topography signal for wavelengths 

shorter than ::::=2500 km. While the geoid error does not affect the examination of the 

temporal variations of the dynamic topography, it is clearly the main limitation for 

studies on the mean dynamic topography. Nerem et al., ( 1994a) state that errors in 

the geoid are the largest remaining obstacles for the determination of dynamic ocean 

topography from the TOPEX/POSEIDON satellite altimeters. 
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Tsaoussi and Koblinsky (1994) produced an error covariance model in which the 

geoid errors, related to the JGM-2 model, up to degree and order 70 and from degree 

and order 71 to 360, with respect to spherical harmonic expansion, were presented. 

A copy of these colour coded error covariance estimates is found in Figure 4.8. The 

estimates are for Cycle 18, from March 10 to March 20, 1993. Figure 4.8A and 

Figure 4.8B differ only in the degree and order representation in spherical harmonic 

expansion. Tsaoussi and Koblinsky (1994) used these two plots to illustrate that very 

little error is contributed by the higher order terms between 36 to 70. This reduced 

their computational resource requirements. Figure 4.8A and Figure 4.8B represent 

the low-frequency geoid error contained in the error covariance matrix. The low

frequency error is associated with the reference gravity field which is limited in spatial 

resolution, but very accurate. This reference gravity field is derived primarily from 

satellite tracking data. Propagation error associated with the high-frequency geoid 

is presented in Figure 4.8C. The high-frequency geoid is associated with a detailed, 

but less accurate, gravity field. It is derived from terrestial surface gravity, altimeter 

data and ship measurements. The high-frequency geoid error is the major regional 

contributor to the error in the dynamic height, however, for time dependent studies 

these errors will, for the most part, cancel [Tsaoussi and Koblinsky, 1994]. Although 

these plots are global, it is quite clear that the regions of highest error occur along 

the coast and along the trenches, such as those associated with the Aleutian Islands. 
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Figure 4.9 illustrates the calculated sea surface topography and the associated 

total error for Cycle 18, 10 - 20 March 1993. Figure 4.9A is the dynamic sea surface 

topography, Figure 4.9B is the total sea surface topography error. 

Note that the largest errors for the northeast and north central Pacific Ocean 

occur along the Aleutian Islands and are :::::::25-35 em RMS. By omitting the geoid 

error the result is an estimate of the total time dependent error in the sea surface 

topography, this is illustrated by Figure 4.9C. Regions in which the time dependent 

error is small, ( <4 em), are associated with regions in which the tidal error is small. 

For errors this small, the annual cycle in the sea surface topography is resolvable in 

the ocean basins [Tsaoussi and Koblinsky, 1994]. 
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Chapter 5 

Method of Analysis 

5.1 Geographical Area of Interest 

The geographical area of interest includes 30°N to 58°N latitude and 170°E to 

130°W longitude. This region covers from the North American coastline to the tip of 

the Aleutian Islands as can be seen in Figure 5.1. Any landmass areas such as the 

Aleutian Islands were excluded from this area of interest. Also, any data north of the 

Aleutian Islands were excluded. 

5.2 Data Extraction 

Data from Cycles 17-54 were used in this study, with the exception of Cycles 20, 

31 and 41, during which the POSEIDON altimeter was functioning. One cycle repre

sents the total time for complete coverage of the Earth by the TOPEX/POSEIDON 

satellite (9.9156 days). These data covered a time period from 28 February 1993 to 

12 March 1994. Cycles for which the POSEIDON altimeter was functioning, and 
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Figure 5.1: Geographical region of interest 

therefore the TOPEX altimeter was not, were not used so that altimeter biases did 

not have to be considered. The data were extracted from CD rom provided by the Jet 

Propulsion Laboratory in Pasadena, California. The following corrections were ap

plied: wet and dry troposphere, ionosphere, electromagnetic bias (EM Bias), inverse 

barometer, geoid and tides. All of these corrections were included on the CDrom for 

each position of each pass of each cycle. Only data in which no flag values (default 

values indicating that the data were unusable for a given location) were present were 
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extracted from the CDrom and used for calculations. A complete description of all 

these corrections can be found in Chapter 3. The corrections were applied in ac

cordance with the Merged GDR (TOPEX/POSEIDON) Users Handbook (Benada, 

1993) provided with the data. The following equations from Benada (1993) were used 

to apply the corrections and determine the residual sea surface height (RSSH). The 

RSSH is expressed as 

RSSH = SSH- Geophysical Sur face 

-Tide Effects - Inverse Barometer 

where SSH is sea surface height and represents the height of the sea surface above 

the reference ellipsoid. This parameter is a combination of 

SSH =Altitude- Corrected Range 

where altitude refers to the altitude of the centre of mass of the satellite above the 

reference ellipsoid. The corrected range is the altimeter range corrected for wet and 

dry tropospheric errors, ionospheric errors and electromagnetic bias. These errors 

affect the radar pulse which is transmitted from the satellite altimeter. Thus 

CorrectedRange = range+ wet troposphere correction 

+dry troposphere correction+ ionosphere correction+ EM Bias 

In TOPEX/POSEIDON data, all corrections are defined and therefore are 

added to the range (i.e. if a correction parameter is to be subtracted then it is 

reported as a negative number in the data). The mean sea surface (MSS) is used to 

represent the geophysical surface and the geoid is derived from the MSS. According to 

Benada (1993) this makes the MSS parameter more precise than the geoid parameter 
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and therefore the MSS parameter should be used in the calculation of RSSH. Also, 

by using the MSS parameter for calculations of residual sea surface height, the result 

is the dynamic topography of the ocean surface. 

Tidal effects are a combination of 

Tides= Ocean Tide+ Solid Earth Tide+ Pole Tide 

where the ocean tide, solid Earth tide and pole tide are all described in detail in 

Chapter 3. These tides are determined from either of the tidal models provided with 

the TOPEX MGDRs .. However, tidal aliasing could still be present (see Chapter 

4) in the data after application of either of the models. Time-longitude plots were 

constructed for both 32.37°N and 34.82°N, and confirmed that tidal aliasing was not 

present in the tidally corrected data. See Figures 4.4 and 4.5 for time-longitude plots. 

5.3 Data Analysis 

Initially, the data were extracted from the CDrom for each cycle for any point 

which was located between 30°N and 60°N latitude and between 170°E and 230°E 

longitude. After these data were extracted, the geographical region was refined such 

that positions north of the Aleutian Islands and any positions corresponding to land 

were removed. The focus of this thesis was on the north central Pacific Ocean; there-

fore, data for the Bering Sea and Bering Strait were filtered out (i.e. the data north 

of the Aleutian Islands). After the data were geographically filtered the residual sea 

surface height (RSSH) was calculated for each position in each pass of each cycle in 

accordance with the equations detailed in the previous section. A pass corresponds 

to the satellite travelling from 66.04° North (South) to 66.04° South (North). A cycle 

contains 254 passes (the number of passes TOPEX/POSEIDON uses for complete 
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coverage of the Earth). A cycle takes 9.9156 days to complete. A data file was 

produced for each cycle containing only the passes which travelled through the ge

ographical region of interest. These data files contain the latitude, longitude, date, 

time and corresponding RSSH for each data point in the passes. The data were not 

sorted and were preserved in their pass by pass format. For each cycle, there were :::::60 

passes that travelled through the geographical region. The passes were always in the 

same order on the CDrom; therefore, the first pass to go through the area of interest 

was always the same from cycle to cycle. Also, since the across track repeatability of 

the TOPEX/POSEIDON satellite is ±1 km [Fu et al., 1994], the first data point in 

each cycle was from the same pass. Based on these facts, the first data point from 

all of the TOPEX cycles was extracted from the data files and a mean latitude and 

longitude were calculated. The initial data point of Cycle 29 has a latitude and longi

tude which are equal to the mean latitude and longitude. Also, Cycle 29 is the most 

complete data set compared to all of the other cycles. For these reasons Cycle 29 was 

chosen as the 'reference cycle' for the purpose of defining the latitude and longitude 

coordinates of the sample points which would subsequently be used in calculating 

means and standard deviations. Once the reference cycle was selected, the one year 

mean and standard deviation for each point in the reference cycle were calculated. 

A latitudinal tolerance of ±0.0230° or ±2.6 km and a longitudinal tolerance 

of ±0.0295° or ±3.3 km were selected for point-by-point comparisons with the other 

data sets from the other cycles. The tolerances mentioned above were selected such 

that, when a data point from a cycle was compared to the reference cycle, it could 

contribute only once to the mean and standard deviation. A new reference array 

was created which contained the reference latitudes and longitudes along with the 
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L:(RSSH) and the L:(RSSH) 2• Once again, the tolerances mentioned above guaran-

teed that a data point could contribute only once to the running sums of the new 

reference array. Also, the number of data points, "n", contributing to each reference 

position was accumulated for the purpose of mean and standard deviation calcula-

tions. The mean and standard deviation were calculated using formulae from CRC 

Standard Mathematical Tables (Beyer, 1984). 

and 

a= 

RSSH = ..!._ t RSSHi 
n i=l 

nL:i=1 RSSH?- (I:i=1 RSSHi) 2 

n(n- 1) 

Figure 5.2 compares a time series for a typical pass from Cycle 17 with the mean 

of this particular pass from all cycles. It is evident from this figure that the mean pass 

and cycle pass have a high degree of correlation in that they follow a similar pattern 

in the time series. These similar patterns in the time series clearly display the pass 

repeatability from cycle to cycle. The plot of the standard deviation, Figure 5.2c, 

shows an almost zero standard deviation throughout the entire pass, again illustrating 

the pass repeatability. 

Rapid changes in the mean and raw time series, Figures 5.2a and 5.2b, can be 

correlated to rapid changes in the geoid. For example, compare the regions marked A 

and Bin Figures 5.2a and 5.2b with the same regions marked A and Bin Figure 5.3. 

The rapid increases in the mean and raw time series RSSH between 48°N to 49.3°N 

and 52.8°N to 54. 7°N in Figures 5.2a and 5.2b are clearly correlated to the beginning 

and ending of plateaus in Figure 5.3 at the same locations along the satellite track. 
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Figure 5.2: Time series for a typical pass in a cycle. (a) residual sea surface height 
(RSSH), (b) RSSH (one year mean removed), (c) standard deviation 

Positions with very large standard deviations are attributed to seamounts which the 

satellite pass occasionally passed over. However, there are occasions when the large 

standard deviations cannot be explained by changes in the geoid. For example, in 

Figure 5.2c, the large standard deviation at 33.5°N does not occur in a region of 

rapidly changing bottom topography. This large value is attributed to an erroneous 

data point which caused the L:RSSH to have a large negative value (:::: -1.3 m) and 

the l:(RSSH) 2 to have a very large positive value (::::::; 124 m2). Removal of erroneous 
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Figure 5.3: Bottom topography map with Pass 48, Cycle 17, plotted. Positions A and 
B highlight two regions of rapidly changing topography which correspond to rapid 
changes in the time series in Figure 5.2a and 5.2b. (From GEBCO , 1994) . 

data points such as these is discussed in the next paragraph. 

From Figure 5.4 it can be seen that 99.1% of the standard deviations were :::;0 .3 

metres . From each cycle the mean was removed from each data point that fell within 

the latitudinal and longitudinal tolerances listed earlier , and for standard deviations 

:::;0.3 metres. This technique retained approximately 80% of the original data. When 

the mean was removed, the latitude and longitude of the point in the pass was assigned 

the closest matching latitude and longitude from the reference array. This effectively 
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Figure 5.4: Histogram of the standard deviation for cr ::; 0.3 m for one year of TOPEX 
data. 

matched all of the other cycles to a common set of reference coordinates. Matching or 

interpolation to a common track for FFT purposes was suggested by Benada (1993) 

in the Merged GDR Users Handbook. 
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5.4 Fourier Analysis 

Each cycle was divided into its individual passes and each pass was Fast Fourier 

Transformed (FFT). High frequency noise was filtered out using an along track length 

scale, l, of 125 km. For a given pass of N data points and an average spacing of 5.4 

km between data points, the interval length, L, is given by 

L=5.4*(N-1) 

Thus, the value, m, which determines how much of the FFT is set equal to zero, 

is determined from 

m =interval length/ length scale 

The value of m determines how much of the FFT is considered real oceano

graphic signal and how much is considered noise. This in effect determines the degree 

of smoothing that occurs with respect to the raw data. Figure 5.5a shows a single 

pass with the mean removed. Figure 5.5b shows the FFT of the same pass (mean 

removed). Note that the oceanographic signal is contained in the sloped portion of 

the spectrum at the low frequency end of these data with the high frequency points 

representing noise. Figure 5.5c represents the inverse FFT of the data with the high 

frequency coefficients set equal to zero. This approximates an ideal low pass filter. 

The smoothed data clearly illustrate that the noise in the original signal has been 

removed. 
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Figure 5.5: Time series, FFT and inverse FFT of a single pass with length scale equal 
to 125 km. (a) One year mean removed, (b) FFT of same pass in (a), (c) inverse FFT 
of same pass in (b) with high frequency noise removed. 

An example of the effect of increasing the length scale can be found in Figure 5.6 

where length scales of 125, 250 and 500 km have been used. Note that as the length 

scale increases, the smaller scale oceanographic signals are completely removed. 
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Chapter 6 

Mesoscale Features near the 
Emperor Seamount Region 

6.1 XBT Data and Dynamic Height 

There are several different methods that can be utilized to examine the influence 

of the Emperor Seamounts upon the baroclinic flow of the Kuroshio Extension. One 

method is to examine a latitudinal section of the dynamic height. Figure 6.1A is 

a vertical cross-section in an east-west direction of dynamic height along 35°~ from 

April 1976. This figure clearly illustrates that there was a significant change in the 

amplitude of the dynamic height perturbations from west of the seamounts to the 

east. More important however, is that perturbations in the dynamic height existed 

to the east of the seamounts. 

Along 35°N, the southern Emperor Seamount, Kinmei (see Figure 2.3 located at 

~172°E), impinges into the baroclinic flow. One of these perturbations was centered 

at 175°E and had a radius of ~200 km. Another which was centered on 178°\V was 
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of the order of 200 km wide [Roden et al., 1982]. According to Roden et al. (1982) 

these perturbations may be accounted for by shifts of the strong currents and by the 

existence of intense mesoscale eddies. 
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Figure 6.1: Relative dynamic height (A) along 35°N in the Kuroshio Extension (left 
side), (B) vertical cross-section in a north-south direction along 168°E (west of the 
seamounts) and (C) vertical cross-section in a north-south direction along 1 i8°\V 
(east of the seamounts). Latitude is from north-south (left-right) in B and C. (From 
Roden et al., 1982). 

Figure 6.1B illustrates large scale perturbations to the west of the seamounts 

in a vertical cross-section in a north-south direction of the dynamic height. More im-

portantly again was the presence of a large perturbation to the east of the seamounts, 

Figure 6.1C, which was of the order of 200 km wide. This is more supporting evidence 

for the existence of mesoscale features in this region. This perturbation was located 

just north of a large seamount that rises to within 1000 m of the surface [Roden et al., 

1982]. As will be discussed later, this is approximately the same location and of the 

same size as several of the eddies found using the TOPEX altimeter data. According 
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to Roden et al. (1982) it is possible that the observed perturbation to the east of 

the seamounts, as seen in Figure 6.1C, was related to the presence of the nearby 

seamount. 

Another topographic feature that promotes mesoscale activity to the east of the 

Emperor Seamounts is the gap that separates the northern and southern seamounts. 

The gap is :::::::150 km wide and although no dynamic height sections exist through 

the gap, XBT data have shown that large amplitude temperature perturbations char-

acteristic of the western Pacific are present up to 1000 km east of the seamounts. 

These XBT data suggest that energetic perturbations can pass through the gap in 

the Emperor Seamounts [Roden et al., 1982]. 
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Figure 6.2: Zonal sections of temperature, salinity and density across the southern 
Emperor Seamounts at 35°N. (From Roden et al., 1982). 

Figure 6.2 illustrates the zonal structure across the southern Emperor Seamounts 

based on salinity, temperature and depth data during April 1976. Of note is the well 
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Figure 6.3: Sea surface temperature transect for May, 1975. XBT data are from ships 
of opportunity travelling from the United States to Japan between 30°N and 40°N. 
(From Bernstein and White, 1976). 

developed thermohaline front to the west of the seamount but, more importantly, the 

doming of the isotherms, salinity and isopycnals at 178°E. This doming supports the 

idea of cyclonic perturbations to the east of the seamounts [Roden et al., 1982]. 

A temperaturetransect from May of 1975 between 30°N and 40°N, shown in Fig

ure 6.3, illustrates the significant decrease in eddy activity between 180° and 170°W 

[Bernstein and White, 1976]. Strong mesoscale activity, associated with the doming 

of the isotherms, is present in the region of the Emperor Seamounts (:::::; l72°E) and 

at locations to the east of the chain. Of particular interest is the doming that was 

present along l72°E, 176°E and 179°E with length scales of the order of 200 km. This 

can be seen in the top portion of Figure 6.3 where the plot of the sea surface temper

ature is given. Doming of the isotherms in the depth versus longitude contour plot 

(bottom of Figure 6.3) coincides with the decrease in sea surface temperature in the 

top of the figure. The four mesoscale features found using TOPEX sea surface height 

data were located in approximately the same locations and were the same order of 
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Figure 6.4: Time-longitude contour plot for 34.82°N. Each contour line represents 5 
em. Data are from TOPEX Cycles 17 - 54, 28 February 1993 - 12 March 1994. 

size (hundreds of kilometres) as the locations of the doming of the isotherms shown 

in Figure 6.3. The abrupt decrease of eddy energy associated with the isotherms in 

Figure 6.3 can also be seen in the time-longitude contour plot of sea surface height 

(one year mean removed) in Figure 6.4. Note that the mesoscale activity evident from 

TOPEX sea surface height data decreases drastically at about 175°\V (185°E on the 

time-longitude plot). 
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6.2 Satellite Tracked Drift Buoys 

31. 

171• tn• 174• 

Figure 6.5: Drift buoy trajectory through an eddy as it crossed the Emperor 
Seamounts in 1977. (From Cheney et al., 1980). 

The drift buoy trajectory plot in Figure 6.5 was the first evidence, other than 

XBT data, that confirmed the existence of eddies in the region of the Emperor 

Seamount chain. The drift buoy used in this study originated in the center of a 

cold-core Kuroshio ring in October, 1976 at 33°N, 143°E. The buoy exited the cold-

core ring and became entrained in the Kuroshio Extension. It crossed the Emperor 

Seamounts and entered an anticyclonic eddy on March 31, 1977. The buoy completed 

a series of anticyclonic loops that lasted for ~50 days and then exited the eddy and 

continued eastward. It was not known exactly how large the eddy was, but from the 

loops it was at least 65 km wide. The maximum speed of the buoy in the eddy was 70 

em s-1 (Cheney et al., 1980]. Although this eddy was about one-third to one-quarter 
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the size of the eddies determined from TOPEX SSH data, it is clear evidence that 

eddies exist in this region. 

Other satellite tracked drifter experiments provide further evidence of mesoscale 

activity in this geographical region. NORPAX (North Pacific Experiment) deployed 

16 satellite-tracked drifting buoys from 1976 to 1980. Of note was the track of one 

drifter buoy in the region centered on 35°N, 172°E. An isolated plot of this buoy and 

this particular region is not available. However, MeN ally et al. (1983) describe the 

track in this area as follows: "This drifter spent three months in a region just to the 

east of the southern Emperor Seamounts executing a series of anticyclonic loops and 

meanders before moving southeastward." 

6.3 Mesoscale Features from TOPEX SSH Data 

6.3.1 Geographical Eddy Area 

Figure 6.6 is a bottom topography map of the region in which all four of the 

eddies discovered from TOPEX SSH data were located. The topographic features 

that are roughly orientated north-south between 170°E and 174°E are the Southern 

Emperor Seamounts. Yuryaku and Kanmu are the two southernmost seamounts 

with peaks extending to within 250 m of the ocean's surface. In Figure 6.6 these 

seamounts are located between 32°N and 33°N and between 171 °E and 172°E. The 

next seamount is the Kinmei Seamount which extends to within 100 m of the ocean's 

surface. Kinmei spans from 33°N to 36°N and between 171 °E and 172°E. The final 
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seamounts in the southern portion of the Emperor Seamount chain are the Ojin and 

Jingu Seamounts. Jingu's peak extends to within 750 m of the surface and Ojin's 

peak extends to within 1200 m. These two seamounts span from 37.5°N to 39°N and 

between 170°E and 171.5°E. 

The Hess Rise is a plateau region which spans from 33°N to 38°N and between 

173°E to 180°. This plateau rises from 6000 m depth on its outer borders to elevations 

as low as 1500 m below the surface. The four eddies that are discussed in the following 

sections were located in the vicinity of the Kinmei Seamount, between the Kinmei 

Seamount and the Hess Rise or on the Hess Rise. The centre location of each eddy 

is labelled on Figure 6.6. These locations correspond to the cycle in which the eddy 

attained its maximum height or velocity. 

Contour plots of each eddy are presented in each of the sections which discuss 

the four eddies. A 500 km length scale legend is provided in the top left corner of 

each colour contour plot used in the sections describing the eddies. The longitudinal 

scale is calculated at 35°N so there is some scale distortion which increases as latitude 

increases or decreases from this value. 
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Figure 6.6: Bottom topography map of the region of interest around the eddies 
Numbers represent the centre location of the four eddies from the TOPEX SSH data. 
(From GEBCO, 1994) . 
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6.3.2 Mesoscale Features from TOPEX Data 

6.3.2.1 Method of Analysis 

Vertical cross-sections in north-south and east-west directions through the cen-

tre of each of the eddies from generation to dissipation were produced to facilitate 

the calculation of geostrophic velocities. The maximum height of each eddy was ex-

tracted from the smoothed sea surface height data and the slopes in each cardinal 

direction from the centre of the eddy were calculated. The geostrophic velocities u 

and v were calculated for each of the corresponding slopes. The maximum value of 

u or v was used as the maximum velocity of the eddy. In most cases the 0.00 ern 

contour line was used to determine the width of the eddy as well as the endpoint of 

the slope. In some instances using the 0.00 ern contour line was not practical and a 

visual inspection of the contour plot was used to determine which contour line to use. 

The formulae used for the calculation of geostrophic velocity were 

g OTJ 
v =--

! fJx 

and 

g OTJ 
u=---

f fJy 

where f; represents the slope in the east-west direction and ~~ represents the slope 

in the north-south direction. g is the gravitational constant and f is the Coriolis 
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parameter (! = 2S1sin¢, where n is the magnitude of the angular velocity of the 

rotation of the Earth = 7.29 x 10-5 s-1 and ¢ is the latitude). A sample plot of a 

vertical cross-section in an east-west direction and a north-south direction through 

one of the eddies with 8TJ, ax and 8y labelled is shown in Figure 6.7. From this point 

on all eddies will be identified as Eddy KTn. 
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Figure 6.7: Sample vertical cross-sections, (a) in an east-west direction and (b) in a 
north-south direction, through a mesoscale feature with slope parameters labelled. 
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6.3.2.2 TOPEX Cycles 

Tables 6.1 and 6.2 list the cycles used in this one year study along with their 

corresponding starting and ending dates. 

Cycle Start Date End Date 
CYCLE 17 1993-FEB-28 1993-MAR-l 0 
CYCLE 18 1993-MAR-10 1993-MAR-20 
CYCLE 19 1993-MAR-20 1993-MAR-30 
CYCLE 20 POSEIDON CYCLE 
CYCLE 21 1993-APR- 9 1993-APR-19 
CYCLE 22 1993-APR-19 1993-APR-29 
CYCLE 23 1993-APR-29 1993-MAY-09 
CYCLE 24 1993-MAY-09 1993-MAY-19 
CYCLE 25 1993-MAY-19 1993-MAY-28 
CYCLE 26 1993-MAY-29 1993-JUN -06 
CYCLE 27 1993-JUN-07 1993-JUN-17 
CYCLE 28 1993-JUN-17 1993-JUN-27 
CYCLE 29 1993-JUN-27 1993-JUL-07 
CYCLE 30 1993-JUL-07 1993-JUL-17 
CYCLE 31 POSEIDON CYCLE 
CYCLE 32 1993-JUL-27 1993-AUG-06 
CYCLE 33 1993-AUG-06 1993-AUG-16 
CYCLE 34 1993-AUG-16 1993-AUG-26 
CYCLE 35 1993-AUG-26 1993-SEP-05 

Table 6.1: Cycle start and end dates for the first 19 TOPEX/POSEIDON cycles used 
in this one year study (Cycles 17 through 35). 
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Cycle Start Date End Date 
CYCLE 36 1993-SEP-05 1993-SEP-14 
CYCLE 37 1993-SEP-15 1993-SEP-24 
CYCLE 38 1993-SEP-25 1993-0CT-03 
CYCLE 39 1993-0CT-04 1993-0CT-14 
CYCLE 40 1993-0CT-14 1993-0CT-24 
CYCLE 41 POSEIDON CYCLE 
CYCLE 42 1993-NOV-03 1993-NOV-13 
CYCLE 43 1993-NOV-13 1993-NOV-23 
CYCLE 44 1993-NOV-23 1993-DEC-03 
CYCLE 45 1993-DEC-03 1993-DEC-13 
CYCLE 46 1993-DEC-13 1993-DEC-23 
CYCLE 47 1993-DEC-23 1994-JAN-02 
CYCLE 48 1994-JAN-02 1994-JAN-11 
CYCLE 49 1994-JAN-12 1994-JAN-21 
CYCLE 50 1994-JAN-22 1994-JAN-30 
CYCLE 51 1994-JAN-31 1994-FEB-10 
CYCLE 52 1994-FEB-10 1994-FEB-20 
CYCLE 53 1994-FEB-20 1994-MAR-02 
CYCLE 54 1994-MAR-02 1994-MAR-12 

Table 6.2: Cycle start and end dates for the last 19 TOPEX/POSEIDON cycles used 
in this one year study (Cycles 36 through 54). 
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6.3.2.3 Eddy KTl 

Eddy KT1 was evident in the first cycle of TOPEX sea surface height data 

examined, Cycle 17. In Cycle 17 this eddy was centred at 33 .3°N , 176.0°E, a region 

of rapidly changing depth on the Hess Rise. As can be clearly seen in Figure 6.8 the 

contour lines are tightly spaced with the depth decreasing from 5000 m to 2000 min 

less than 25 km. 
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Figure 6.8: Bottom contour map for Eddy KTl with the centre location in each cycle 
labelled. (From GEBCO, 1994) . 
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Eddy KT1 was located in this area for at least two cycles ( ~20 days). It is not 

known how long this eddy existed prior to Cycle 17 since this was the first cycle of 

TOPEX SSH data that was examined. This eddy had a maximum velocity of u=60.4 

em s-1 westward during these first two cycles. By Cycle 19 Eddy KT1 had moved 

northwestward along the 2500 m isobath to 33.9°N, 174.8°E. It remained centred 

between the 2500 m and 3000 m isobaths for three cycles ( ~30 days) with velocities 

of the same order as Cycle 17 and attained its maximum geostrophic velocity of 

u=65.5 em s-1 eastward during Cycle 19. Referring to Table 6.3, a summary of the 

positions, sizes, heights and velocities of Eddy KT1, it is evident that the velocity 

did not begin to dissipate until the eddy moved further west to deeper water. From 

Cycles 17 through 21 this eddy was in the vicinity of the 2500 m and 3000 m isobaths 

and had maximum velocities of the order of 60.0 em s-1 . By Cycle 22 the eddy had 

moved to 33.3°N, 173.6°E where the water depth increased to 5000 m. It remained 

in this location until Cycle 24 ( ~30 days) at which time it dissipated. During its 

lifetime (at least 80 days) Eddy KT1 ranged in size from 300 km to 500 km diameter 

and had a maximum height of 4 7. 7 em. Height is defined as the distance above the 

0.00 em contour line. A sample contour plot of Eddy KTl can be found in Figure 6.9. 
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Cycle Date Location VelocitY max Heightma:r Size 
(1993) (centre) (em s-1 ) (em) (km) 

17 28 Feb-10 Mar 33.3N 176.0E u=-60.4 41.9 475 
18 10 Mar-20 Mar 33.3N 176.0E u= 36.9 47.7 500 
19 20 Mar-30 Mar 33.9N 174.8E u= 66.5 46.7 300 
20 POSEIDON CYCLE 
21 09 Apr-19 Apr 33.9N 174.8E v= 60.4 47.5 450 
22 19 Apr-29 Apr 33.3N 173.6E v= 37.5 37.1 425 
23 29 Apr-09 May 33.3N 173.6E u= 34.9 32.6 325 
24 09 May-19 May 33.3N 173.6E u= 21.5 28.8 275 

Table 6.3: Cycles, cycle dates, centre locations, maximum geostrophic velocities, 
size and maximum cycle heights for each cycle pertaining to Eddy KTl. Positive 
(negative) values for u represent eastward (westward) velocities and positive values 
for v represent northward velocities. 
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Figure 6.9: Eddy KT1 , 33.2°N, 176.0°E from Cycle 17, 28 Feb - 10 Mar 1993. Maxi
mum geostrophic velocity was v = 60 .4 em s-1 northward Eddy KTl had a lifetime 
of :::::::80 days and its maximum size was 500 km 
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6.3.2.4 Eddy KT2 

Eddy KT2 was first evident in Cycle 30 on top of an isolated 4000 m isobath at 

35.5°N, 179.6°E, see Figure 6.10. It had a maximum geostrophic velocity of u=54. 7 em 

s-1 eastward during this cycle and then moved eastward toward the 4500 m isobath. 

By Cycle 32 this eddy was located at 35.5°N, 180.8°E where it remained for at least 

three cycles (:::::::30 days) . Cycle 31 was a POSEIDON cycle and was not analyzed, 

therefore, it is unknown where the centre of this eddy was during this ten day period . 
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Figure 6.10: Bottom contour map for Eddy KT2 with the centre location in each 
cycle labelled. (From GEBCO , 1994). 
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While over this deeper water the maximum geostrophic velocity decreased to 

~ u=40.0 em s-1 and began to increase as the eddy moved westward to its original 

location. Eddy KT2 remained in its original location at 35.5°N, 179.6°E for four 

cycles (35 through 38) until it dissipated and was no longer detectable. During the 

final 40 days, Eddy KT2 attained a maximum geostrophic velocity of u=59.9 em s-1 

eastward in Cycle 36, and ranged in size from 250 km to 550 km. 

The maximum height of Eddy KT2 during its 90 day lifetime was 50.0 em in 

Cycle 32, and its maximum geostrophic velocity was u=59.9 em s-1 eastward in Cycle 

36. A complete summary of the cycles, dates, centre locations, maximum velocities, 

sizes and maximum heights pertaining to Eddy KT2 can be found in Table 6.4. A 

contour plot from Cycle 36 illustrating Eddy KT2 can be found in Figure 6.11. 

Cycle Date Location VelocitY max Height max Size 
(1993) (centre) (em s-1) (em) (km) 

30 07 Jul-17 Jul 35.5N 179.6E u= 54.7 37.0 225 
31 POSEIDON CYCLE 
32 27 Jul-06 Aug 35.5N 180.8E u=-41.1 50.0 475 
33 06 Aug-16 Aug 35.5N 180.8E u=-35.0 43.8 400 
34 16 Aug-26 Aug 35.5N 180.8E u=-41.3 39.0 375 
35 26 Aug-05 Sep 35.5N 179.6E u= 47.9 28.5 225 
36 05 Sep-14 Sep 35.5N 179.6E u= 59.9 45.4 550 
37 15 Sep-24 Sep 35.5N 179.6E u= 49.2 45.4 525 
38 25 Sep-03 Oct 35.5N 179.6E u=-11.3 23.4 625 

Table 6.4: Cycles, cycle dates, centre locations, maximum geostrophic velocities, 
size and maximum cycle heights for each cycle pertaining to Eddy KT2. Positive 
(negative) values for u represent eastward (westward) velocities. 
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Figure 6.11: Eddy KT2, 35.5° , 179.6°E from Cycle 36, 05-14 Sep 1993. Maximum 
geostrophic velocity was u = 59.9 em s-1 eastward. Eddy KT2 had a lifetime of ~90 
days and its maximum size was 550 km. 
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6.3.2 .5 Eddy KT3 

Eddy KT3 was first evident in Cycle 32 at 33.3°N, 173.6°E. It is not known if 

Cycle 32 was the creation cycle or if Cycle 31 was. Cycle 31 was a POSEIDON cycle 

and therefore was not analyzed. During its 120 day lifetime, Eddy KT3 traveled from 

between the Hess Rise and Kinmei Seamount to the Kinmei Seamount and then back 

across Kinmei to just north of the Yuryaku Seamount. The path of Eddy KT3 can 

be seen in Figure 6.12 and Figure 6.13 . 
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Figure 6.12: Bottom contour map for the first 60 days of Eddy KT3 with the centre 
location in each cycle labelled. (From GEBCO , 1994) 
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When first detected, in Cycle 32, Eddy KT3 was located in the region of the 

5000 m isobath and had an initial maximum geostrophic velocity of u=46.1 em s-1 

eastward. As it moved westward toward the Kinmei Seamount (Cycle 33) it crossed 

the 4500 m and 4000 m isobaths and had a corresponding increase in velocity to 

u=61.2 em s-1 eastward. By Cycle 34 this eddy had returned to its original position 

but, had an increased maximum geostrophic velocity of u=66.5 em s-1 eastward. 

Unlike the previous two eddies, when Eddy KT3 moved to deeper water its velocity 

did not decrease. This was possibly due to a strong gradient that existed to the north 

of this eddy. Contour plots of Cycles 34 through 38 showed the existence of a cyclonic 

eddy, which began forming during Cycle 34 and had completely dissipated by Cycle 

38, adjacent to Eddy KT3 to the north. The existence of the two adjacent eddies 

resulted in a steep gradient in the contour lines of Eddy KT3 yielding large maximum 

geostrophic velocities (see Table 6.5 for Cycles 34 through 38 and their corresponding 

velocities). When the northern gradient was not used, the maximum geostrophic 

velocities followed the same pattern as the previous two eddies in that movement 

into deeper water resulted in smaller geostrophic velocities. Color contour plots that 

illustrate this cyclonic eddy adjacent to Eddy KT3 can be found in Figures 6.15 

through 6.18. Due to time restrictions, no analysis was done on the cyclonic eddy. 

Eddy KT3 remained at 33.3°N, 173.6°E for ~20 days (Cycles 34 and 35) during 

which time it began to dissipate. However, by Cycle 36 it had moved to 33.9°N, 

171.2°E where the water depth had decreased to ~4500 m. Figure 6.12 clearly illus

trates that Eddy KT3 was located over a region of rapidly changing bottom topogra

phy near the Kinmei Seamount. During Cycle 36, the maximum geostrophic velocity 

increased to u=51.3 em s-1 eastward. During Cycle 37, Eddy KT3 attained its max-
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imum geostrophic velocity of u=71.6 em s-1 eastward. At this location, 32 8°N, 

173.6°E, the water depth was 5000 m and a well defined cyclonic eddy to the north 

was adjacent to Eddy KT3 . Eddy KT3 was not well defined, but evident, during 

this cycle and appeared to be dissipating, see Figure 6.17. However, a steep gradi

ent existed between the two eddies resulting in the maximum geostrophic velocity of 

u=71.6 em s- 1 eastward. 
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Figure 6.13: Bottom contour map for the last 60 days of Eddy KT3 with the centre 
location in each cycle labelled. (From GEBCO , 1994) . 
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By Cycle 38 Eddy KT3 had translated across the Kinmei Seamount where it 

remained for the final 60 days of its lifetime. The eddy moved north-south and vice 

versa during these final six cycles (Cycles 38 through 43) along the 5500 m isobath. 

This path is illustrated in Figure 6.13 which is an isolated plot of the Kinmei Seamount 

region. This plot is provided for clarity of the eddy track and is an expansion of the 

northwest corner of Figure 6.12. The path of Eddy KT3 is not drawn between Cycles 

37 and 38 so as not to clutter either plot. 

By Cycle 44, Eddy KT3 had dissipated and was not detectable yielding a life-

time of ::::;120 days. Table 6.5 summarizes the cycles, cycle dates, centre locations, 

maximum geostrophic velocities, sizes and maximum cycle heights during the 120 day 

lifetime of Eddy KT3. 

Cycle Date Location Velocity max Height max Size 
(1993) (centre) (em s-1 ) (em) (km) 

32 27 Jul-06 Aug 33.3N 173.6E u=46.1 37.4 375 
33 06 Aug-16 Aug 33.3N 172.4E u=61.2 32.2 325 
34 16 Aug-26 Aug 33.3N 173.6E u=66.5 53.5 525 
35 26 Aug-05 Sep 33.3N 173.6E u=47.3 39.0 425 
36 05 Sep-14 Sep 33.9N 171.2E u=51.3 29.6 225 
37 15 Sep-24 Sep 32.8N 173.6E u=71.6 24.5 550 
38 25 Sep-03 Oct 34.4N 171.2E v=58.8 53.8 475 
39 04 Oct-14 Oct 33.9N 171.2E u=46.0 40.0 350 
40 14 Oct-24 Oct 34.4N 171.2E u=47.2 32.4 225 
41 POSEIDON CYCLE 
42 03 Nov-13 Nov 33.9N 171.2E u=48.4 27.8 250 
43 13 Nov-23 Nov 33.3N 171.2E u=26.0 23.3 350 

Table 6.5: Cycles, cycle dates, centre locations, maximum geostrophic velocities, size 
and maximum cycle heights for each cycle pertaining to Eddy KT3. A positive value 
for u represents an eastward velocity and a positive value for v represents a northward 
velocity. 
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Figure 6.14 (Cycle 34) illustrates Eddy KT3 when it was well defined with no 

other eddies influencing it . During this cycle, Eddy KT3 was ~550 km in size with a 

maximum slope in the northeast quadrant . The location of Eddy KT3 during Cycle 

34 was between the Hess Rise and the Southern Emperor Seamounts . The water 

depth was ~5000m . 
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Figure 6.14: Eddy KT3 , 33.3°N, 173.6°E from Cycle 34, 16-26 Aug 1993. Maximum 
geostrophic velocity was u = 66 .5 em s-1 eastward. This figure illustrates Eddy KT3 
when it is well defined with no other eddies influencing it . The size of Eddy KT3 
during Cycle 34 was 525 km with a maximum slope in the northeast quadrant . 

93 



Figure 6.15 (Cycle 35) , is used to show the development of a cyclonic eddy 

to the north of Eddy KT3. A strong gradient began to develop between the two 

eddies in the northern quadrant of Eddy KT3 . Eddy KT3 was located in the same 

location during Cycles 34 and 35, between the Hess Rise and the Southern Emperor 

Seamounts . Eddy KT3 began to dissipate during Cycle 35 as its geostrophic velocity 

decreased from 66.5 em s- 1 to 47.3 em s- 1 and its height decreased from 53.5 em to 

39.0 em. 
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Figure 6.15: Eddy KT3, 33.3°N, 173.6°E from Cycle 35, 26 Aug - 05 Sep 1993. 
Maximum geostrophic velocity was u = 47.3 em s-1 eastward. This figure illustrates 
the development of a cyclonic eddy to the north of Eddy KT3 which began the 
creation of a strong gradient in the northern quadrant . The size of Eddy KT3 during 
Cycle 35 was 425 km. 
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Figure 6.16 (Cycle 36) shows that the maximum height of Eddy KT3 had de-

creased and the contour line spacing was increasing indicating dissipation. However, 

Table 6.5 indicates that the maximum geostrophic velocities increased from Cycles 35 

through 37 while the maximum cycle heights of Eddy KT3 continued to decrease. Be

tween Cycles 35 and 36 Eddy KT3 moved northwestward across the Kinmei Seamount 

to a water depth of ~4500 m . 
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Figure 6.16: Eddy KT3 , 33 .9°N , 171.2°E from Cycle 36, 05- 14 Sep 1993. Maximum 
geostrophic velocity was u = 51 .3 em s-1 eastward. This figure illustrates that Eddy 
KT3 appeared to be dissipating, but the strong gradient in the northern quadrant , 
due to the cyclonic eddy, provided large geostrophic currents . The size of Eddy KT3 
during Cycle 36 was 225 km. 
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Figure 6.17 (Cycle 37) shows that the cyclonic eddy was at its peak strength 

Eddy KT3 appeared to have dissipated during this cycle but, attained its maximum 

geostrophic velocity of u=71.6 ern s-1 eastward as a result of the counterclockwise 

eddy to the north. Between Cycles 36 and 37 Eddy KT3 translated across the Kinrnei 

Seamount to a location east of the Yuryaku Seamount . The water depth at this 

location was ::::=5000 rn. 
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Figure 6.17: Eddy KT3 , 32.8°N, 173.6°E from Cycle 37, 15 - 24 Sep 1993. Maximum 
geostrophic velocity was u = 71.6 em s-1 . This figure illustrates that the cyclonic 
eddy was at its peak strength and that the gradient between the two eddies was at a 
maximum. Note that Eddy KT3 appears to be almost dissipated during this cycle 
The size of Eddy KT3 during Cycle 37 was 550 krn. 
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Figure 6.18 (Cycle 38) shows that the cyclonic eddy had begun to dissipate and 

that Eddy KT3 had translated northwestward across the Kinmei Seamount becoming 

more defined and having an increased height . Table 6.5 clearly shows that as the 

cyclonic eddy dissipated (Cycles 38 and 39) the maximum geostrophic velocities of 

Eddy KT3 decreased. 
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Figure 6.18: Eddy KT3 , 34.4°N, 171.2°E from Cycle 38, 25 Sep - 03 Oct 1993. Max
imum geostrophic velocity was v = 58.8 em s-1 northward. This figure illustrates 
that the cyclonic eddy was dissipating and that Eddy KT3 translated westward and 
became more defined with an increased height . The size of Eddy KT3 during Cycle 
38 was 475 km. 
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6.3.2.6 Eddy KT4 

Eddy KT4 was first detected in Cycle 39 centred at 35.0°N, 177.2°E on the Hess 

Rise where the water depth is 3000 m to 3500 m (see Figure 6.1 9) . Eddy KT4 began 

with a maximum geostrophic velocity of u=55.5 em s- 1 westward and decreased over 

the next two cycles as Eddy KT4 remained centred at this location. 
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Figure 6.19: Bottom contour map for Eddy KT4 with its centre location in each cycle 
labelled. (From GEBCO , 1994) . 
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By Cycle 43 Eddy KT4 had moved northwestward to 36.1 °N, 176.0°E into deeper 

water (~4500 m) and by Cycle 44 further westward to 36.1°N, 174.8°E to the 5000 m 

depth isobath. The maximum geostrophic velocity decreased to u=27.2 em s-1 east

ward in Cycle 44 and it appeared that Eddy KT4 had begun to dissipate. However, 

by Cycle 45, Eddy KT4 had moved south to 34.4°N, 174.8°E into shallower water 

causing the maximum geostrophic velocity to increase to u=56.3 em s-1 westward. 

Eddy KT4 then moved north across two isolated rises, water depth ~3000 m (see Fig

ure 6.19), resulting in its maximum geostrophic velocity of u=73.0 em s-1 westward. 

This eddy continued to move further north to 36.1 °N, 17 4.8°E where it eventually 

dissipated. The lifetime of this eddy was ~100 days. A summary of all the cycles, 

dates, centre locations, maximum geostrophic velocities, sizes and maximum cycle 

heights for Eddy KT4 can be found in Table 6.6. 

Cycle Date Location VelocitY max Heightmax Size 
(1993-94) (centre) (em s-1 ) (em) (km) 

39 04 Oct-14 Oct 35.0N 177 .2E u=-55.5 46.9 375 
40 14 Oct-24 Oct 35.0N 177.2E v=-55.1 61.1 400 
41 POSEIDON CYCLE 
42 03 Nov-13 Nov 35.0N 177.2E u=-51.3 58.5 475 
43 13 Nov-23 Nov 36.1N 176.0E v= 31.9 36.6 400 
44 23 Nov-03 Dec 36.1N 174.8E u= 27.2 32.8 425 
45 03 Dec-13 Dec 34.4N 174.8E u=-56.3 47.5 525 
46 13 Dec-23 Dec 35.5N 174.8E u=-73.0 52.8 450 
47 23 Dec-02 Jan 35.5N 174.8E u=-47.5 61.4 475 
48 02 Jan-11 Jan 36.1N 174.8E v= 18.3 22.6 375 

Table 6.6: Cycles, cycle dates, centre locations, maximum geostrophic velocities, size 
and maximum cycle heights for each cycle pertaining to Eddy KT4. Positive (neg
ative) values for u represent eastward (westward) velocities and positive (negative) 
values for v represent northward (southward) velocities. 
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Ten colour contour plots from Cycles 38 through 48 are presented for the com

plete lifetime of Eddy KT4 These ten plots are presented since they represent the 

best example, of the four eddies discussed in this thesis , of the lifetime of an eddy 

from generation to dissipation. 

The first colour contour plot of Eddy KT4 is from Cycle 38, Figure 6.20 Fo

cusing on 32.8°N, 173.6°E the reader will note that Eddy KT4 is not present during 

this cycle. 
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Figure 6.20: Eddy KT4 during Cycle 38, 25 Sep- 03 Oct 1993 Focusing on 32.8°N, 
173.6°E, this figure illustrates that Eddy KT4 was not present during this cycle. 
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Cycle 39 is the first cycle in which .Eddy KT4 was noticeable Eddy KT4 is 

evident in Figure 6.21 centred at 35.0°N, 177.2°E. 

......... 
.s;: .... 
'-
0 

55 

b 45 
v 
"'0 
:J 

:::. 
0 40 
_J 

170 180 190 

I \ 
.J 

v ,,. 
'\_, 6 

<:> 

200 
Longitude (East) 

--
..) ,--..-., 

,1- ~' 
~ 

~ 

( 
/ 

' 0 I 

I 

( 
.> ""\ ~ '-

<. i ('"'- -' ) ,., 
.. I .. o. 

210 220 230 

Figure 6.21 : Eddy KT4, 35.0°N, 177.2°E from Cycle 39, 04 Oct - 14 Oct 1993. 
Maximum geostrophic velocity was u = -55 .5 em s-1 • This figure illustrates the 
generation of Eddy KT4. The size of Eddy KT4 during Cycle 39 was 375 km. 
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By Cycle 40 Eddy KT4 was well defined with a strong gradient in its eastern 

quadrant . During this cycle, Eddy KT4 had its second largest height during its 

lifetime, 61.1 em. The existence of a cyclonic eddy adjacent to Eddy KT4 in the 

eastern quadra.nt, see Figure 6.22, was responsible for a strong gradient and velocity. 

Due to time constraints the cyclonic eddy was not analyzed. The influence that the 

cyclonic eddy had on Eddy KT4 was that it shifted the maximum geostrophic velocity 

from ~55 em s-1 westward in Cycle 39 to ~55 em s- 1 southward in Cycle 40. 
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Figure 6.22: Eddy KT4, 35.0°N, 177.2°E from Cycle 40 , 14 Oct - 24 Oct 1993. 
Maximum geostrophic velocity was v = -55 .1 em s-1 . This figure illustrates that 
Eddy KT4 was well defined with a height of 61.1 em. The size of Eddy KT4 during 
Cycle 40 was 400 km. 
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Figure 6.23 , Cycle 42, shows that Eddy KT4 was well defined and that the 

cyclonic eddy that was present in Cycle 40 has dissipated. The maximum geostrophic 

velocity returned to ~50 em s-1 westward, the same direction as in Cycle 39. For 

Cycles 39 through 42 Eddy KT4 remained in the same location on the Hess Rise 

where the water depth was 3000 m to 3500 m (see Figure 6.19) . 
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Figure 6.23: Eddy KT4, 35.0°N, 177.2°E from Cycle 42, 03 - 13 Nov 1993. Maximum 
geostrophic velocity was u = -51.3 em s-1 . This figure illustrates that Eddy KT4 
was still well defined with a height of 58.5 em. The size of Eddy KT4 during Cycle 
42 was 475 km. 
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By Cycle 43, Figure 6.24, Eddy KT4 had moved into deeper water and had a 

corresponding decrease in maximum geostrophic velocity. It remained on the Hess 

Rise, however the water depth increased to 4500 m. As can be seen in Figure 6.24 

Eddy KT4 began to dissipate as its maximum geostrophic velocity and height de

creased significantly (see Table 6.6) . There was a cyclonic eddy adjacent to Eddy 

KT4 to the west which resulted in a strong gradient and a maximum geostrophic 

velocity in this quadrant . 
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Figure 6.24: Eddy KT4, 36.1 °N, 176.0°E from Cycle 43 , 13 - 23 Nov 1993. Maximum 
geostrophic velocity was v = 31 .9 em s-1 . This figure illustrates that Eddy KT4 
had begun to dissipate. A strong cyclonic eddy developed to the west of Eddy KT4 
that was not present in Figure 6.23. The gradient between the two eddies resulted 
in a maximum geostrophic velocity in the western quadrant . The size of Eddy KT4 
during Cycle 43 was 400 km. 
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By Cycle 44, Figure 6.25, Eddy KTA had moved westward into deeper water 

over the Hess Rise, ~5000 m. There was a corresponding decrease in the maximum 

geostrophic velocity and height as a result of this westward translation. Both the 

cyclonic eddy to the west and Eddy KT4 had dissipated significantly by Cycle 44. 
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Figure 6.25: Eddy KT4, 36.1 °N, 174.8°E from Cycle 44, 23 Nov - 03 Dec 1993. 
Maximum geostrophic velocity was u = 27.2 em s-1 . This figure illustrates that 
Eddy KT4 and the cyclonic eddy to the west had almost dissipated, but were still 
defined. The size of Eddy KT4 during Cycle 44 was 425 km. 
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By Cycle 45, Figure 6.26, Eddy KT4 had translated southward between two iso

lated rises, see Figure 6.19, into shallower water, ~4000 m. The maximum geostrophic 

velocity and height increased from Cycle 44 to Cycle 45. 
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Figure 6.26: Eddy KT4, 34.4°N, 174.8°E from Cycle 45 , 03 - 13 Dec 1993. Maximum 
geostrophic velocity was u = -56.3 em s-1 . This figure illustrates that Eddy KT4 
had gained velocity and definition (see Figure 6.19 for eddy path) . The size of Eddy 
KT4 during Cycle 45 was 525 km. 
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Figure 6.27, Cycle 46 , shows that Eddy KT4 was still well defined as it had 

moved northward through the two isolated rises , shallowing to 3000 rn, and gained 

strength. This northward translation through the two rises resulted in the maximum 

geostrophic velocity for Eddy KT4 during its 100 day lifetime. 

-.c ..... ... 
0 

50 

~ 45 
cv 

"'0 
:I ...... 

:.:; 
0 40 

...J 

35 

210 220 230 

Figure 6.27: Eddy KT4, 35.5°N, 174.8°E from Cycle 46, 13 - 23 Dec 1993. Maximum 
geostrophic velocity was u = - 73 .0 em s-1 . This figure illustrates that Eddy KT4 
was still well defined with a height of 52.8 ern. This cycle contained the maximum 
velocity for Eddy KT4. The size of Eddy KT4 during Cycle 46 was 450 krn. 
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Figure 6.28 (Cycle 47) shows Eddy KT4 with its maximum height of 61.4 em 

Although Eddy KT4 had its maximum height during this cycle it began to dissipate. 

Eddy KT4 was on the Hess Rise where the water depth was 5000 m. 
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Figure 6.28: Eddy KT4, 35.5°N, 174.8°E from Cycle 47, 23 Dec 1993 - 02 Jan 1994. 
Maximum geostrophic velocity was u = -47.5 em s-1 • This figure illustrates that 
Eddy KT4 was still defined with a height of 61.4 em. The size of Eddy KT4 during 
Cycle 47 was 475 km. 
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Figure 6.29 (Cycle 48) is the last cycle in which Eddy KT4 was evident . Com

paring Cycles 47 and 48, Figures 6.28 and 6.29 , there was a significant change in 

the height and definition of Eddy KT4. From Cycle 4 7 to 48 Eddy KT4 translated 

northward, but remained over a water depth of 5000 m (see Figure 6.19) . 
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Figure 6.29: Eddy KT4, 35.5°N, 174.8°E from Cycle 48 , 02 - 11 Jan 1994. Maximum 
geostrophic velocity was v = 18 .3 em s-1 • This figure illustrates that Eddy KT4 had 
almost completely dissipated with a height of 22.6 em. The size of Eddy KT4 during 
Cycle 48 was 375 km. 
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Chapter 7 

Summary and Conclusions 

The principal objective of this thesis was to study mesoscale activity in the 

northeast Pacific Ocean from satellite altimetry data. The residual sea surface height 

was calculated from TOPEX sea surface height data with environmental, tidal, geoid 

and inverse barometer corrections applied. These corrections were applied in ac

cordance with the Users Handbook provided with the data. A one year mean was 

calculated based on TOPEX sea surface height data from 28 February 1993 to 12 

March 1994 referenced to Cycle 29. The positions in all of the other cycles were 

compared with Cycle 29 and if a data point met the latitudinal and longitudinal 

tolerances it was accumulated as a sum of the residual sea surface height for that 

location. The mean was subtracted from Cycles 17 through 54 with the exception 

of Cycles 20, 31 and 41 which were cycles when the POSEIDON altimeter was oper

ating. Each cycle was separated into individual passes and a FFT was done on the 

data. High frequency noise was removed and then an inverse FFT was done on the 

data. The result was a smoothed estimate of the time-varying sea surface. 

Four anticyclonic rotating eddies of various sizes were discovered in this year 
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Eddy Latitude Longitude Size Velocity Lifetime Height 
(oN) (oE) (km) (em s-1) (days) (em) 

KT1 33.9 174.8 300 U= 66.5 ~so 47.7 
KT2 35.5 179.6 550 u= 59.9 90 50.0 
KT3 32.8 173.6 550 U= 71.6 120 53.8 
KT4 35.5 174.8 450 u=-73.0 100 61.4 

Table 7.1: Position, size, maximum geostrophic velocity, period and maximum 
height of four eddies from TOPEX sea surface height data. A positive (negative) 
value for u represents an eastward (westward) velocity. 

long study of time-dependent sea surface height from TOPEX sea surface height 

data. All of the eddies were found in the vicinity of the Kinmei Seamount, on the 

Hess Rise or between these two topographic features. Table 7.1lists all of the eddies 

with their centre locations, maximum size, maximum geostrophic velocity, lifetime 

and maximum height. The velocities were calculated from geostrophic velocity 

equations through the centre of the eddy in the cardinal directions. The centre 

locations listed in Table 7.1 are from the cycle corresponding to the maximum 

velocity for each eddy. The sizes listed in Table 7.1 are those associated with the 

cycle in which the maximum geostrophic velocity occurred. 

The ability to detect mesoscale features in real-time can have a great im-

pact on the military's ability to exploit oceanographic features in anti-submarine 

warfare (ASW) or other maritime operations. Acoustic propagation of surface and 

subsurface noise sources is influenced by the presence of eddies, shear zones and me-

anders. Knowledge of the location of eddies, shear zones and meanders influences 

the deployment of ASW assets such as air, sea and expendables. If the user has the 

proper receiver and processing equipment, TOPEX/POSEIDON provides real-time 
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data that is not affected by cloud cover or other weather phenomena unlike satellite 

infrared imagery. 
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Appendix A 

The TOPEX/POSEIDON 
Satellite 

A.l Scientific Instruments 

The TOPEX/POSEIDON satellite is a modification of the existing Multi-mission 

Modular Spacecraft (MMS). The satellite bus is comprised of the MMS and the In-

strument Module. The major modules, sensors and antennae of the fully deployed 

TOPEX/POSEIDON satellite are shown in Figure A.1 [TOPEX/POSEIDON Science 

Working Team, 1991]. 

Within the MMS, the Command and Data Handling Subsystem provides con-

trol for all satellite engineering subsystems and sensors. This subsystem includes 

the onboard computer and tape recorder. Satellite attitude is controlled by the At

titude Determination and Control Subsystem, The Earth Sensor Assembly Module 

and the Propulsion Module. The solar array and batteries feed power to the Elec-

trical Power Subsystem which then provides power to the satellite systems. Motion 
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Figure A.1: TOPEX/POSEIDON satellite and instrument location. (From Tapley et 
al., 1994). 

of the solar array is controlled by the Solar Array Drive Assembly via the onboard 

computer. Forward and return-link communications are provided by the Radio Fre-

quency Communications subsystem, which includes high-gain and omni antennae 

[TOPEX/POSEIDON Science Working Team, 1991]. 

The mission payload consists of six scientific instruments, four from NASA and 

two from CNES, divided into operational and experimental sensors. The operational 

sensors are: Dual-Frequency Ku/C Band Radar Altimeter (ALT) (NASA), TOPEX 

Microwave Radiometer (TMR) (NASA), Laser Retroreflector Array (LRA) (NASA), 

and Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) 
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Dual-Doppler Tracking System Receiver (CNES). The two experimental sensors, in

tended to demonstrate new technology are: Single-Frequency Solid-State Radar Al

timeter (SSALT) (CNES) and Global Positioning System Demonstration Receiver 

(GPSDR) (NASA) (TOPEX/POSEIDON Science Working Team, 1991]. 

A.l.l Operational Sensors 

The ALT is the primary sensor for the TOPEX/POSEIDON mission and oper

ates simultaneously at 13.6 GHz (Ku band) and 5.3 GHz (C band). The measurements 

made at these two frequencies are combined to obtain the altimeter height of the satel

lite above the ocean; this height is called satellite range. The measurements are also 

used to calculate wind speed, wave height and the ionospheric correction. The ALT 

is the first spaceborne altimeter to use dual-frequency measurements to compute the 

effect of ionospheric free electrons in satellite range measurements [Benada, 1993]. 

The TOPEX microwave radiometer (TMR) estimates the total water-vapor 

content in the troposphere, along the altimeter beam, by measuring the sea surface 

microwave brightness temperature at three different frequencies (18, 21 and 37 GHz). 

The primary frequency for water-vapor measurement is the 21 GHz channel. The 18 

GHz channel is used to remove the effects of wind speed while the 37 GHz channel 

is used to remove the effects of cloud cover. Water-vapor causes a pulse delay in the 

altimeter beam which introduces an error in satellite range measurement. The three 

measurements made by the TMR are combined to obtain this pulse delay error which 

then can be removed from the satellite range (Benada, 1993]. 

The laser retrorefl.ector array (LRA) utilizes a network of Satellite Laser Rang

ing (SLR) stations, of which there are 15, to calibrate radar altimeter bias. The SLR 
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Figure A.2: TOPEX/POSEIDON satellite laser ranging (SLR) station distribution 
with 20° elevation visibility masks. (From Tapley et al., 1994). 

stations provide- the baseline tracking data for NASA precise orbit determination. 

Figure A.2 shows the TOPEX/POSEIDON SLR network [TOPEX/POSEIDON Sci

ence Working Team, 1991; Benada, 1993]. 

The DORIS system utilizes an onboard dual-channel receiver (1401.25 and 

2036.25 MHz) to observe Doppler signals from a network of 40 to 50 ground transmit

ting stations. DORIS provides all-weather global tracking of the TOPEX/POSEIDON 

satellite for CNES precise orbit determination. Two frequencies are used since this 

allows the removal of the effects of the ionospheric free electrons on the tracking 

data. The DORIS data also allow for the estimation of the total content of the 

ionospheric free electrons which can be used as an ionospheric correction for SSALT 
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Figure A.3: TOPEX/POSEIDON DORIS tracking station distribution with 15° ele
vation visibility masks. (From Tapley et al., 1994). 

[TOPEX/POSEIDON Science Working Team, 1991; Benada, 1993]. DORIS data and 

SLR data are used in the precision orbit determination (POD) process which includes 

gravity model tuning [Fu et al., 1994]. 

A.1.2 Experimental Sensors 

The SSALT, a solid-state Ku-band altimeter operating at a single frequency 

of 13.65 GHz, is being used to validate the technology of a low-power, low-weight 

altimeter for future Earth-observing missions. The CNES SSALT shares the antenna 

with the NASA ALT and thus only one can operate at any given time. However, the 
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SSALT provides the same geophysical information as the ALT, but since it operates 

at only one frequency, an external correction must be applied for ionospheric effects 

[TOPEX/POSEIDON Science Working Team, 1991; Benada, 1993]. Since completion 

of the verification phase, the SSALT has been used for one complete 10-day cycle out 

of every ten cycles [Fu et al., 1994]. 

The GPSDR operates at two frequencies, 1227.6 and 1575.4 MHz, receiving 

signals from the GPS constellation [TOPEX/POSEIDON Science Working Team, 

1991]. By utilizing a combination of the GPSDR data and GPS receivers on the 

Earth's surface, precise continuous tracking of the satellite is accomplished. By using 

the technique of Kalman filtering and differential ranging for continuous tracking, 

precision orbit determination is possible with less required accuracy in gravity and 

satellite force models. To date the GPSDR has provided quality orbit measurements 

demonstrating the future of POD technology [Fu et al., 1994]. 
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