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ABSTRACT

Quasi-synoptic expendable bathythermograph data were acquired, from the’
Canadian Armed Forces, the United States Navy and the United States National
Oceanographic Data Center, for the Pacific and Atlantic Oceans. On the basis
of these data and the results of previous studies using climatological data,
six geegfgphic regions wereidefined: the high-energy regions of the Northwest
Atlantic and Northwest Pacific, and fhe low—-energy regions of the Northeast
Atlantic, Northeast Pacific, South Atlantic aﬁd South Pacific. Spatial series
of two variables, repfesentative of the upper layer (400 m) mesoscale
variability, were obtained for each section - the mid- thermocline temperature

and -the geopotential anomaly (0 - 4000 kPa).

' Theé central moments and the wavenumber spectra of each variable were
estimated for the six geegraphic regions, the combined high-energy areas and
the combined low-energy areas. In the high-energy regions and the Northeast
Atlantic, it was found that the temperature between 350 and 400 m is
representative of the temperature variability due to the barocliﬁic'eddy field,
whereas, the temperature beéetween 150 and 200 m is more representative of the
eddy variability in most of the low-energy regions. The standard deviations of
temperature, in the high- and low-energy .regions, are 1.40 and 0.54°C,
respectively( The standard deviations of the geopotential anomaly are 0.67 and
0.26 n@/sz, respectively. The high-energy regions have dominant spectral
wavelengths in the geopotential anomaly fields of 300 and 155 km, with
corresponding baroclinic surface velocity scales of 9.6 and 17.5 cm/s. The
_low-energy regions have dominant wavelengths of 300 and 170 km with veiocity
"scales of 4.5 and 5.5 cm/s, respectively. Iﬁ general, the high-energy regions
jhave a greater portion of their spectral variance concentrated in the higher
wavenumbers (i;e. 280 to 100 km wavelengths), than the low-energy regions.
The eddy kinetic energies per unit mass‘for the high- and low—energy regions

- were esﬁimated at 250 and 36 ¢m2/52, respectively.

The geographic variability of the governing dynamics was inferred by
evaluating the quasigeostrophic scaling parameters (i.e. the Rossby number
(Ro), the Burger number.(B) and the ‘sphericity parameter (B*)) and the Rossby
wave steepness parameter (M). Also, the properties of free linear dispersive
Rossby waves were calculated with the observed wavelengths and the spectral

- power-laws of the temperature spectra were compared with several models of



iii
nonlinear geophysical turbulence. It was found that Ro<<1, B = 0(1) and B*<«<1,
‘which 1is consistent with the écaling for quasigeostrophy. The dynamics
inferred from these analyses exhibit a distinect geographic variability.
Motions with wavelengths greater than 200 km in all regions are consistent with
linear/nonlinear Rossby wave theory. Mesoscale perturbations 1in the
~high-energy regions are, of course, moreb nonlinear than the corresponding
length scales in the low-energy regions. Motions, with wavelengths less than
200 km in .the high-energy regions, are'.consistent with quasigeostrophic
turbulence theory,‘ more specifically, with Charney's (1971) .model of
three-dimensional quasigeostréphic turbulence. Motions with wavelenéths less
than 200 km in the low-energy regions have dynamics that are intermediate
between linear/nonlinear Rossby wave theory, and quasigeostrophic . turbulence

theory.
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I. INTRODUCTION

The purpose -.of this investigation 1is to 'determine the geographic
variability of the synoptic‘statistiCS'and dynamics of the oceanic mesoscale
(i.e. 100  to 1000 km_v wavelengths) from quasi—sjnopticv expendable
bathythernograph (XBT) surveys. A data set was.compiled of quasi-synoptic
single-ship trans-oceanic XBT sections and multiship/AXBT surveys, obtained
from the Canadian Armed Forces, the United States Navy and the National
Oceanographic Data Center. .These data were sorted into six geographic regions
in the Pacific and Atlantic Oceans. The geographic variability of the
descriptive fields‘ and wavenumber statistics ‘will be discussed and the
governing.dynanics will be inferred from severalrdynamical models. It is
hypothesized that the dominant length and velocity scales of the baroclinic
motions exhibit a geographic veriability similar to that which has been

bdemonstrated for the intensity of the mesoseale' perturbations ﬁsing
climatological data sets; and that these scales feflect a  geographic

variability of the governing mesoscale dynamics.

The existence of dYnamic features of mesoscale dimensions, in the form of
disturbances or discrete eddies in the mean flow) has been known since at least
1936 when Iselin noted a strong isolated eddy north of the Gulf Stream. The
beginnings of concentrated investigations‘into transient ocean currents came in
the 1950s with a series of cruises ied by Fuglister, to map the instantaneous
form of the Gulf Stream and the rings of current thrown off to the north and
south. Swallow's floate in the same decade clearly showed deep discrete eddies

with depths of up to 4000 m and c¢urrents exceeding 10 cm/s (Rhines, 1977).

Extensive work has since been ‘done to ‘investigate this . mesosca;e
variability using e‘wide variety of data bases. Classical hydrographic surveys
in the North Pacific (Roden, 1977) have shown wavelike disturbances with
wavelengths between 400 and 600 km in the region of 20° to 50°N, which were
shown to be consistent with several idealized models of free linear Rossby
waves. Historical hydrographic and XBT data have been used to determine the
distribution, number and movement of the Gulf Stream Rings in the Sargasso Sea
-with respect to the general circulation (Parker, 1971; Lai and Richardson,
1977; Ebbesmeyer and Taft, 1979). Satellite-tracked buoys have been able to

trace =~ the evolution of several Gulf - Stream Rings quite successfully
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(Richardson, 1979). Several invéstigators have analysed long time series of
hydrographic and XBT data at Ocean Weather Stations (White and Wwalker, 1974;
Emery and Magaard, 1976). Remote-sensing techniques have been employed to
study the wvariability of the sea surface temperature field (Saunders, 1972b;
Holldday and O'Brien, 1975; Deschamps gE_gi;,'1981; Van Woert, 1982).> Valuable
descriptions'of»thé_geographic inhomogeneity Qf the mesoscale variability have
been provided by utilizing the historical ship drift data file (Wyrtki et al.,
1976), the historical hydiogfaphic data file (Lutjeharms and Baker, 1980), the
historical XBT data file (Dantzler, 1977; Emery, 1983a) and‘satelliﬁé altimetry
from SEASAT (Cheney et al., 1983; Fu, 1983) and GOES-3 (Robinson et al.,
1983). ' '

In the 1last decade, the capability' of XBTs to obtain _quasi-synoptic
coverage of large regions of the ocean -has beenvdemonstrated.‘ Saunders (1971)
‘observed the evolution of an isolated eddy north of the Gulf Stream with AXBTs.
Bernstein and White (1974) determined. a dominanf wavelength of 600 km with
‘several sets of XBTs in the North Pacific subtropical gyre. The same '
investigators (1977), with a different set of XBT data in the.mid—latitude
North Paéific,”-obServed an order of magnitude 'decrease iﬁ the energy
distribution at 500 to 1000 km wavelengths east of 170°W.’ ‘Similar
investigations were conduéted in the‘Newfoundlahd Basin (Schmitz, 1981) and
adjacent to . South _Africa' (Lutjeharms, 1981).  Ship-of-opportunity programs
using XBTs have been, and are continuing to, yield substaﬁtial_amounts of data

over space and time (White and Bernstein, 1979).

| POLYGON (Koshlyakov and Grachev, 1973), MODE (MODE Group, 1975 and 1978)
and POLYMODE (Robinson, 1982) have contributed significantly to the knowledge
of mesoscale dynamics, with intense surveys of specific'regions of the ocean.
A picture of the diversity of'the éuasigeostrophic dYnamics‘has emerged. At
one extreme, the motions.can-be rep;eSented as linear wave processes. At the .

other extreme, the motions can be completely nonlinear and turbulent.

The potential of quasi-synoptic XBT data for examining mesoscale
statistics and dynamics has not as yet been exploited. Similarly, their use
for determining the geographic variability has only Been touched on. It is the
- intent of .this investigation to wuse Quasi-synopﬁic XBT surveys to make a
. statement about the géographic variability of the statistics and the dynamics

of the oceanic mesdscale_motions. The thesis comprises six chapters. Chapter



II describes the collection and processing of the quasi4syhoptic XBT data set.
The descriptive analyses are in Chapter III. Gedgraphic regiqhs with different
length scales and amplitudes of the mesoscale structure are deliﬁeated and the
descriptive characteristics of the eddy variability in each region ére examined
.with typical. temperature Sections and maps. Chapter IV contains the
statistical analyses. Two variables are used to represent the mesoscale
variability - the mid-thermocline temperature and the geopotential anomaly (0 -
400 m). The central moments and the wgvenumber spectra of these variableé are
used to discuss the geographic variability of thé mesoscale eddy field. The
seasonal variability of the mesoscale fields are examined for the Northeast
Pacific, the region with the most even distribution 6f~$ntveys over ‘the four
quarters of the year. The'géostrophic velocity spectra are obtained from the
geopotential anomaly spectra and the eddy kinetic energies are estimated. The
dominant leﬁgth and velocity scales for each region are determined from the

wavenumber spectra. in Chapter 'V, the applicability of quasigéostrophic
"dynamics is inferred_by evaluating the‘quasigeostfophic scaling parameters and
the Rossby wave steepnesé parameter. The-propefties of free linear baroclinic
Rossby waves are examined and the wavenumber speétra are compared with several
modéls of nonlinear geophysical turbulence. The conclusions, in'Chapter VI,
summarize the geographic variability of the statistics and the inferred

dynamics.

It is important to define several key terms used throughout the thesis.
The 6éeanic mesoscale is a high~waveﬁumber band (i.e. 100 Ito 1000 km .
wavelengths) of variability compared to the large-scale mean flow of the ocean
currents, which is comparable tobthe‘internal Rossby deformation radius. Due
to the statistical methods- employed in this study, a convenient representation
'Qf_lehgth scales is the wavelength (Befnstein and White, 1977). The wavelength
‘(A) of a feature is related to its length scale (L) by the relation (Emery et
'gi: 1982); A= .2nI“ The térm "eddy" applies to the descriﬁtion of all
mesoscalé'perturbétions. It includeé individual closed circulation cells and
space/time velocity or property fluctuations caused by a wide variety of
circulation-.features (Emery, 1983b). The term "eddy“ has no connotations of
origin, dynamical behavior or rotational motion. A “discrete eddy" or
"isolated eddy" is.used to signify individual closed circulation features with
a rotational motion. The term‘expendable bathythermograph (XBT) includes both
air-launched (AXBT) and ship-launched (SXBT) ’probeé; This term does not

inélude mechanical bathythermographs (MBT). A list of the symbols  and



4

a list of the abbreviations used reqularly throughout the thesis can be found

immediately after the Table of Contents.



II. THE DATA SET

The collection and processing of the quasi-synoptic XBT data set is
described in this chapter. 1In order to examine the mesoscale structure over a
large portion of the Pacific and Atlantic Oceans, 83 setsIOE XBT data were
obtained. These data cOﬁprise over 10,000 individual XBTs acquired from the
Canadian bArmed. Forces (CAF), the Unitgd States Navy (USN), and the United
States National Oceanographic Data Center (NODC).' "These temperature-depth
(T-2Z) profiles were filtered subjectively to delete questionable daté; salinity
was inferred using historical temperature-salinity (T-S) and salinity-depth
(S-2) curves; and several oceanographic variables were calculated for the

analyses‘of'the mesoscale eddy variability.
A. DATA COLLECTION

- The XBT data set, obtained from the CAF, USN and NODC, provides a
reasonable coverage of the Pacific and Atlantic. Figure II-1 shows the
locations of these data on a Mercator projection of the>oceans. The CAF data
were procured by managing and implementing a ship-of-opportunity program with
the Canadian Navy, while the USN and NODC data were acquired from archived

files.

. The Canadian Armed Forces Data

CAF destroyer squadrons were used in a ship-of-opportunity program from
February 1980 to June 1983 to collect quasi-synoptic SXBT data. These data
were obtained on a cpntract from the Defence ResearchiEstablishment -~ Pacific
to W.J. Emery and D.P. Krauel. Eleven cruises were conducted, resulting in ten
trans—oceanic single-ship sections and nine multiship surveys in the Pacific

and North Atlantic Oceans.

Data were collected on the return passage of CAF destroyer squadrons from
overseas deployments when the course was, for the most part, directly to
Caﬁada. ' On each cruise, SXBTs and sea surface salinities (SSSs) were taken
hourly from one of the ships for the entire voyage. The squadrons generally
cruised at speeds of 13 knots, resulting in a high sampling density of one SXBT

.and SSS per 25 km over ranges of.about 4000 km. Depending on operational and
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training requirements, multiship surveys were conducted. The coverage of these
surveys varied from 40 to 180 km in width and 600 to 1300 km in length with
three or four ships. Each of Canada's four destroyer squadrons participated in
this observational program - a total of 19 aiffefent destroyers and supply
ships. An on-board scientist, technician or student from the University of
British Columbla (UBC) or Royal Roads Military College monitored and a551sted
wlth the "collection of the data on each cruise. They were responsxble for

on-site quality control and coordination of the multiship surveys.

The Sippican XBT system is widely used, so the details will not be
discussed here. Most of the CAF ships had SXBT systems consisting of Sippican
MK2A-1 strip-chart recorders and deck-mounted launchers. A MK2A-1 strip-chart
recorder and hand-held launcher were uséd on the ships'without systems. The
T-4 probes (460 m) were provided by the CAF's supply system. The reported
accuracy of the T-4 probe is +0.2°C and 5 m or +2% whichever is greater
‘(Anderson, 1979; Sippican, 1975). The SXBTs were taken every hour and faulty:
or suspect SXst were immediately repeated. As a rule of thﬁmb, no more than
two probes were used on each station. The XBT systems were tested prior to
each cruise wusing the XBTester Model A-4 for temperature calibration,
servo-amplifier gain, launcher installation resistance and servo response. The

calibration was subsequently checked every six hours.

The temperature profiles were visually inspected for failures and suspect
traces (Department of the Navy, 1978) upon returning from each cruise. The
good T-Z traces were digitized at the ‘inflection points, such that linear
interpolation would provide reasonable temperatures for all depths. The
digitized values were corrected for the nonlinearity ef the trace due to the
fall‘rate (depth) and the servo-amplifier response (temperature) according to
vsippican's XBT system linearity.equations (Sippican, 1970). These operations
were performed on a Datatizer -DTR-3036 (GTO Corporation) and LSI-11/23
minicomputer.: The data were transferred to UBC's Amdahl V8 mainframe

‘computer.

SSS was obtained from bucket samples taken immediately after each SXBT.
The samples were retained in 4 oz glass sample bottles and returned to UBC for

analysis. The conductivity ratios were measured using a Guildline Autosal



Model 8400 salinometer. The salinities were estimated using the Practical
Salinity Scale, 1978 (Pond and Pickard, 1983). The . Guildline Autosal.
salinometer has"a manufacturer's reported accuracy of +.003 x 10-3
equivalent salinity. The salinities of the first two cruises, in the Northeast

Pacific, were originally estimated using the 1966 UNESCO tables. Althoﬁgh the
differences between these two methods .of estimating salinity is less than .003
H’x 10'3, over the observed rénge_ of salinity (32 t6 36 x 10'3), the

corrections were made. Thus, SSSs used in this ihvestigation have been

estimated from, or corrected to, the Practical Salinity Scale, 1978.

The navigational methods employed varied depending on’ the vessél and the
location, ‘in order to obtain ﬁhe beét possible absolute and relative fix.
Radar fixes on points of land, sateilite navigation, Loran-C and Omega were
used. . ‘When possib1e, during multiship surveys, radar fixes were taken on
adjacent ships.' Overall, the absolute navigation was considered to be much

better than *+ 5 km.

The CAF data were formatted and archived for further processing along with
the USN and NODC data. A detailed data report of the CAF data was prepared
(Thomson et al., 1984b). '

The United States Navy Data

The USN data used in this invesﬁigation were collected in three separate
programs and obtained from archived data files. Data from six trans-océanic
multiship SXBT surveys, éonducted in the North Pacific and North Atlantic by
Wilson and Dugaﬁ (1978), were acquired. These data werevpreviously usédvto
investigate various aspects of the mesoscale eddy variability (Emery gg_gl:, 
1979; Emery EE al., 1980; Harrison et al., 1983). Also, two data sets from
AXBT surveys conducted by the USN, were procured. The first set is from_eight
survéys northeast of Hawaii in the region of the subtropical front, collected
by Miyaki (Miyaki, 1981). The second set is from a series of five surveys
obtained from the United States Naval.Research Laboratory in Washington, D.C.
{(Emery, personnal communication) - one survey on the subtropical front
northeast of Hawaii and four surveys in the North Pacific Equatorial Current
. south of Hawaii. These two data sets of AXBT survéys have not been published,

nor have they been used to study the eddy variability of these regions.
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Model 8400 salinometer. The salinities were estimated using the Practical.
Salinity Scale, 1978 (Pond and Pickard, 1983). The Guildline Autosal
salinometer ‘has a manufacturer's reported accuracy of +.003 x 10-3
equivalent salinity. .The salinities of the first two cruises,‘in the Northeast
Pacific, were originally estimated using the 1966 UNESCO tables. bAlthough the
differences between these two methods of estimating salinity is less than .003
x 103, over the observed range of salinity (32 to 36 x 10-3), the
corrections were made. Thus, SSSs used in this investigation haQe been

estimated from, or corrected to, the Practical Salinity Scale, 1978.

The navigational methods employed varied depending on the vessel and the
'locaﬁion, in order to obtain the best possible absolute and relative fix.
Radar fixes on points of land, satellite navigation, Loran-C and Omega'were
used. When possible,.during multiship surveys, radar fixes weré taken on
adjacent ships. Overall, the absolute navigation was considered to be much

better than + 5 km.

The CAF data were formatted and archived for further processing along with
' the USN and NODC data. A detailed data report of the CAF data was prepared
. (Thomson et al., 1984b). '

The United States Navy Data

The USN data used in this investigation were collected in three separate
programs and obtained from archived data files. ©Data from six trans-oceanic
multiship SXBT surveys, conducted in the Noxrth Pacific and North Atlantic by
Wilson and Dugan (1978), were acquired. These data were previously used to
investigaﬁe various aspects of the mesoscale eddy vériability (Emery et al.,
1979;‘Emery et al., 1980; Harrison et al., 1983). Also; two‘data sets from

AXBT surveys conducted by the USN, were procured. The first set is from eight

surveys northeast of Hawaii in the region of the subtropical front, collected o

-by Miyaki (Miyaki, 1981). The second set is from a series of five surveys
obtained from the United States National Research Laboratory'ianashington,
D.C. (Emery, personnal communication) - one survey on the subtropical front
northeast of Hawaii and four surveys in the North Pacific Equatorial Current
south of Hawaii. These two data sets of AXBT surveys have not been published,

nor have they been used to study the eddy variability of these regionmns.
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The National Oceanographic Data Center Data

The NODC XBT (1984) geographic file.(NODC, 1984) was searched for quasi-
synoptic sections. Initially the file was sorted by'cruise designation number
and consecutive XBT‘number. All cruises with more than 25 XBTs, in water
deeper than 500 m, were removed for further examination. This yielded 486
cruises. The following criteria were used to identify 53 single-ship cruises

with a quasi-synoptic quality comparable to the CAF and USN data:.

a. cruise paths must be reasonably straight transects across oceanic regions

of interest;

b. the XBT spacing must be 1less than 200 km (Although this does not
provide the same high-wavenumber resolution as the CAF and USN data, it
provides a more efficient ratio of number of samples to independent

observations);
c. the time between XBT casts must be less than 6 hours; and

d. +the cruise tracks must be at least 1000 km in length.

B. DATA PROCESSING

The data set was procesSed to obtain several oceanographic variables for
the subsequent descriptive and statistical analyses. This processing included
a visual examination of the digitized T-Z data, the inference of salinity from

. T-5 and S-Z curves and the calculation of several oceanographic variables.
XBT Traces

Spatial series of XBTs weré produced for each cruise and visually inspected
‘to check for faulty or suspect XBTs and digitization errors. Figure II-2, as
an example, is the SXBT spatial series of the HMCS Provider, from Hawaii to
Vancouver Island in March 1980. Temperature was linearly interpolated to 10 m
increments of depth for each trace and the data from the three sources were

converted to a common format.
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Salinity Inference

Salinity was inferred for each XBT to estiﬁate density fields and calculate
geopotential anomalies.  Mean T-S and S-Z cufves from Emery and Dewar (1982)
and Pickard and Emery (1982) were used to infer salinity. The accuracy of
inferring salinity fields by this method was examined by comparing the bucket

SSSs from the CAF data and the inferred SSsS.

_ Emery and Dewar computed mean T-S and S-Z curves for all 5° sguares in the.
, Pacific and Atlantic, north of 10°S, using NODC'é hydrographic (1978) file.
Hydrocasts made in water shallower than 500 m were nbt used, so these. curves
represent the oceanic waters beyond the.continental shelf-break. Following the
method proposed by these investigators, salinity was inferred using the T-S
curves, ekcept in the regions north of 40°N in the Pacific and northwest of
50°N, 45°W in the Atlantic. 1In these two areas, Emery and Dewar found that the
root-mean-square (RMS) error, between the dynamic height using the inferred
salinity and the dynamic height using the measured salinity, was less With the
S-Z curves than with the T-S curves. S-<=2Z curves were, therefore, used to infer
salinity in these two regions. Mean T-S curves for the Southwest Pécific, the
Southeast Pacific, the Pacific Sub-Antarctic and the South Atlantic were
obtained from Pickard and Emery (1982), for use south of 10°S. The mean T-S
‘curves from Pickard and Emery (1982) are heuristic and therefore not precise.
Their use is considered to be substantially better than using a mean salinity
and is consistent with the method used to infer salinity north of 10°S. Figure
IX-3 presents a map of the Pacific and Atlantic showing specifically‘in which

regions the above T-S and S-Z curves were used to infer salinity.

Salinity was inferred for each T-2 profile using é weightéd average of the
appropriate curves of the four closest 5° squares. The T-S or S-Z curves were
weighted by the inverse of the square of the distance from the center of each
square to the XBT. It was found that inferring salinity solely on the basis of
the curve of the 5° square containing the XBT created false salinity and
density features in the regions of oceanic fronts. The'use of a weighted

average of the four closest squares solved this prbblem.

As a check on the accuracy of employing mean curves for inferring salinity,
plots of the inferred SSS and the bucket SSS for each of the CAF cruises (where

water samples were collected) were created (Figure II-4). These plots show
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very reasonable agreement between the meaéured and infer:ed SSS. Notable
exceptions were the weétern boundary current regions in the three Atlantic
sections (Figures II-4 h-j) and the equatorial Pacific -(Figure II-4 g). Table
II-1 -lists the RMS difference "for each cruise. The sections in ' the
northeastern and southwestern Pacific all have RMS differehdes no higher than
0.20 .x 103, The section across the central equatorial Pacific (Figure.
II-4* g) has an RMS difference of 1.07 x 103, . The inferred SSS exhibits
"'the general meridional SSS characteristics of this region (Pickard and Emery,
1982: Figure 4.9) with a minimum at about 1d°N increasing toward the north ahd
"south subtropicdl regions. The anomalously low bucket SSSs, across the North
Pacific Equatorial Countercurrent, are dne‘to the increased precipitation in
this central equatorial region during the 1982-83 El1 Nino -. Southern
Oscillation (ENSO) event (Rasmusson et al., 1983). The three North Atlantic
sections‘ (Figures II-4 h-j) have high RMS differences due to difficulties
associated with inferring vsalinity in the regions of the western boundary
currents (Emery and Dewar, 1982). To the east of these regions, the bucket and
inferred SSS show a very reasonable agreement. The differences in the western
boundary current regions arise from applying mean T-S curves to T-Z profiles
taken across a front separating water masses of very different T-S

characteristics. .

The anomalously low salinity values in the equatorial section will not
protrude much deeper than the mixed-layer depth of about 60 m, so the T-S
curves should provide reasonable salinity estimates for most of the water
column. In the western boundary current regions, particularly where the data
for this investigation were obtained, the T-S curves of Emery and Dewar (1982)
are dominated by the contribution from offshore oceanic waters rather than the
less saline continental shelf and slope waters. Thds, the eddy variability
determined from the geopotential anomaly due to cold-core rings will be
underestimated, which is much preferable to overestimating_ the eddy
variability. ‘For the above reasons, the method of inferring salinity from mean
T-S curves in these regions is considered more appropriate and useful than

using a mean salinity for the purposes of this investigation.

Oceanographic Variables

Further processing of the measured temperature and inferred salinity

profiles were required for each XBT in preparation for the descriptive and
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Table II-1 RMS differences between bucket SSS and inferred SSS for the CAF
‘ trans—oceanic sections shown in Figure II-4.

Ship Date . Ocean | RMS Differgn;e (x10’?)
]a. HMCS Provider Feb 80 ' Northeast Pacific . 0.17
.b. HMCS Provider Apr 80 Northeast Pacific 0.18
c. ﬁMCS Provider May 81 | Northeast Pacific _ 0.15
d.‘HMcs Saskatchewan Nov 81 | Noftheést Pacific : 0.20
e. HMCS Te;ra Nova.' | May 82 Noftheast Pacific‘. 0.13
f. HMCS Qu'Appelle Nov 82 Southwest Pacific | » 0.15
-g. HMCS Qu'Appelle Nov 82 . Equatorial Pacific : 1.07
h. HMCS Saguenay Oct 81 North Atlantic ‘ | | 1.22

i. HMCS Preserver ' Oct 82 North Atlantic ) 0.93

j. HMCS Protecteur Jun 83 North Atlantic - 0.54
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statistical analyses. As will be discussed in Chapters III and IV, temperature
will be used to examine the mesoscale variability in the mid-thermocline and
the geopotential anomaly will be used to -examine the baroclinic eddy

variability in the upper layer (400 m) of the ocean.

The mid-thermocline temperature was calculated as vertical averages of the
measured temperature over two 50 ﬁ segments of the water cblumn (i.e. 150 to
200 m and 350 to 400 m). The applicability of these temperature variables for
describing the mesoscale variability of the ocean will be discussed in Chapter
IV. The geopotential anomaly from 0 to 4000 kPa (i.e. 0 to 400 db or 0 to 400
m) was calculated as the integral of the specific volume' anomaly.  This
required the determination of the sigma-t profile from the measured temperature
and inferred salinity. Sigma-t was obtained from the International Equation of
State of Sea Water, 1980 (Millero and Poisson, 1981) with the given temperature

and salinity at atmospheric pressure.
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III. DESCRIPTIVE ANALYSES

The purpose of the descriptive analyses is to qualitatively discuss the
geographic variability of the observed meéoscale structure. Geogréphic regions
with different scales and amplitudes of mesoscale structure are_defined'and
typical sections and mapé of each region are used to examine the geographic

variability of the thermal structure in the quasi-synoptic XBT data set.
A. GEOGRAPHIC REGIONS

Geographié regions with different horizonﬁal scales and amplitudes of eddy
variability were defined using the quasi-synoptic sections of each cruise, with
-the aid of previous work using climatological data sets (Wyrtki, 1975; Emery,
1983a; Cheney et al., 1983). _'These investigators examined the geographic
variability of the mesoscale structure with the standard deviations of:
dynamic height from archived hydrographic records, temperature and inferred
‘ dynamic height ‘from archived XBT records, and sea surface altimetry from
SEASAT. All three yielded similar results, with regions of high mesoscale
variability near the western boundary currents and low variability in the
interior of the ocean basins and in the eastern boundary currents. Cheney et
al.'s results, using the SEASAT altimetry, were used to define approximate
boundaries between regions of high and low eddy variability. These results
were considered most appropriate for this purpose due to the global coverage
and even distribution of the SEASAT altimetry data. Figure III-1, adapted from
Cheney et al. (1983), shows the geographic variability of the eddy field.with
the standard deviation of the SEASAT altimetry.

Six geographic'regions were defined using the SEASAT mesoscale variability,
, the observed structure in the quasi-synoptic data set and the geographic
distribution of the data. These regions were classified, in a manner similar
to that of Fu (1983), as areas of high or low eddy variability. The 6 cm
contour in Figure III-1. was used as a guide to delineate the boundary between
high- and low-energy regions. These geographic regions, classified by high-

and low-energy levels, are:
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High-energy Regions Low-energy Regions
NWA - Northwest Atlantic NEA - Northeast Atlantic
NWP - Northwest Pacific . , ’ SA - South Atlantic

NEP - Northeast Pacific
SP

South Pacific

‘Two composite regions were defined to represent the combined high-energy
regions and the combined low-energy regions. The HIGH regicon comprises the NWA
and NWP regions (i.e. the high—ehergy regions). The LOW region'comprises the

NEA, SA, NEP and SP regions (i.e. the low-erergy regions).

‘The . geographic distribution of _the quasi-synoptic XBT .data and  the
demarcation of the six geographic reéions are showh in Figure III-2. The
bquasi—synoptic XBT data, from the single-ship sections and the multiship/AXBT
surveys, were binned into the appropriate geographic regions. If a cruise-
passed through both high- and low-energy regions, it was  divided ﬁhere the
section exhibited a marked change in the mesoscale expression. The resulting -
single-ship sectioﬁs were discarded if they had less than 25 XBTs or were less
than 1000 km in length.  There are a total of 95 trans-oceanic single-ship
sections (hereafter known as sections) and 29 multiship/AXBT surveys fhereafter‘

known as surveys).
B. GEOGRAPHIC VARTABILITY OF THE THERMAL STRUCTURE

The purpose of this section is to describe the gebgraphic variability of
the baroclinic eddy field as expressed in the temperature structure of the XBT
data set. Typical temperature sections from each geographic region are
examined énd compared to the geographic eddy variability revealed in previous
works by researchers using climatological data sets. It is considered
important to examine the qualitative aspects of the:mesoScale variability in
each region and to demonstrate that the eddy fields observed in the quasi-

synoptic XBT data set are consistent with previous observations.

Three different climatological data sets have been used, by other

investigators, to examine the global geographic variability of the mesoscale
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eddy field. The global 'map of the eddy kinetic. energy computed from the
historical ship drift file (adapted from Wyrtki et al., 1976) is shown in
Figure III-3. Figure III-1 preséents the geographic variability of the eddy
field obtained by Cheney et al. (1983) using the sténdard deviation of SEASAT
iaitimetry. The standard deviation of temperature at 260 m, based 6n a variable
grid analysis of the XBT file for the North Pacifig and North Atlantic, has

been adapted from Emery (1983a) in Figure Ifif4.

These three different studies offer views of the géographic variability of
the global eddy field that show regions of high eddy activity near the western
boundary currents and low eddy activity in the interior and eastern boundary
curren£ regions. - As previously .discussed, the 6 cm contour of the SEASAT
altimetry deviation map (Figure III-1) has been used as a guide for delineating
the high— and low-energy regiohé (Figure 1II-2). In Figure III-1, high values
of 12 and 9 cm are found in the’NWA'and NWP, respectively. ‘Low values of 4 cm
are found in the NEA, with low values of 3 cm in the 8Sa, NEP and SP. The
standard deviation of the altimetry represents the eddy potential energy (EPE)
of the barotropic signal. Since only a total of 24 days of data wére used (in
August of 1978), the energies at periods ionger than 24‘days were inadequately
sampled. TFu (1983) determined the transfer function of this 24-day filter and
found that the bulk of the mesoscale energy at periods from 50 to 150 days was

severely suppressed.

The eddy kihetic energy (EKE) map (Figure III-3), as détermined fiomvship
drift data by Wyrtki g&_g}}_(1976), represents the barotropic signal. . High-
and low-energy regions, similar to those of Figure III-1, can be defined using
the 600 cm2/s2 contour. ‘ The EKE has maximum values of over 2000 cmz/s2
in the NWA and over 1000 cm2/s2 in the NWP. Minimum wvalues of about 300
cmz/s2 occur in the Sa and SP. The ship drift data were not - corrected for
drift due to the wind acting on the vessels, thus overestimating the EKE. This
overestimate and the seasonal signal of the &inds and currents.explains‘the
distinct difference between Figure III-1 .and III-3 in the equatorial regions of
both the Pacific and Atlantic Oceans. Figure IIXI-1 shows deviations of SEASAT
altimetry of 5 cm in the equatorial regions, which are aﬁout one-half of the
maximum values in the high-energy regions. Figure III-3‘has equatorial values
of about 1000 cmz/sszhich are equal to the maximum values in the NWA. The
SEASAT altimetry implies a ratio of one-quarter for the eddy kinetic energies

in the equatorial regions compared to the western boundary current regions.
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"The ship drift data provide eddy kinetic energies two to four times greater for
the equatorial regions, than the relative comparison of the SEASAT EKEs. The
relatively higher eddy energies' reported by Wyrtki et al. (1976) in. the
equatorial regions' are due to the seasonal variability of the equatorial
current and trade wind systems; and the high-frequency (i.e..periods on the
order of days and weeks) signal of the winds. The significant seasonal
variability of the meridienal poeition and.'magnitude of these currents and
winds (Wyrtki et al., 1981) ‘will 1nduce an "apparent" eddy signal into the Shlp
drift data that w111 not be apparent in. the 24-day record of the SEASAT
altimetry data. It should be noted, that the high-energy regions associated
with the western boundary currents, as delineated with the ship drift data
(Figure III-3), are spatially smaller than the hlgh-energy regions delineated
with the SEASAT altlmetry (Figure III-1). ' '

The standard deviation of temperature at 260 m for the North ?acific and
North Atlantie . (Figure 'IiI—4) represents the mid-thermocline temperature
variability which can be related to the baroclinic meésoscale activity (Emery,
1983a). The temperature variability corresponds to the EPE of the baroclinic
signal at 260 m. The high- and low-energy areas in Figure III-2 can be
approximated by the 1.0°C contour of Figure III-4. The NWA and NWP have
maximum standard deviations of over 3.0 and 4.0°C, respectively, while the NEA
and NEP have minimum values less than 0.5°C. The temperature deviation map
shows high values in the equatorial regions which are relatively smaller than.
those of the ship drift data (Figure III-3), but relatively greater than those
of the SEASAT altimetry (Figure I1I-4). _' This is consistent with the
limitations of each data set for examining the eddy variability on a global
scale. The EKEs of Wyrtki et al. (1976) are overestimated due to the winds.
The SEASAT aitimetry.will underestimate the edd& variability due to the short
data record of 24 days. The temperature variability will not be biased by
either the surface winds nor the length of the data record, however, it will

miss an important part of the barotropic variability.

In summary, the ship drift data, the SEASAT altimetry, and the temperature
deviations are three different representations qf the global eddy_variability.
Wyrtki et al. (1976) estimated the EKEs with the ship‘drift data. The SEASAT
altimetry (Cheney et al., 1983) represents the EPE of the barotropic eddy
variability, and the temperature deviations (Emery, 1983a) correspond to the

EPE of the baroclinic signal. The limitations of each have been discussed.
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The temperature deviation maps of Emery (1983a) are the most appropriate for
comparison with the results of this investigation, with the exception that
these maps provide no coverage south of 10°S. The following discussion will
examine typical quasi-synoptic sections and maps of the temperature structure
.for each geographic region and compare them with results of the above

analyses.

Northwest Atlantic

The Northwest Atlantic_region, defined in Figure III-2, ié a'region of high
eddy activity;_ The intensity of the eddy field increases és one approaches the
Gulf Sﬁream (Figure III—Sf. The mean circulation of the.region is dominated by
the Gulf Stream System (Fofonoff, 1981), consisting of the Florida Current, the
Gulf Stream and the North Atlantic Drift. Characteristic mesoscale features
include Gulf Stream meanders and the resulting warm~ and cold-core rings in the
continéntai slope waters and Sargasso Sea, respectively. Approximately ten
. cold-core rings’éo-exist in the Sargasso Sea at a single time (Richardson,
1983) .- Five to eight cold-core rings form per year with diameters of
approximately 200 km and raised isotherms in their centers of up to 600 m. The
warm-core anticyclonic rings form in a triangular rggion bounded by the
continental slope on‘the north and the Gulf Stream on the south (Saunders,
1971). The.largest rings, 200 to 300 km in diameter form to the east 6f
Georges Bank, however smaller rings (100 km) form to the west. Typically, five
warm rings form per year with average diameters smaller tﬁan that of the cold
rings (Lai and Richardson, 1977). Approximately three warm-core rings exist at

a single time (Richardson, 1983).

Twenty-three sections were obtalned for the NWA. The SXBT data collected
by the HMCS Preserver across the North Atlantic in October 1982 (Figure III-6)
" exhibit the salient mesoscale features of the NWA. Figure III-6a shows the
SXBT locations. The Gulf Stream, a warm—coré ring, a cold-core ring and
several smailer cold eddies in the Sargasso Sea can be clearly seen in Figqure
III-6b. The Gulf Stream at 55°W separates a warm ring at 57°W and a cold ring
at 51;ﬁ. The warm ring has a width of 350 km with a depression of the 10°C
‘isotherm of about 200 m. The cold ring has a width of 450 km wlth an elevation
of the 14°C iéotherm of about,300 m. Between 47°W and 32°W (Figure III-6b)
there are three smaller eddies with widths of 250 to 300 km. The upward
deflections of the 15°C isotherm are 200 m and 175 m for the eddies at 45°W and
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41°W, respectively. The eddy at 34°W has a 275 m deflection of the 14°C
isotherm. A further sample section, obtained from the USN multiship survey in
December 1976 (Figure III-7) (east of the Gulf Stream ring concentrations) at
33°N, shows three cold eddies at 52°W, 38°W and 32°W. These eddies have widths
. of 450, 400 and 350 km, réspectively, with vertical deflections of the 17°C

isotherm of 200 m. .

Six surveys were obtained for the NWA region. Four of these are the
multiship USN surveys examined by Emery et al. (1980) for the fraction of
vertical isotherm deflections associated with closed eddies. Seventeen closed
eddies were identified west of 30°W with mean diameters of 150 km. These
investigators noted that about one-hélf of the eddies were Gulf Stream rings.
Individual maps of these surveys will not.be examined here in light of this
detailed work. . It will suffice to say that the individual sections obtained
from thesg,surveys; and the surveys as a whole, exhibit the characteristic

mesoscale structure of the NWA.

The two multiship surveys collected by the CAF, southeast of Newfoundland,
"are in Fiqure III-8. Both surveys show the strong subsﬁrface thermal front of
‘the Labrador Current meeting the North Atlantic,Drift;' In the October 1981
survey (Figuré III-8a), the front has a northeast-southwest alignment. With a
survey width cf 110 km, it is not surprising that no closed eddies can be
identified. The front retains its general northeast-southwest alignment in the
June 1983 survey (Figure III—8b), with the addition of an east&ard cold water

excursion of about 550 km.. There are also alternating near-meridional bands of
warm and cold water to the east of the f:ont.> Again, the limited width of the
survey (200 km) does not permit the horizontal structure of these features to .

be resolved any further.

Northwest Pacific

~ The Nofthwest Pacific fFigure III-2) is a region of high eddy activity
"which includes the Kuroshio, the Kuroshio Extension, the Oyashio and the
western pcrtion the No;th'Pacific Current. Both the Kuroshio and the Oyashio
meander and shed warm- and cold—core,rings‘similar to the Gulf Stream. Recent
investigations of historical data in the region (Richardson, 1983) documented
the coexistance of 13 cold rings and two warm rings in the summer of 1939, and

'suggested that the cold rings form at three or four specific sites. A synoptic .
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study reported by Cheney (1977) identified three warm and two cold rings. One
of the rings had a diameter of 250 km. Kitano (1975) examined 154 warm-core
rings from the Kuroshio and the Oyashio and found an average diameter of 140 .

km.

The XBT data set. obtained for the NWP comprises two multiship surﬁeys
' conducted by the USN (Wilson and Dugan, 1978) énd twd“sections acquired from
the NODC. Figure III-9 shows two sample temperature sectioné‘in the region
. (one from each of the USN surveys), eastward of the concentrations of Kuroshio
and Oyashio rings. Section 54-000575 (Figuré III-%9a) was taken at 37.5°N,
north of the mean Kuroshio axis (Wilson and Dugan, 1978). Three cold eddies
can be identified'at 1659°E, 172°E énd 178°E (presumably from:the Oyashio), and
one warm-eddybat 170°E (presumably from the Kuroshio). These features have
widths of-180,'250, 180 and 250 km, respectively, with displacements of the
11°C isotherm of 170, 356, 200 and 300 m. Section 40—001175 was taken south of
the meah Kuroshio axis at 31.5°N.’.Three cold éddies are discernable at 163°E, .
172°E and 176°E, with widths of 180, 200 and 280 km, respectively. ‘The
deflections of the 14°C isotherm for these features are 220, 170 and 140 m,

respectively.

Emery'gg.al. (1980) examined these two USN'surveys for the fraction of
vertical isotherm deflections associated with closed eddies. Again, the
individual maps of these surveys will not be examined here. A total of five

closed eddies were identified.

Northeast Atlantic

The Northeast Atléntic is a region of low eddy aétivity relative to the
western‘boundary:current regions. 'GeneraLly, the mean circﬁlation is weak.
The North Atlantic Drift crosses the mid-Atlantic ridge from the west in two
branches (Saunders, 1982) north of 45°N ‘and "at 35°N  (north and south of the
Azores) which turn north and south, respectively.

Gould (1983) identifies four éistinct'areas where mesoscale featureé can be
found. In the first area, perturbations of the southern edge of the polar
front are manifested in large isotherm displacements northwest of a line from -
40°N 30°W to 50°N 20°W. The meanderings of the polar front (Gould, 1983) have

typical radii on the order of 100 to 150 km with large geopotential anomaly
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fluctuations. Hé&e and Téit (1967) examined a cold eddy near 53°N and 19°w,
confined to the upper 500 m. This feature was elongated in a north~south
directioh-and measured approximately 200 km by 100 km. It was speculated that
this was a pinched off meander of the North Atlantic Drift. The second area is
above and to the east of. the mid-Atlantic ridge, just southwest of the Azores.
Intense lenses of Mediterranean water have been reported with diameters bf
about 50 km. These eddies are found at depths betweeﬁ 700 and 1200 m and have
no thermohaline signature above 500 m. - Gould‘(1983) also reported a cyclonic
eddy at 33°N 32°W with a diameter of 100 km. ‘It was observed separating from a
frontal feature in the summer of 1981. The third area is in the zonal band of
30°N to 40°N between 12°W and 20°W. The eddy variability is rather poorly
defined, but Gould .sﬁggests that it may reflect the influence of the"
Mediterranean outflow. . A fourth area, east of a line.frgm the UK to the

- Azores, appéars'to have very little mesoscale activity.

The XBT data set obtained for the NEA éonsists of 16 sections and four
surveys. Figure III-6b and Figure III-10 are the trans-oceanic sections for
the CAF cruises in October 1982 and October 1981, respectively. Both sections
illusﬁrate the reduced mesoscale activity of the NEA, east of about 30°W.
Figure III-6b also provides a rgalization of the'mesoscale_structure'in two of.
the four areas observed above. Between 32°W and 20°W, the temperatufe
structure has numerous perturbations between 100 to 200 km in width, with
isothermvdefléctions of about 100 m, characteristic of the area northwest éf
the Azores. East of 20°W, the structure is relatively quiescent. ' The CAF
survey conducted northwest of the Azores (Figure III-11) shows a warm eddy at
30°W with a diameter of 100_km.' From the temperature section in Figure III-6,
the eddy can be seen to be confined to the upper.SOO m of the water column and

have a maximum isotherm (14°C) deflection of about 40 m.

Three of the North Atlantic USN surveys extend sufficiently eastward to be
included in an examination of the NEA. Survey 64f006776.is norﬁh of the
Azores, while 93-000577 and 21-001077 are south of the Azores. ‘West of 35°wW
Emery et al. (1980) found no closed eddies, although vertical isotherm
deflections similar toﬁ;hose of»Figure III-6b can be found in all the sections

taken from these surveys.
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South Atlantic

Thé'South_Atlantic fegion, defined in Figure III-2, has relativély little
mesoscale eddy.éétivity. It is a low in the maps of both the éddy kinetic
energy (Figure III-3) and the standard deviation of SEASAT altimetry (Figure
“III-1). The region_is'bounded by the SOuth Atlantic Equatorial Current, the
"Brazil Current, the Antarctic>Ciréampolar Current»aﬁd the Benguela Current.
There have been virtually no observational studies of the eddy variability of

‘the region.

- The data set acquired for the SA consists of two zonal seétions from NODC:
(Figure III-12). The station spacinés are about 100 km, so éddies smallér than
200 km in width cannot be_resolved. _Sectioh 40-190283 was taken in February
1983 at  24°s. .Several mesoscale‘features are.discernable: a warm eddy at
27°W, a cold eddy at 20?W and an eddy at 5°W,'with a cold core abéve 200 m and
a warﬁ core below 200 m. The features have widths of 400, 400_and 200 km,
respectively, with vertical deflections of the 150C isotherm of 25, 25 and 50
m. Section 04-310383,vtaken at 12°S, has cold eddies at 34°W and 2°E. Their

~widths are 300 and 500 km, respectively, with deflections of the 12° isotherm
of 40 and 75 m. - ‘ '

.Northéast Pacific

The Northeast Pacific regibn.has been defined as the low eddy activity
regiqn of the subtropical and subpolar gyres, bounded in the north by the -
Alaskan Stream and in the south by the North Equatorial Countercurrent.
Bernstein (1983) provided a review of the eddy variability of the NEP and
described a general increase in the mesoscale ‘activity as one proceeded toward
the tropics.  This‘is consistent with the zonal band of higher eddy activity
shown inAthe deviaﬁions‘of SEASAT altimetry (Figure III-1) between 5°N and
25°N. Royer (1978), in a meridional hydrographic section, found the eddies to
be few in number and weak between 54°N and 34°N. Their typical amplitudes were
5 dyn-cm wifh widths of about 40 km. Between 34°N and 22°N the eddies.were’
more numerous with typical amplitudes of 10 to 15 dyn-cm and widths of 150 to
200 km. Roden (1980) found eddies north and south of the subﬁropical front,
north of Hawaii at 30°N. Bernstein and White (1974) analysed a data set near
Hawaii éouth of the subtropical front at 25°N. Eddies appeared regularly in

the data with average isotherm perturbations of about 40 m and diameters of
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200 km. The Hawaii to Tahiti Shuttle Experiment (Wyrtki et al. 1981; Wyrtki,
1982) identified two types of eddies drifting westward with the North
Equatorial Current. The first type appeared at 158°W near 20°N, south of Oaﬁu,‘
‘on nine of the 26 sections and was extensively studied by Patzert (}969).
These cold eddies were formed to the west of the island of Hawaii and had
widths on the order of 200 km with vertical displacements of the 14°C isotherm
ofn about 60 m. The second type appeared in the North Equatorial Current
between 14°N and 19°N. There were cold eddies present in the meridional
sections between 150°W and 158°W, 50% of the time. These eddies ranged in
width from 150 to 350 km with perturbations in the 14°C isotherm of 40 to 65 m
in amplitude. Wyrtki found no obvious relationship between eddy diameters and
amplitudes. = Immediately south, is' the North Equatorial Countercurrent, a
. strong> seasonally varying eastward current. Legeckis (1977) discovered
meanders occurring when the current flow is sﬁrongest,'in September to January}

with zonal wavelengths of 1000 km and north-south amplitudes of 100 km.

The data obtained for.the NEP consist of 37 sections (six frbm the'CAF and
32 from the NODC), and 16 surveys. Figure III-13 is a typical section taken by
the CAF (from Hawaii to Vancouver Island) that illustrates the difference in
the mesoscale structure on either side of the North Pacific Subtropical Front
at 35°N. Climatologically, the subtropical front is defined as the northern
limit of the North Pacific Central Water, which has wintertime temperatures
greater than 18°C and salinities greater than 34.8 x 1073,  South of the
front, three cold eddies can be identified at 22°N, 25°N and 34°N. Their
widths ‘are 200, 350 and 150 km, respectively, with vertical displacements of
the 11°C isotherm of 30 m. North of 35°N, the thermal structure is relatively

quiescent.

The SXBT section collected by the CAF in November 1982 (Figure III-14)V
exhibits the temperature pattern characteristic of the.'Pacific equatorial
current system at 165°W. The 14°C isotherm is in the lower portion of the
thermocline and reflects the geostrophic slope associdated with the WNorth
Equatorial Current (NEC) north of 9°N, the North Equatorial Countercurrent
(NECC) between 4° and 9°N, and the South Egquatorial Current (SEC) south of 4°N.
Imbedded in the SEC, the Equatorial Undercurrent (EUC) is marked by a spreading
of the isotherms at 175 m between 2°S and 2°N. The South Equatorial
Countercurrent (SECC), also imbedded in the SEC, is a relatively weak eastward

flowing current between 11°S and 8°S. A cold eddy can be identified in the NEC
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in Figure IIi-14 with characteristics very'similar to eddy "A" discussed by
Wyrtki (1982). It has a width of 350 km and a 25 m vertical deflection of the
14°C isotherm. In the Hawaii to Tﬁhiti Shuttle Experiment, two sections almost
simultaneously intersected eddy "A". 1Its width was 350 km and the deflections
of the 14°C isotherm were 27 m and 50.m at - 150°W and 153°W, respectively.
Presumably, the section in Figure III-14 cut through the side of a larger

amplitude eddy.“

The XBT surveys in the NEP are in the vicinity of the subtropical front
north of Hawaii and in the NEC and NECC south of Hawaii. Figure III-15 shows
the subsurface temperature maps of the four CAF multiship sur&eys conducted
across the front between bFebruary 1980 and May 1982. With the: notable
exception of the March 1980‘survey, no closed eddies could be defined due to
the narrow width of the surveys. In March 1980 (Figure ~IXII-15b), <an
anticylonic eddy is clearly defined by the'17°C'isotherm at 28.5°N 153°W, south
of the front. The along-track ahd cross-track temperature'sections through the
eddy are shown in Figure III-16. It has a wvertical deflection of the 17°C
isotherm of about 60 m and a diameter of 130 km which is consistent with the

local internal Rossby deformation radius (Emery et al., 1984) of 45.5 km.

A time series of six AXBT surveys was collected by the USN across the
subtropical front north of Hawaii. The temperature maps in Figure III-17 show
an active frontal regime. Between 18 December 1979 to 25 January 1980, a
meander forms. The ndrthward displacement of the tongue of warm water has an
amplitude of about 100 km. on 7 February 1980, this feature is replaced by a

"trough" of cold water of the same amplitude.

~ South of Hawaii a series of four USN AXBT surveys shows another active eddy
field in the North Egquatorial Current (Figure III-18). On 30 January 1981, a
cyclonic eddy is clearly defined at 15°N 156°W with a diameter of about 200 km.
Tw§ weeks later (Figure III-18b) the feature has moved westward at a speed of
10 cm/s to the edge of the survey area. Another cyclonic eddy (150 km
diameter) has appeared ‘at 15°N 155°W. ‘The 13 March 1981 survey (Figuie
I‘fI_-18c)‘ is on average about 3°C warmer than a month ear'lier." This is a
signature of the annual weakéning of, and the southward displacement of, the
tropical trough that separates the NEC and NECC, south of the survey area. The
survey of 16 April 1981 (Figure III-184d) is again,‘warmer than the survey of a

month earlier. A cold eddy can be seen at 14°N 155°W with a diameter of
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approximately 150 km. The intensified meridional_temperature gradient north of
14°N is a signature of an increased westward flow, during a period of the
annual cycle of the NEC when the flow is generally ébating. The presence of
the cold eddy during thisnwarming trend may account for the anomalous thermal

gradients.

The CAF conducted a multiship sur%ey_across the NECC/NEC boﬁndary at 9°N
164°W in November 1982 (Figqure III-19). The flow .is zonal and the meridional -
temperature gradient of the NECC dominates the survey. There is no discernible

eddy variability.

North of Hawaii, but south bf the subtropical front, the USN collected an
additional AXBT survey in January 1981 (Figure III-20). A large and distinct
southward displacement of the 18°C isotherm with a cold 17°C core can be
observed at 25°N 155°W.‘ This feature has a meridional size of 240 km and a
zonal width of 120 km, which is consistent with the local internal defbrmation

radius of 53 km (Emery EEJEl:' 1984).

South Pacific

The South Pacific region, defined in Figure I1I-2, is an area of low eddy
activity to the north and east of New Zealand, bounded by the South Equatorial
Current, the Antarctic Circumpolar Current, and the Peru Current. The extreme

-paucity of data in this region makes it perhaps the least-surveyed part of the
global ocean (Bennett, 1983). The "Scorpio" expedition (Stommel et al., 1973)
substantially added to the existing data with its two trans-Pacific transects
at 28°S and 43°S, however, the station spacihg east of New.Zealand could not
resolve mesoscalé eddies. Patzert and Bernstein (1976) reported on the eddy
variability observed in two mesoscale resolving XBT sections ﬁakén in the
central South Pacific Region. Only one mesoscale feature, with a width of 200
km, was identified. The maps of Wyrtki et al. (Figure III-3) and Cheney et al.
(Figure III-1) both show low eddy levels in the region'and increasing eddy.

activity with proximity to the Antarctic Cifcumpolar Current.

The XBT data obtéihed for the SP consist of nine sections and one survey.
Figure III-21 shows a higﬁ resolution SXBT cruise by the CAF from New Zealand
to Samoca in November 1982. The thermal signature - of the South Subtropical
Countercurrent (Tabata, 1975) is apparent at 24°S (Figure III-21a). This
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subsurface thermal front appears to be a permanent feature that was also
present in all five SXBT sections reported by Denham et al. (1981) from New
Zealand to Fiji. The. amplitude and horizontal scale of- the thermal eddy
' structure exhibit marked increases south of the front. Figure III-21a shows a
warm eddy at 27.5°S with a width of abouti400 km and a 150 m deflection of the
16°C isotherm. The multiship survey collected by the CAF on this cruise
(Figure III-51b) was too narrowb (180 km) to close the feature. Section
24-230483 (Figure III-22), taken in the northeast corner of the SP region, was
obtained from NODC. It is relatively quiescent, although three eddies can be
‘seen: a warm eddy at 106°W, a cold eddy at 93°W and a warm sub- thermocline
eddy at 85°W. These features have widths of 300, 250 and 400 kmn, respectlvely,
with displacements of the 11°C 1sotherm of 25, 30 and 60 m. -
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'IV. STATISTICAL ANALYSES

The purpose of this chapter is to quantify the geographic variability of -
the quasi-synoptic mesoscale structure in the upper 400 m of the ocean.
Statistical analyses ‘were used . to compress the numerous observations into
concise statements about what "usually" happens in the‘geographic regions, and
how the regions differ from each other. The mid-thermocline temperature and
the gebpotential anomaly _weré uséd to represent ' the mesoscale eddy

variability.

A sufficient number of observations must be available to obtain sample
statistics which estimate the population statistics with ‘reasonably small’
uncertainties. Each section and survey must bé considered relatiﬁely small, in
light of the few mesoscale perturbations per cruise and the relatively large
decorfelatibn‘scales (on‘the‘order of the internal Rossby deformation radius).
To increase the degrees of freedom, and therefore decrease the error bars,
sample statistics were obtained using pooled estimates of the statistics in
each geographic 'region. This required the aséumption that the »tempefature
field and the baroclinic eddy field were ergodic, stationary, random processes
and that each XBT section or survey was an independant realization. The data
were processed in three ways to substantiate these assumptions. First, as
discussed in Chapter III, the geographic regions were defined on the basis of
the variance of the eddy field. Only cruises in the séme'geographic region or
in geographic regions with similar mesoscale variances 'Qere "averaged".
Second, the large-scale current syStems (trends) were removed from each section
or survey to obtain the pérturbatibn variables (i.e. mean equal to zero), of
the mid-thermocline temperature and the geopotential énomaly, with near-normal
frequency distribuﬁions. Third, the séctions'and surveys used were separated
in space by at least the local internal Rossby radius, and separated in time by

periods of weeks to years.

In this chapter, a éuantitative representation of the mesoécale variability
will be obtained - by computing the central moments of the frequency
distributiohs and the wavenumber spectra of the mid-thermocline temperature and
the geopotential anomaly for each geogfaphic region. The standard deviation,
skewness, kurtosis and intermittency of the frequency distributions of each
section and survey will be used. The seasonal variability of the mesoscale

statistics in the NEP region will be examined. Isotropic, meridional and zonal
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autocorrelation functions will be bemployéd to discuss the assumption of
isotropy. Wavenumber spectra will be used to identify spectral bandwidths of
distinctive wavenumber ranges, and the dominant length scales of variability.
Velocity spectra will be computed using the geostrophic relation to obtain

kinetic energy estimates and the geostrophic velocity scales for each region.
A. SPATIAL SERIES

Spatial series and maps of the mid—fhermocline temperature and geopotential
anomaly, used to represent the upper-layer variability, were required for the
statistical analyses. This involved the calculation of several quantities for
each XBT and the removal of the low-wavenumber signal of the "large-scale”
circulation. The resulting perturbation variables are signatures‘ of the

relatively high-wavenumber mesoscale eddy fields.

Three quantities wereicalculated for each XBT in the sections and sﬁrveys:
the vertically-averaged temperature  between 150 and 200  m, the
vertically-averaged temperature between 350 and 400 m, and the geopotential
anomaly between the surface and 4000 kPa (i.e. 0-400 db or 0-400 m). The
temperature was averaged over two 50 m depth intervals to represent the
mid-thermocline temperatures. The temperatures were averaged over a portion of
the water column (i.e. 50 m) to reduce the high-wavenumber noise that might be
induced by instrument error. No one depth can be adequately used to examine
the variability of the thermocline on a global scale (Emery, 1983a).
Examinations of the mean thermal structure of the geographic regions (Stommel
et al. 1960; Defant, 1981; Emery and Dewar, 1982; Thomson et al. 1984b), and
the standard deviations of the temperatures at 150 to 200 m and 350 to 400 m
revealed the most appropriate depth interval for each‘region. In the NWA, NWP
and NEA,  the temperature between 350 and 400 m were used to represent the
mid-thermocline variability, whereas, the”temperature between 150 and 200 m
were used in the SA, NEP and SP. The signature of the upper-layer baroclinic
eddy field in the XBT data set was characterized by the geopotential anocmaly
(0-4000kPa). |

The perturbation variables of the mid-thermocline temperature (T) and the
geopotential anomaly (D) were obtained for each section by removing a 1000 km
running mean. A running mean of this size was chosen to take out the

low-wavenumber signal of the large-scale mean circulation systems and retain
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the full amplitude of ‘the mesoscale features. Bernstein and White (1974)
observed dominant wavelengths of 600 to 400 km in the North Pacific, so an
averaging interval of a greatér scale was required. Détrending the sections
with least-squares-fit polynomials was cénsidered at some length, but rejected
in favour_of the running mean. Running means of 500, 750, 1000, and 1250 km
were applied to typical spatial series in different geographic regidns. The
1000 km running mean was considered the most appropriate. Figure IV-1 shows

examples of the spatial series obtained for sections in the NWP and NEP.

The perturbation variables for each survey were determined by removing the
meridional and;zonal_linearitrends. This was considered more appropriate than .
"the large running mean due to the relatively small dimensions of the surveys
(except the USN multiship sufveys). The removal of the 2zonal linear trend of
the USN multiship surveys was still considered adequate, since these surveys
were confined to thehiﬁterior-of the subtropical or subpolar gyres and did not:

cross major frontal systems (e.g. Gulf Stream or Kuroshio).
B. CENTRAL MOMENTS

The mesoscale variability represented by T and D may be quantitatively
examined with +the central moments of their sample probability * density
functions: the standard deviation, skewness and kurtosis. These statistics
were calculated for each section and survey, and pooled statistics were
obtained for 'each geographic region. The geographic variability of the

temperature field and the baroclinic eddy field will be discussed.

A few comments must first be made about thé use of the standard‘deviation,
skewness and kuftosisvfgr'describing the mesoscale eddy field. ° The sample
standard deviation, S, will provide a convenient measure of the average
amplitude of the fluctuations. The standard deviation of the large-scale flow
has been commonly used by oceanographers to quantify the intensity and
geographic variability of the mesoscale eddy field (Wyrtki, 1975; Dantzler,
1976; Ebbesmeyer and Taft, 1979; Emery et al., 1980; Emery, 1983a). The
standard'deviations of T (Sp) obtained from this quasi-synoptic daté set may
be directly compared to the results of Emery (1983a) using climatological data
(Figure III;4). The sample standard deviation was obtained for each section

and survey by the relation:
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Figure IV-1' Examples of the spatial series of the mid-thermocline temperature
perturbations (T) and the geopotential anomaly perturbations (D)
for trans-oceanic sections in the NWP and NEP.
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5= (2] 0y /(a-1)) 17?2 | (a.1)

where x: is T or D and n is the number of observations.

1

~ Skewness 1is a measure of‘ departure of the fréquéncy distribution from
_ symmetry. It is the third central moment normalized by the standard deviation.

A convenient estimate of skewness is:

w

W=l /-1 a2
) ,

79

,if the mode 1ies.to the left of the mean, so that the frequencies fall off
sharply to the 1left , the .skewness 1is positive. This indicates that.'more_
values are negative and cdnsequently the frequency distribution has a number of
extreme positive values. A positive skewnessvof T or D would suggest that the
mesoscale eddy field cqnsiSts of a number of warm eddies in a relatively
quiescent, cold background. The skewness of the popﬁlation is considered to be
significantly (95% confidence level) nonzero if the absolute value of‘W is
greater than 1.96(6/ni)1/? (Brooks and Carruthers, 1953), where nj is

the number of independent observations.

Kurtosis is a measure of the disproportionality of the number of
observations in the intermediate range between the mean and extreme values. It
is the fourth central mbment normalized by the standard deviation. A useful
form of kurtosis is given by (Brooks and Carruthers, 1953):

4

k=@ /@y 3 e

A

i
S
If K is positive the frequency distribution is termed "leptokurtic" and it will
have é relatively small number of observations in the intermediate ranges and a
'relaﬁively large number of observations near the mean; if K is negative the
ffequency disfribution is termed "platykurtic"”, with a large pfoportion of
values in the intermediate ranges and a relatively small number of observations
near the mean; and if K is zero the distribution is "isokurtic", as 'is a

Gaussian distribution. The acceptance regions for testing the null hypothesis

that XK=0, at the 0.05 level of significance, are given by Brooks and Carruthers
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(1953). The kurtosis of a population should not be estimated from a sample of

less than 100 independent observations.

In the classical studies of turbulence (Hinze, 1975), K is known as the
flatness factor >and may be ‘considered ‘a ‘~measure for the degree - of
intermittency. Turbulence investigators have defined an intermittency factor,
' Q, as the fraction of the recbrd length over which turbulence occurs.. On the
assumption _thatv the wvariable concerned is normally distributed 'during the
turbulent state, and is zero during the nonturbulent state, the relation
Q(K+3)=3 wés suggested (Hinze; 1975). The intermittency of the mesoscale eddy

field may thus be quantified by estimating‘K and using the above relation.

‘ In summary,'the'standard deQiation is a measure of thé averageAamplituderéf
the fluctuatiéns of the variable; the;skewneés is a measure of the symmetry of
the sampling density distribution; and the kurtosis is a measure of the
relative number of values near the mean. Where K is significantly different
from zero, the interﬁittency factor, Q, may be obtained. Q is the fraction of
the sample where mesoscale perturbatibns occur. Thus, for given statistics, it
méy be said that the average amplitude of the mesoscale perturbations is S,
that these perturbations occur in Q x 100% of the region and that the

perturbations are predominantly cold (W<0) or warm (W>0) eddies.

Central Moments of the Sections

The sample statistiqé of T and D were calculated for each of the 95
sections. The humbers of independent observations (nj) per section were
determined from ﬁhe'autocorrelation function (ACF) of each variable. Spatial
.scales may be iﬁferred'from zero-crossings of’the.ACF, since the ACF of a field
having a dominant wayeiength should cross zero at the quarter-wavelength point
(MODE Group, 1978); This decorrelation scale may be divided into the length of
the spatial series to obtain nj. The number .of independent observations may
not, of course, exceed the actual number 6f observations. The ACF of each
variable,waé determined for:each geographic region by averaging the ACFs of all
the sections in the region. Table IV-1 presents the decorrelation scales
obtained from the first-zerq_crossings_of each variable in each region. These
decorrelation scales were used to determine the numbers of independent

observations.



64

Table IV-1 - Decorrelation scales obtained from the first-zero crossings of the

averaged autocorrelation’ functions for the

geographic region.

sectiong in each .

Region Decorrelation Scales (xm)
T D

" NWA 59 63
vNWP 72 76
NEA 54 52 .
SA 95 102
NEP 78 83

SP 81 77
HIGH 66 66
LowW 76 76
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In order to examine the geographic variability of the variables, "pooled"
statistics were calculated for each region. The pooled estimate of the sample

standard deviations (Sp) is obtained from the relation (Walpole, 1974),

2 _ den —uys?ysecda -y (4.4)
Sp (Zl(ni I)Si)/():lni i) |

where Jj is the number of individual sample standard deviations, S;3. The
pooled estimates of skewness (wp) and kurtosis (Kp) are,
. . -(4.5)
W = J - 3 J. s 3 (
o (Zl (ni l)Siwi)/(Zlni J)/Sp
K = (P —1)34(K +3))/(23n -3)/s. " :
P 1Y i Fleyng=d P ) -3 (4.6)

In the following discussion on the geographic variability of the mesoscale
statistics, the significance of the pooled estimates, with respect to the.
population statistic of each region, is imbortant. The methods used to
determine whether or not W and X of the population are nonzero have been
detailed already.  The 95% confidence interval for the variance of a population"

©2) is:

((ﬁi—j)/x?ozs) s2 < 0_2‘< ((“1'3)/"?975)) .52 (4.7)

2 .
where x2025 and X 975 are the values of a chi-square distribution with nj-j
degrees of freedom, leaving areas of .025 and .975, respectively to the right.
For (ni—j)>30, a normal distribution is quite accurate, ‘and thus xz values

may be computed by the formulas (Selby, 1965):

xogs = 0.5 (1.96 + (2 ~D-D'/%H?
(4.8)
2 . 0.5 (-1.96 +>(2(ni-j)-1)1/2)2

X, 975
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i. Mid-thermocline Temperature Statistics

The sample statistics of T are listed in Table 1IV-2.  The standard
deviations of the NWA and NWP are not significantly different. The Sp values
in the low-energy regions are‘éll equal within the 95% confidence limits. The
HIGH region has a standard deviation of 1.40°C” with a 95% confidence.interval
of 1.35 to 1.46°C from 1184 independeht observations. The LOW regidn has a
value of 0.54°C with a.95%vconfidénce interval of 0.52 to 0.56°C - from 2223

independent observations.

The geographic variability and the values of Sp are very consistent with
the climatological. results of Emery (1983a) shown in Figure III-4. " The
boundaries between the high-energyv regions and the low-energy regions are
approximately delineated by the 1.0°C contour of the standard deviation of the
260 m temperature. The high~ and low-energy regions can also be approximately
delineated by the 1.0°C contour in a siﬁilar map of the étandard deviation of
temperéture at 460 m (Emery, 1983a). The NWA, NWP and HIGH regions have S
values greater than 1.0°C; the NEA, SA, NEP, SP and LOW regions have S
values léss than 1.0°C. The amplitudes of the mesoscale variability as
reflected in the standard deviations of the mid-thermocline temperatures of the

quasi-synoptic data and the climatological data are very consistent.

The HIGH and LOW regions have Qp values of 0.45 and 0.49, respectively.
These statistics suggest that perturbations of T greater than 1.40°C occur in
about 45% of the HIGH region, while perturbations of 0.54°C occur in about 49%
of the LOW region. The skewness of the HIGH region (Wp<0) shggests that the
' perturbatiohs are predominantly cold eddies, whereas, the skewness of the LOW
region (Wp>0) suggests that they are warm eddies. The ratio of the standard
déviatioﬁ'of the mid-thermocline temperature of.the HIGH region to the LOW
region is 2.59. The 95% confidence limits of this rafio, obtained using the F
distribution (Selby, 1965), are 2.16 and 3.09. Thus the average amplitude of
the mid-thermocline temperature perturbations in the high-energy regions is

2.5 times that of the low-energy regiéns.
ii. Geopotential Anomaly (0-4000 kPa) Statistics

The sample statistics of the geopotential anomaly (0-4000 kPa)
pefturbations are listed in Table IV-3. 'The NWA and the NWP have significantly



Table IV~2 Sample standard deviation, skewness, kurtosis and intermittency of
' the mid-thermocline temperature (T) for the geographic regions from
the sections. W and K values that are significantly nonzero are

underlined. Q is shown only when K is significantly nonzero.

Region ny » Sq 95% Confidence Wp Kp Qrp
(°C) Limits (°C) '

NWA. . 901 1.43 1.37 - 1.50 .~ ~0.66 3.96 v 0.43
NWP 283 1.30 1.20 - 1.40 - 0.13 . 1.63 0.63
NEA 503 0.51 0.48 - 0.54  0.04 3.89  0.44
sn 88 0.48 0.42 - 0.54 , 0.14 -0.22 -
NEP 1354 0.57 0.55 - 0.59 S 0.17 3.55 0.46
SP 278 ' 0.56 0.51 - 0.60 ' 0.12 1.69 0.74
HIGH 1184 . 1.40 1.35 - 1.46 -0.51 3.60 0.45

LOW 2223 0.54 0.52 - 0.56 ' 0.11 3.16 . 0.49

L9



Table IV-3 Sample standard deviation, skewness, kurtosis and intermittency of
i the geopotential anomaly (D) for the geographic regions from the
sections. W and K values that are significantly nonzero are

underlined. Q is shown only when K is significantly nonzero.

Region n

i ‘ Sp . 95% Confidence Wp Kp ' %

' (m2/52) Limits (m2/s2) | |
NWA 854 0.69 0.66 - 0.72 0.12 3.63 0.45
NWP 271 | 0.58 0.54 - 0.63 - -0.05 1.44 . 0.68
NEA 517 0.21 0.19 - 0.22 . 0.25 ‘ 1.73 0.63
SA 85 0.20 0.18 - 0.23 -0.01 0.88 -
NEP 1330 0.26 0.25 - 0.27 0.21 3.44 | 0.47
sp 279 0.32 0.30 - 0.35 0.63 ' 4.50 0.40
HIGH 1125 ‘ 0.67 , 0.64 - 0.69 ‘ - 0.10 , 3.44 , 0.47

LOW 2211 - 0.26 0.25 - 0.27 0.33 o 4.10 0.42

89
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different Sp values.  The low-energy regions éll have standard deviations
that are significantly lower than the high-energy regions and are generally not
signifiéantly different from each vother. The HIGH region has a standard
deviation of 0.67 m2/s2 ‘with a 95% confidence interval of 0.64 to 0.69
m2/sz from 1125 independent observations. The LOW regibn has  a standard -
deviation of 0.26 m2/s2 with a 95% confidence interval of 0.25 to 0.27
mz/s2 from 2211 independent observations. The’ skewhess of ﬁhe HIGH region
is not significantly different from zero,‘whereas, the skewness of the LOW
region is significantly - positive. The HIGH and the LOW regions. have

intermittencies of 0.47 and 0.42, respectively.

These statistics suggest that geopotential anomaly perturbations greater
than 0.67 m2/s?2 may be found in about 47% .of the HIGH region, that
perturbations greater than 0.26’m2/s2 may bevfound in about 42% of the LOW
‘region and  that the LOW region has mesoscale perturbations that are
predominantly warm eddies. The ratio of the standard deviations of the HIGH
region to the LOW regioﬁ is 2.58 with 95% confidence limits of 2.15 and 3.08.
Thus, the average amplitude of the geopotential -anomaly perturbations (0-4000
kPa) in the high-energy regioﬁs is_ about 2.5 times that of the low-energy

~

regions.

Central Moments of the Surveys

The central moments of the mid-thermocline témperature and the geopotential
anomaly were calculated for each of the 29 surveys. Pooled estimates of each
statistic were determined for the geographic regions. - In the NEP, two
subregions were also examined: the North Pacific Subtropical Front (NPSF), and
the WNorth Pacific Equatorial Current (NPEC). These statistics will be
discussed and compared with those of the trans-oceanic sections. The number of
independent observatioﬁs, n;, was determined by dividing the square of the
decorrelation scaleb(Table Iv-1, from the first-zero crossings of the averaéed

ACFs of the sections) of the appropriate region into the area of each survey.
i. Mid-thermocline Temperature Statistics

The sample statistics of T from the surveys are shown in Table IV-4. The

standard deviations of the NWA and NWP are significantly different. The Sgp



Table IV-4

Sample standard deviation, skewness, kurtosis and intermittency of
the mid-thermocline temperature (T) for the geographic regions, the
NPSF and the NPEC from the surveys. W and K values that are
significantly nonzero are underlined. @O is shown only when K is
significantly nonzero. ' » ' '

Region ﬁo. of ny S 95% Confidence W Ko Qp
surveys {°cC) Limits (°C) '

NWA 6 494 1.7 1.61 - 1.81  -0.59 1.89 0.61
NWP 2 230 1.42 1.30 - 1.54 - 0.47 1.06 0.74
NEA 4 466 0.66 ~ 0.62 - 0.70 0.63 1.41 0.68
NEP 16 236 1.11 S 1.02 - 1.20 0.37 0.86 0.78
NPSF 10 129 0.91 0.81 - 1.02 0.24 0.44 -
NPEC 4 68 1.39 1.19 - 1.60 0.36  0.20 -

1 -

SP

16 0.46 0.34 - 0.71 06.04 ~0.48

0L
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of the NEP is significantly lérgef than the othér two low-energy regions. The
NPEC has a Sp of 1.39°C which is significantly larger than that of the NPSF.
Compared to the Sqp values of the sections in each region, thé Sy of the
surveys are significantly higher (except in the SP), particularly that of the
NEP which is almost twice as large. Ihe skewness of T is significantly nonzero
in the NWA, NWP, the NEA and the NEP. The signs of Wp from the sections for
these regions are the same for the NWA and NEP. The values of QT.compare
reasonably well with those obtained from the sections, with the exception of
the NEP. Qp of the surveys, for +the NEP, is vlarger by a factor of 1.7.
These statistics are consistent with those of the sections. The
intermittencies Qp are somewhat larger ﬁhan the corresponding statisfics of

the sections.
ii. Geopotential Anomaly (0-4000 kPa) Statistics

The sample statistics of the geopotentiél anomaly obtained from the surveys
are shown in Table IV-5. In the high-energy regions, the NWA and the NWP have
Sp values that are equal within the 95% confidence limits. The NEA, the NEP
and the SP have values of Sp that are, generally, eguivalent within the 95%
confidence limits. ‘The NPEC has a standard deviation which is‘significantiy‘
larger than the value of the NPSF. The standard deviationé.from the surveys
are equal to_those from the sections within the 95% confidence limits in the
NWA, the NWP and the SP. The NEA.and the NEP have significantly higher Sp
values from the surveys than from the sections. The skewness is significant in
the NWP, the NEA, the NPSF and the NPEC. The NWP and the NEA values, only, ére
consistent with those from the sections. The intermittences»are all within
0.10 of the corresponding Qp from the sections, except for the NWA which has
a higher QD‘from the surveys than the sections. Thé NPSF has a Qp of 0.61
compared to the NEP Qp of 0.37.

Summary of the Central Moments

The geographic variability of the mesoscale temperature field and
baroclinic eddy field have been discussed with the pooled estimates of the
central moments of the sections and surveys. - The primary results can be

summarized as follows:



Table IV-5 Sémple standard deviation, skewness, kurtosis and intermittency of
the geopotential anomaly (D) for the geographic regions, the NPSF
and the NPEC from the surveys. W and K values that are
significantly nonzero are underlined. © is shown only when K is
gsignificantly nonzero. ' ‘
Region No. of nj SD 95% Confidence Wp Kp 9p
Surveys (mz/sz) Limits (m2/s2)
NWA 6 432 0.71 0.67 0.76 0.21 1.76 0.63
NWP 2 207 0.63 0.59 0.71 0.52 1.04 0.74
NEA 4 502 0.32 0.30 0.34 0.99 2.42 0.55
NEP 16 206 0.46 0.42 0.50 ~0.06 5.11 0.37
NPSF 10 112 0.32 0.28 0.35 0.53 1.91 0.61
NPEC 4 60 0.53 0.45 0.61 -1.09 6.75 -
SP 1 17 0.46 0.34 - 0.70 1 0.26 -

L
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The baroclinic mesoscale eddy field in the high-~ and low-energy regions can
be quahtitatively compared.using the central moments of the HIGH and LOW
regions. The HIGH region has geopotential anomaly perturbations with

average amplitudes of 0.67 m2/52, and the LOW region has éerturbations
with average amplitudes of 0.26 mz/sz._ Thé. average amplitudes of the

geopotential anomaly perturbations are 2.58 times greater in the HIGH

“region than in the LOW region. The positive skewness of the LOW region

suggests that the baroclinic eddy field consists, predominantly, of warm
eddies. The skewness of the HIGH region is not significantly different
from zero. The intermittencies are .the same and indicate that the

mesoscale perturbations occur over about 45% of each region..

The geographic variability of thé mesoscale eddy field can-also be examined
with the mid-thermocline- temperature statistics. The HIGH and LOW regions
have standard deviations of 1.40 and 0.54°C, respectively. The ratio of
the standard deviation of the HIGH region to the LOW region‘is 2.59, whiéh
is the same as fhat for the geopotential_anémaly of the two regions. The
positive skewness of the temperature in the Lowbregion is consistent with

that discussed above. The negative skewness in the HIGH region suggests

.that the baroclinic eddy field consists of predominantly cold eddies, as

opposed to the field of warm eddies in the low-energy regions.

The sténdard deviations and intermittencies of the surveys are, for the
most part, g;eater'than the corresponding statistics of the sections. 1In
the NEP, this is a result of sampling shbregions of relatively high eddy
activity‘(i.e. the NPSF -and NPEC). In the NWA, NWP and NEA, this is a

result of detrending the surveys with a linear trend, rather than a 1000 km

‘running mean.

The NPSF and NPEC, as subregions of the NEP, have mesoscale statistics’
characteriétic of the low-energy regions..  The étandard, deviations ofv
temperature and geopotential anomaly in the two subregions are greater than
the corresponding statistics of  the NEP from thé'sections. The standard
déviations of'the mid-thermocline temperature and baroéclinic eddy fields
are greater in the NPEC than thé NPSF. The skewness of D in the_NPSF is
positive. This is consistent with the NEP.statistics. The NPEC has a
negative Wp. This is consistent with the field of cold eddies that was

found in the AXBT surveys discussed in Chapter III.
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C. SEASONAL VARIABILITY OF THE STATISTICS

The seasonal variability of the mesoscale statistics of the NEP will be
examiﬁed in this section. The distribution of the quasi-synoptic XBT data set,
in the four_quarters‘of the year (Table IV-6), shows some seasénal biases. 1In
particular, the high-energy regions have no sections in the first quarter and
over 60% of the sections in the last quarter. Each low-energy region,
generally, has a good distribution of ‘data throughout the year (with the
obvious exception of the SA). When the low-energy regions are considered as a
whole, there is a reasonably,even_distribution of data throughout the year.
The effect that these seasonal biases will have on the results is not clear.
- The NEP is the geographic region with the most even distribution of sections
over the four quarters of the year. The variability of the pooled statistical
estimates of the NEP for the four quarters of the year will be used to
investigate the potential for the seasonal biasing of the regional statistics

due to the uneven distribution of the sectioné over the year.

The quarterly-pooled statistics of the NEP . are summarized in Table IV-7.
The standard deviation, skewness and intermittency factor have seasonal
variations for both T and D. The standard deviations of T and D are largest in
the first two quarters of the year and smallest in the last two quarters of the
year. The quarterly-pooled skewness of each variable is consistent with the
corresponding regionally-pooled skewness with one exception. Wp in the
fourth quarter is negative rather than positive. The intermittencies of T and
D exhibit similar seasonal variations with the largest intermittencies in first
and third gquarters and the smallest intermittencigs in the second and fourth

quarters.

In summary, it has been seen that in the NEP the standard deviation,
skewness and intermittency exhibit a seasonal variability. This suggests that
the mesoscale statistics obtained from the quasi-synoptic XBT data set may be
seasonally biased for the NWA, NWP, HIGH, NEA, SA and SP (i.e. all the regions
except the NEP and LOW) due to the uneven distribution of the sections over the

year.

These regions will have seasonally-biased statistics only, of course, where
the statistics have seasonal signals. To the author's knowledge, the seasonal

, variability of the mesoscale eddy field has been reported only in a subregion
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Table IV-6 Summary of the number of sections by geographic region and quarter
of the year.

Geographic ' Quarter of the Year
Region 1 2 3 4 : Total
 HIGH
NWA : 0 4 4 15 23
NWP 0 4 ] _4 _8
Total : 0 - 8 4 19 31
LOW
_NEA 1 4 4 7 16
SA 2 0 0 0 2
NEP 8 5 10 14 37
sp 3 1 8 s 2

Total | 14 10 14 26 : 64



-Table IV-?7

Summary of the statistics of T and D from the sections for the NEP
by qﬁaiter of the year. W and K values that are significantly
nonzero are underlined. @ is shown only when K is significantly
nonzero. The T standard deviations have units of e°cC. The D

standard deviations have units of (m/s)2

Variable Quarter No. of ng . s 95% confidence W K Q
Sections Limits

T 1 8 . 294 0.68 0.63 - 0.73 0.09 1.17 0.72
2 5 205 0.65 0.59 - 0.71 0.59 4.43 0.40
3 10 407 0.42 ©0.39 - 0.44 0.45 : 2.04 0.60
4 14 448 0.58 0.54 - 0.61 -0.12 4.05 0.43

D 1 8 285 0.29 - 0.26 - 0.31 0.34 2.40 0.56
2 5 202 0.32 0.29 - 0.35 0.42 3.90 0.44
3 10 402 0.22 0.20 -~ 0.23 0.45 1.29 0.70
4 14 441 0.25 0.23 - 0.26 ) -0.30 3.20 0.48

9L
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of the NEA. Dickson EE.EL: (1982) found a significant seasonal signal of the
eddy kinetic energy estimates at a number of sites in the Northeast Atlantic,
north of the Azores (35°N to 60°N). The North East Atlantic Dynamics Sﬁudy
(NEADS) collected two-year-long current records at depths. between 200 and 4000
m. The aﬁplitude of the signal was large enough' that the records ‘were
domihated.by the winter maxima. This effect was seen from 200 to 4000 m at all

the sites with significant bottom slopes or roughness.

The paucity of the data available will not permit a more comprehensive
examination of the issue. This analysis may be used to highlight the potential
of the biasing of thg results due to seasonal signals of the mesoscale eddy
field, howeve: the biasing cannot be gquantitatively or even qualitatively

determined.
D. HORIZONTAL ANISOTROPY -

An anisotropy factor, Ay has .been_ evaluated wusing the averaged
autocorrelation functions of the surveys to parameterize the horizontal
anisotropy of the mesoscale eddy fields.b The anistropy factor is obtained from
the relation, Ag =.LM/LZ,' where Ly and Ly are the meridional and
- zonal decorrelation scales obtained  from the first zero-crossings of the
averaged meridional and zonal autocorrelation functions, respectively. The
anisotropy factor is important, to evaluate the assumption of isotropy that has
been widely used in this and other studies. Whe;e the mesoscale eddy fields

are not isotropic, Ag will provide a measure of that anisotropy.

The averaged isotropic, mefidional and zonal autocorrelation functions
(ACFs) were calculated from the surveys in each geographic region. The ACFs of
each survey were calculated by binning the perturbation variaﬁles of each pair
of XBTs into 20 km wide bins. . For the isotropic ACF, the XBT paixé were binned
according -to the rhumbline distance between them. The meridional and zonal
ACFs where calculated by binning the XBT pairs by theif meridional and zonal
separation, respectively, within 20 km wide swaths. Due_ to the limited
meridional or zonal extent of some of the sﬁrveys, the meridional and zonal
ACFs are somewhat noisy. The averaged ACFs were obtained by averaging the
appropriate individual ACFs within the geographic regions. As an example,

plots of the ACFs for the NWP and the NEP are shown in Figure IV-2.
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FPigure IV-2 Sample plots of the averéged igsotropic, meridional and zonal

autocorrelation functions

for the NWP and NEP. The plots on the

left are the isotropic ACFs with 95% confidence limits (dashed

" lines).
line), meridional ACFs
(short-dashed line).

The plots on the right are the isotropic ACFs (solid
(long-dashed 1line)

and the zonal ACFs
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The isotropic decorrelation scales obtained from the first-zero crossings
of the regionally-averaged ACFs of the surveys are summarized in Table IV-8.
The geographic variability of these decorrelation scales, that can be defined
to the 95% confidence limits (i.e. the scales that are underlined in Table
’ IV-8), exhibit the same general geographic variability as the decorrelation
scales from the sections (Table IV-1). These decorrelation scales are about
twice ‘as large as those of the sections because the large-scale signal was
detrended with a linear fit for the surveys and a . 1000 km running mean for the
sections. The 95% confidence 1limits of the scales in Table IV-8 may be
determined from the first-zero crossings of the 95% confidence limits of the
ACFs. The decorrelation scale_'caﬁnot be uniéuely determined at the 95%
confidence level where the upper 95% confidence limit does not cross zero. The
~confidence limits are wide'énd-are not shown. It is sufficient to say that,
wiﬁhbut a .single exception, the isotropic decorrelation scales are not .

significantly different from each other.

The anisotropy factor and thé meridional and =zonal decorrelation length
scales are summarized by geographic region in Table IV-9. The 95% confidence
limits of Ly and Lz may be determined in the same manner as the isotropic
decorrelation scales with the 95% error bars (not shown). -LM and Lg are
nowhere significantly different from -each 'other, thus, A  is not different
from one. There 'is no significant indication from these results that the
mesoscale eddy fields are anisotropic and therefore the assumption of isotropy,
for the mesoscale eddy fields examined in this investigation, appears to be

quite reasonable.
E. WAVENUMBER SPECTRA

The purpose of this section is to examine the geographic variabiliﬁy of the -
" wavenumber spectra of the mid-thermocline temperature and the geopotential’
anomaly perturbations. This section is divided intd subsections discussing the
methods used to estimate the -spectra, the total spectral variance, the.
distribution of variance in wavenumber space, the dominant wavelengths, the

eddy kinetic energy, and the baroclinic length and velocity scales.

This examination of the wavenumber spectra will be restricted to the range
of 1073 to 10-2 cycles/km (i.e. 1000 to 100 km wavelengths) similar to-

the SEASAT altimetry analysis of Fu (1983). The mesoscale signals are either
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Table IV-8 Isotropic decorrelation scales obtained from the first-zero
crossings of the regionally-averaged autocorrelation functions of
the surveys. The decorrelation scales that can be defined to the
95% confidence level are underlined.

.Region . ' Decorrelation Scales (km)
T ’ o D
NWA : 147 145
NWP 135 150
NEA 146 130
NPSF 150 143
NPEC 122 104

sp : 115 ~ >180
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Table IV-9 The anisotropy factor, Ag = Ig/L,, is the ratio of the
meridional decorrelation length scale (ILy) from the averaged
meridional autocorrelation function of the the surveys to the zonal
decorrelation length scale (L,) from the averaged zonal
autocorrelation function. . The units of Ly and L, are
kilometers.

Region T ‘ D
' ‘Ag "Ly Lg Ag Ly Ly
NWA 0.34 85 250 0.55 123 224
NWP 1.10 152 138 1.08 153 142
NEA - >160 149 - >160 140
- NEP 0.73 210 289 2.76 387 140
NPSF 0.75 119 - . 159 0.86 111 129
NPEC - 89 >320 -- 85  >320
sSP 1.01 117 116 -- 110 >180
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sufficiently small or sufficiently attenuated by the high-pass filter to be
unimportant at wavenumbers 1less than 10'3 cycles/km. The average sampling
intervals of the spatial series in the geog:aphic regions vary considerably
from 100 to 35 km. This creates a wide range of Nyquist wavenumbers that are
generally (with the exception of the  SA and the SP) greater than 1072
cycles/km. As will be seen, the geophysical signals at wavenumbers higher than
10~2 cydles/km, ¢ontaih relatively small amounts of the variance compared
to the '10‘3 to 10-2 cycles/km range. The use of this wavenumber range
also facilitates the comparison of the spectra between the geographic regions

and with the results of Fu (1983).

 Estimation of the Spectra

The geographic variability of the variance in wavenumber space will be
examined using normalized variance-conserving spectral plots, and the dominant
wavelengths will be identified using variance-conserving spectral plots with

errxor bars.

The _spectra' of eachb geographic region were’ obtéined by  averaging the
spectra of the individual trans-oceanic sections. The raw spectral estimates
of each section were calculated using a Fourier transform subroutine available
in the UBC Computing Centre software library (Moore, 1981). . This subroutine
requiresAno padding or truncating of the data. - The raw estimates of the
sections were binned into wavenumber bins with widths of 3.9 x 10-3
cycles/km and averaged, to- obtain regional raw spectral estimates between
1.95 x 1074 and 2.5 x 1072 cycles/km. Smoothed spectral estimates were
computed with a Daniell (bokcar) window over five adjoining spectral

estimates.

Variande-conéervihg plots of the spectra where produced‘by multiplying the
smoothed spectral estimates by their corresponding ﬁavenumbers and plotting the_
results on a logarithmic wavenumber scale. ' The area under any wavenumber band
of this plot is equal to the variance within that wavenumber band timeé 2.3.
(If these plots were préduced on a natural logarithmic wavenumber scale, the
area under the curve would be equal to the variance.) Normalized variance-
conserving plots of the spectra were produced for the.wavenumber range 10-3
to 10-2 cycles/km by dividing the variance—consefving spectra by the total

variance within this wavenumber range. . The area under the curve of a
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normalized variance-conserving plot betweén 10~3 and 1072 cycles/km on
a natural logarithmic wavenumber scale is equal to one. The spectra have been
plotted on a logarithmic wavenumber scale to the base ten to facilitate
interpretation. Examples of the normalized variance-conserving spectra are
shown in Figure IV-3. These specﬁra will be used to discuss the geographic
variability of the distribution of the variance éf each variable between the

waveiengths of 1000 and 100 km. - s

Two different sets of error bars were produced for each variance-~
conserving spectrum. -An example is shown in Figure IV-4. Ninety-five percent
and eighty percent confidence intervals were determinedv using the standard
erfor'of each spectrél estimate. The 95% confidence intervals were calculated
,with v the relation i.c.OZSSs/(“s)1/2' where Sg is the sample
standard deviation of the sméothed spectral esﬁimate and ng is the number of
spectral estimates. For ng > 30, C_gp5 = 1.960, the value of the
standard normal distribution léaving an area of .025 to the right. For ns.s_
30, C.025' was obtained from the Student-t distribution with ng-1
degrees of freedom. The 80% confidence intervals were calculated with the same
relation using C g4. °~ These error bars, éccount for the uncertainty of
the spectral estimates due to the computatidnal procedure and the uncertainty

due to the instrument noise and geophysical signal.

Spectral Variance

‘The spectral variance of T and D, between wavelengths of 1000 and 100 km,
was obtained by integrating the variance—-conserving spectra. The SA and SP
regions_ﬁere integrated up to their Nyquist wavenumbers at about the 200 km
wavelength, so their variances are not directly cbmparable to the other
regions. The variance estimates with 95% confidence limits are summarized in
Table IV-10. The - spectral variances in this wavenumber band, naturally,
exhibit the same patterns of geographic variability as the regionally-pooled
estimates of the standard deviations of the spatial series. In the HIGH
region, the variances of T and D ‘are 1.018°C2  and 0.237 (m/s)4,
respectively. Ih the LOW region these variances are 0.169°C2 and 0.040
(m/s)4. The variance of each variable is significantly higher in the HIGH

region compared to the LOW region.
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Figure IV-3 Examples of the normalized variance-conserving spectra. These two
spectra represent the variance of the geopotential anomaly
perturbations, D, as a function of wavenumber for the HIGE and LOW
regions. The variance-conserving spectra were normalized by the
total —variance between wavenumbers of 103  and 1072
cycles/km. - These spectra are used to compare the spectral shapes
between geographic regions.
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variance-conserving spectra with confidence
This figure presents the spectra of the geopotential

anomaly perturbations for the HIGH and LOW regions with two
different sets of error bars. The spectra on the left side have

. 95% confidence intervals obtained with the standard error of the

spectral estimates of the sections. The spectra on the right side
have 80% confidence intervals obtained in the same manner. These
spectra are used to identify distinct peak wavenumbers and the
confidence with vhich they are defined.
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Variance of T and D with 95% confidence 1limits obtained by
integrating the spectra between wavelengths of 1000 and 100 km.

‘The SA and SP variances have asterisks since these regions have

average Nyquist wavenumbers less than 10~2 cycles/km. - The
variances of these regions were obtained by integrating the
spectra from 10-3 cycles/km to the Nyquist wavenumber (at
approximately a 200 km wavelength).

T D ]

Region Variance 95% Confidence Variance » 95% Confidence

‘ (°c2) Limits (°C?) (md/s4) Limits.(m4/s4)
NWA - 1.014 0.665 ~ 1.426 '0f239 0.142 - 0.336
NWP 1.015 0.580 - 1.378 . 0.219 0.131 - 0.307
NEA 0.107 0.041 - 0.173 'vA 0.017 0.010 - 0,027
sa 0.096% 0.077 - 0.121 0.016% 0.011 - 0.023
NEP 0.194 0.149 - 0.246 | 0.045 Ofd36 - 0.056
SP 0.131% 0.092 - 0.170 0.035*% 0.017 - 0.049
HIGH 1.018 0.732 - 1.304 0.237 0.168 - 0.321
oW 0.169 0.139 - 0.211 0.040 0.031 - 0.049
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Interpretation of the Spectra

The geographic variability of the wavehumber spectra and the dominant
wavelengths of the wavenumber spectra will be discussed with the normalized
variance-conserving plots of each variable as depicted on maps showing the
- geographic regions that the spectra represent (e.g. Figure IV-5). This product
has been designed to facilitate the.geographic comparisons of the spectral
Shapes.' The dominant wavelengths of variation of each variable are summarized
' by geographic region in tables (e.g. Table IV-11). This product lists the peak
wavelengths, the confidence 1levels, the bandwidths and the percentage of
variance (between 10-3 ‘and 10”2 cycles/km} that 1is  accounted for by the
wavenumber bands. The dominant. wavelengths and confidence intervals were
determined from variance-conserving spectra with error bafs. The wavelength
bands were defined by ﬁhe half-power points of the spectral peaks or the
troughs between adjacent bands. The percentage of the variance, that eagh
wavelength band contributes to the total variance between 1000 and 100 km, was

determined from normalized variance-conserving spectra.
i. Spectra of the Mid-thermocline Temperature

The normalized variance-conserving spectra of T are shown in Figure IV-5.
The dominant wavelengths are tabulated in Table IV-11. The spectrum of the
NWA has two dominant wavelengths and the spectrum of the NWP has three dominant
wavelengths which are distinct to at least the 80% confidence level. The
low-energy regions have one dominant wavelength each (except fof the NEP) which
are distinct to at least the 80% confidence level. The NEP has two dominant

wavelengths, both distinct to the 95% confidence level.

The T spectrum of the HIGH region has peak.wavelengths at 340 km, distinct
to the 95% confidence levels, and at‘195_km, distinct to the 80% confidence
levels. The LOW reéidh has peak wavelengths of 320 and 170 km, both distinct
to the 95% confidence levels. ‘The difference in the distribution of the
variance between thesgitwo spectra is characteristic of the differences between
the spectral shapes of the high- and low-energy regions. Although the dominant =
wavelengths are comparable, the HIGH region has a smaller percentage of its
variance in the larger wavelength band and twice the percentage of its variance

“in the shorter wavelength band than the LOW region.
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Normalized variance-conserving spectra of the mid-thermocline
temperatures on a map showing the regions that the spectra
represent. The stippled areas are the high-energy regions. The
spectra are .plotted between wavenumbers of 10-3 and
cycles/km.

10-2

1406 170E 1600 401 o4 208
BN (e, /y’“ e . L@L ON

INWP . . INWA A '

_ - TR
N ks R
30N [T T A 30N

&
0 Y[HIGH 0
305 /V\ 305

TLOW
609, b - _ ' 505

fIGE 140E  170E  160M  130M  100W 70 40U 10U 20

88



89

Table IV-11 Peak wavelengths of the temperature spectra. The peaks are
distinct to the confidence limits shown. The wavelength band
indicates the range between the half-power points. The percent
variance is the contribution to the total variance between
wavelengths of 1000 and 100 km. The total variances of the SA and
SP were determined between 1000 and 200 km.

Region ) Peak Waveiength E Confidence Wavelength Percent of
(km) Level Band (km) Variance
NWA 285 95% 560 - 220 ‘ 53
165 - 80% 220 - 120 35
NWP 340 ‘ 195% 590 - 245 58
180 v 80% : 245 - 160 ' 18
145 : 80% 160 - 120 13
NEA - 220 o 95% 320 - 130 63
sa 395 80% : 600 - 300 73
250 - 300 - 210 18
NEP 320 - - 95% : 600 - 200 70
170 . 95% 200 - 110 13
Sp 395 80% 600 - 220 | 81 -
HIGH 340 953% 600 - 220 . 53
195 80% 220 - 130 30
LOW 320 . 95% 700 - 195. v 70

170 . 95% 195 - 120 ' 15
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- ii. Spectra of the Geopotential Anomaly (0—4000 kPa)

The normalized variance-conserving spectra of D are shown in Figure IV-6.
The dominant wavelengths are tabulated in Table IV-12. The NWA has two
dominant wavelengths. The longeét wavelength is distinct to the 95% confidence

level and the shorter wavelength is not distinct to the 80% confidence level.

The NWP has three peak wavelengths, all distinct to at least the 80% confidence -

level. The NEA has three dominant wavelengths. The SA and the NEP have two
dominant wavelengths each and the SP has one dominant wavelength. The longer
waveleﬁgths of the NEA, SA and NEP are distinct to the 95% confidence level.

The other wavelengths are not distinct at the 80% Confidence level.

‘Tﬁe spectral shapes of the HIGH and LOW regions are, of course, similar to
those of ‘the mid-thermocline temperature spectra. The respective spectral
peaks in thé HIGH fegionvoccur at 300 km, distinct to the 95% confidence level,
and at 155 km. The 155 km peak is not distinct to the 80% confidence level.
The D spéctrum in the LOW region_has peak wavelengths at 300 km, distinct to
the 95% confidence 1level, and at 170 km. The latter spectral peak 'is not

distinct to the 80% confidence level.
iii. Summary of the Wavenumber Spéctra

The geographic variability of both the wavenumber spectra and the dominant
wavelengths of the mesoscale temperature and baroclinic eddy fields can be

- summarized as follows:

"a. The dominant wavelengths of variability of the T and D variables have been
identified with confidence levels at which they afe distinct (Tables 1IV-11
and 1Iv-12). The dominant wavelengths are between 400 and 100 km. There

. are no significant scale separations between thé dominant length scales of
the high-energy regions and the low-energy regions. The variances of the
high-energy regions are, however, significantly higher than the variances

of the low-energy region for a given variable.

b. 1In all regions, the longer wavelength bands contain the greatest percentage
of the mesoscale eddy variances. Although the dominant wavelengths are

generally comparable between the high- and low-energy regions, the
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Peak wavelengths of the geopotential anomaly spectra. The peaks
are distinct to the confidence limits shown. The bandwidths -are
between the half-power points of the peaks. The percent variance
is the contribution to the total variance between wavelengths of
1000 and 100 km. The total variances of the SA and SP were
determlned between 1000 and 200 km.

Region Peak Wavelength  Confidence Wavelerigth Percent of
(km) Level Band (km) Variance
NWA 285 95% 600 - 220 55
155 : -— 220 - 120 35
NWP 395 . 95% 600 - 240 55
195 80% 240 - 155 20
145 95% . 155 - 130 10
NEA 205 ' 95% ' 340 - 190 33
160 - 190 - 130 23
115 - 130 - 100 10
sA 510 95% . 680 - 320 63
‘245 — 320 - 220 . 15
NEP 320 95% 620 - 190 v 71
170 e 190 - 120 16
SP 300 -- o 500 - 220 73
HIGH 300 95% 620 - 220 60
155 - 220 - 120 30
LOW 300 - 95% 690 - 190 ' 73

170 , - 190 - 120 15
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high-energy regions, compared to the low-energy regions have smaller
percentages of their variances in the longer wavelengths and about twice

the percentages of variances in the shorter wavelength bands.

c. The NEA .region is an anomalous region. The dominant wavelengths are
noticeably shorter than those of the other geographic regions. The
anomalous nature of the NEA is perhaps due to some set of characteristic

forcing mechanisms in the region.

'Eddy Kinetic Energy Estimates

-Geostrophid velocity speétra ha&e been uéed‘to estimate the geostrophic
- eddy kinetic energy in the wavenumber range 1073 . to 1072 cycles/km énd
the portions of ‘this EKE attributable to the wavenumber bands of each peak in
the geopotential anomaly spectra. The normalized variahce—conserving spectra
of the geostrophic velocity were obtained from the geopotential anomaly spectra
with the geostrophic relation. The wavenumber bands correspond very closely to
those .of the D spectra. The total eddy kinetic energy per unit mass was
calculated‘ fori the wavenumber band 103 to 102 cycles/km by
integrating these variance~-conserving spectra. The 95% confidence limits on
these EKE -estimates were determined by integrating the respective curves
defined by the lower bound of the 95% confidence limits and the upper bound of

the 95% confidence limits.

The EKEs.obtained from the iﬁtegratioﬁ of‘the'geostrophic velocity spectra
provide only that portion of .the kinetic energy due to one of the -two
orthogonal horizontal components of the perturbation velocities. They must
therefore be termed the one~dimensional EKE. The two—dimensional isotropic EKE
has beeh estimated as two times the one-dimensional eddy kinetic energy. Under-
the present aSsumbtion that the perturbation wvariables in each geographic
region are ergodic, stationary, random processes, the autocovariance function
is rotationally invariant. The velocity spectra of the two orthogonal
components of the perturbation velocities»w}il, thus, be similar and their
contributioné to the two-dimensional' isotropic eddy kinetic energy will be
approximately the same. This ié admittedly a simplistic, and by no means
rigorous argument,A but it will provide an estimate of the two-dimensional.
isotropic eddy kinetic energyifor comparison with the estimates of Wyrtki et

al. (1976) and Fu (1983).
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- The two-dimensional EKE estimates for the wavelength bands between 1000 and
100 km are summarized in Table IV-13. The two-dimensional EKEs of the
high-energy regions are 258 and 236 cm2/s2, respectively, in the NWA and
the NWP. These estimates are not sigﬁificantly different. In the low-energy
regions, the NEA, SA, NEP and SP have two-dimensional EKEs of 18, 20, 40 and 24
cm2/s2 respectively. The NEP has about -twice the ‘eddy kinetic energy of
the.NEA, a significant difference. The SA and SP cannot be directly compaied
to the NEA and NEP since their kineticbenergies were estimatea over a smaller
wavenumber range. The eddy kinetic energies of the SA and the SP are, however,
not signficantly different from each other. . The HIGH region. has a
two-dimensional isbtropic "EKE of 250 ‘cmz/sz withv 95% confidence limits of
222> to 306 cmz/sz. The LOW région has a value of 36 cm?/s? with 95%
_confidenée limits of 32 to 40 cmz/sz. The HIGH region has “about seven
- times the geostrophic eddy kinetic énérgy of the LOW region in wavelengths

between 1000 and 100 km.

Two-dimensiénal isotropic eddy kinetic energies were estimated by Fu (1983)
using SEASAT altimetry data. He reported EKEs of 290 cm2/s2 for the
high-energy regions and 50 cm?/s2 for the low-energy reéions, The
estimated EKE of the HIGH region using the quasi-synoptic XBT data set is not
significanﬁly different from the results of Fu. In the LOW region, Fu's
‘results are significahtly greater than those of the XBT data set by a factor of
1.25. The EKEs estimated by Fu are ‘those associated with the barotropic
signals with periods 1less than 24 days. ‘'The EKEs 'estimated in this
investigation are those associated with the baroclinic signals in the upper 400
m of the ocean. The latter EKEs will miss an important part 6f the barotropic
.signal because the level of ﬁo motion (i.e. the depth,at which the barotropic
-signal is EOmpensated_by the baroclinic signal) is»geﬂerally considered to be
on the order of 1000 m, ﬁot the 400 m used in this investigation. Despite
these underestimates, the EKEs from the'quasi—synoptic XBT data set compare
very well with £hose of Fu, since they do not filter any frequency band out of
the 1000 to 100 km wavelength band. The eddy kinetic energies reported by Fu
and estimated in this investigation are less than those of Wyrtki et al. (1976)
by a factor of 5. This can be explained by the fact that the EKEs of Fu and
this investigation are underestimated (as discussed above), and the EKEs of

Wyrtki et al. are overestimated due td the wind drift of the ships.-



95

Table IV-13 Two-dimensional isotropic eddy kinectic energy -estimates of the
' geographic regions. The SA and SP were integrated up to the
Nyquist wavenumber (i.e. about 200 km).

‘Region ‘ Two—-dimensional Iéotropic Eddy 95% Confidence
' ‘ Kinetic Energy (cm?/s2) Limits (cm?/s2)
NWA 258 201 - 315
NWP v 236 _ 209 - 330
'NEA ' 18 ' 14 - 21
SA ' 20 15 - 31
NEP ) ) 40 33 - 45
SP : ’ 24 : 21 - 30
HIGH o 259‘ 222 - 306

LOW ' 36 S 32 - 40
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The contribution of each dominant bandwidth of the geopotential anomaly
spectra to the total two-dimensional isotropic eddy kinetic energy is shown in
Table IV-14. In the high-energy regions, the distributions of the EKEs in
wavenumber space are very comparable, with'the exception that the energy of the
NWP in the band of 240 to 130 km is divided between twé distinét wavénumber
bands.” In the low-energy regions, although the total EKE of .the SA and SP
‘cannot be directly comparéd to the other regions, the geographic variability of
the eddy kinetic eﬁergieé within individual wavenumber bands maylbe compared.
With the exception of the. NEA, the low-energy regions have eddy Xkinetic
energies of about 20 cmz/s2 ~at. wavelengths greater than 200 km. The NEA
has one~-quarter of ﬁhe EKE of the other ‘low-energy regions at wavelengths
greater than 200 km. ‘The NEA has about half the eddy kinetic energy of the
NEP at wavelengths less than 200 km. B

The HIGH region has an EKE of 65 cm2/s2 at wavelengths lérger'than 200
km, whereas the LOW region has 14 cm2/52.' In wavelengths shorter than 200
km, the EKEs of  the HIGH and LOW region are 185 and 17 cm2/s2,
respectively. Both the HIGH and LOW regions have more of their eddy kinetic

energies in the shorter wavelengths.

Baroclinic Length and Velocity Scales

The dominant‘length scales of variability of the baroclinic mesoscale eddy
fields and the corresponding velocity scales were obtained from the wavenumber
spectfa. The geographic variability of these scales will be discussed and the

results will be used in the dynamical analyses of Chapter V.

The variability of the baroclinic mesoscale eddy field in the upper level.
of the ocean may be‘best represented by the géopotentiallanomaly (i.e. ‘the D
spectra). The dominant length scales were taken as the peak wavelengths of the
D spectra (Table IV-12) divided by 27. The velocity scales'wére taken as the
square~root of the values of the variance-conserving geostrophic velocity
spectra at the corresponding wavelengths. The velocity scales correspond to
the baroclinic signal in the upper 400 m.of,the water column. An impoftant
portion of the barotropic signal has most certainly been missed, therefore,
these velocity scales are‘underestimates‘of the true velocity perturbations.‘
The true Qelocity scales may be approximated by considering the fact that the

EKEs reported by Wyrtki et al. (1976) are a factor of five greater than the



Table IV-14 Contribution of each bandwidth of the geopotential anomaly spectra
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to the two-dimensional isotropic eddy kinetic energy.

Peak Wavelength

Wavelength

‘Percernit of Eddy

Region Confidence Eddy Kinetic Energy
(km) Level Band (km) Kinetic Energy -~ (cm2/32)
NWA 285 95% 600 - 220 20 52
155 - 220 - 120 55 142
NWP 395 95% . 600 - 240 29 68
195 80% 240 - 155 a1 73
145 95%. 155 - 130 34 80
NEA 205 953% - 340 - 190 29 5
160 - 190 - 130 40 7
115 -— 130 ~ 100 23 4
sa 510 95% 680 - 320 47
245 -- 320 ~ 220 a7
NEP 1320 953% 620 ~ 190 45 18
170 - 190 ~ 120 48 19
sP 300 - 500 - 220 91 22
HIGH 300 95% 620 - 220 26 65
REL] - 220 - 120 74 185
Low 300 95% 690 - 190 40 14
170 - 190 - 120 48 17
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EKEs estimated in this chapter. The estimaﬁes of Wyrtki et al. are considered
high, therefore, an upper bound to the true velocity perturbations of the
observed baroclinic length scales may be estimated by simply multiplying the

baroclinic velocity scale, U, by (5)1/2 to obtain U*.

The dominant length and velocity scales are summarized in Table IV-15.
These length scales exhibit a geogfaphic variability which is, of course
similar to that of the decorrelation scales of the geopotential anomaly in
Table IV-1. The decorrelation scales were said to reflect the size of the
largest dominant perturbations. The decorrelation scales of Table IV-1 may be
compared with the length scales of Table IV-15 after multiplying them by 0.64
(i.e. decorrelation scale x (4/27) = length scale). The D decorrelation scales
are the same size or slightly smaller than the largest dominant scales of Table
IV-15. -Comparable decorrelation scales between the HIGH and LOW regions would
be expected from an examination of the dominant length scales of the two
regions. The decorrelation scale of the HIGH region is significantly larger,
however, as a result of the HIGH region having a larger percentage of its

variance in the shorter length scales (Table IV-12).
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Table IV-15 Length scales (L) and velocity scales (U) of the baroclinic
mesoscale eddy variability. The length scales were obtained from
the peak wavelengths of D spectra (L=A/27). The bold length
scales are distinct to the 95% confidence limits' of the D spectra,
and the underlined lengthscale is distinct to the 80% confidence
limits. The other length scales are not distinct to the 80%
confidence limits. The velocity scales (U) were obtained from the
geostrophic velocity spectra. The upper bound of the true
velocity perturbations (U*) were obtained by multiplying U by
(5)1/2, sgince Wyrtki et al.'s (1976) EKEs are a factor of
five greater than the EKEs reported in this chapter, and are
considered an overestimate of the true EKEs.

Region L 1 8] U*
(km) . {em/s) : . (cm/s)
NWA 45 , 10.2 22.8
25 18.1 40.5
NWP 63 8.9 19.9
31 14.5 32.4
23 . 18.6 41.6
NEA 33 3.8 8.5
26 4.6 10.2
25 4.8 10.7
SA 81 4.0 8.9
39 5.6 12.5
" NEP 51 4.6 0.3
27 5.5
SP 48 6.3 ' 14.1
HIGH 48 9.6 21.5
- 25 - 17.5 39.1
LOW 48 4.5 0.1
' ' 5.5 12.3

27 -
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V. . DYNAMICAL INFERENCES .

The purpose of this chapter is to examine the geographic variability of the

mesoscale dynamics using the preceding statistical results. Quasigeostrophy is =

a type of dynamical balance with certain characteristic length, velocity and
time scales, which includes linear_Rossby waves, nonlinear Rossby waves‘and 
quasigeostrophic turbulence. The résults of MODE-I (Richman et al., 1977; MODE
Group, 1978) have shown that linear dynamics do not appear to be applicable in
the vicinity of the Gulf Stream, but have led investigators td suggest that the
somewhat weaker motions to the east may be linear.  This hypothesized
“inhomogeneity of the dynamics is consistent with the demonstrated spatial
inhomogeneity of the eddy kinetic energy andbdominant‘horizontal‘length and
velocity scales. Rhines (1977) suégested that there is never likely to be
enough data to make the stability of statistical veStimates of mesoscale

properties really satisfactory and that,

"it seems to be more useful to invenﬁ crude dynamical tests which -
withstand the paucity of data, rather than make a monolithic drive to’

determine the full frequency-wavenumber spectrum of the eddies”.

The relevant quasigeostrophic dynamiés will be inferred with the
" statistical results of Chapter IV, and the -geographic variability of .the
dynamics will be discussed. The‘ nondimensional quasigeostrophic scaling
parameters will be'evaluated‘using the dominant horizontal length and velocity
scales. The properties of free linear baroclinic Rossby wavés will be examined
for each geographic region and the wavenumber spectra will be compared with

several models of nonlinear geophysical turbulence.
A. Quasigeostrophic Scaling Parameters

The quasigeostrophic equations for stratified fluids may be derived using
systematic scaling argquments. The scaling analysis is a consequence of an
explicit choice to describe a particuldr class of‘motions. The nonlinear
potential vorticity equation for a stratified fluid on a B-plang of constant"

- depth, in nondimensional form, is (LeBlond and Mysak, 1978),
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2 -1 *
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where ' o ’ (5.1)
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Y is the streamfunction, Ro is the Rossby number, B is the Burger number and R*
is the sphericity parameter. In order to obtain this quasigeostrophic
potential vorticity equation from the scaled inviscid hydrostatic equations for

a rotating stratified fluid, it is required that Ro<<1, B = O(1) and g*<<1.

These three nondimensional quasigeostrophic scaling parameters are: Ro =
U/(E,L), B = (NH)2/(£,1)2 = (ry/L)2  and B* = B L/f,, where - U is
the velocity scale, L is the ‘horizontal length scale, f, is the Coriolis
parameter at a given latitude) Bo 1is the meridional gradient of f, at a
given latitude, N is the Brunt-Vaisala frequehcy, H is ﬁhe‘water depth and rj
is the internal Rossby deformation radius. The Rossby number is the ratio of
the inertial to the Coriolisvforces. When Ro<<1, the_Cofiolis forces dominate
over the inertial forces. - The Burger number is a measure of the
stratification. As  stratification increases, motion parallel to the .local
'idirection_of gravity is inhibited and the motions become nearly -horizontal.
The Burger number can also be  written as . the square of the ratio of the
internal deformation radius and the horizontal length scale. The condition B =
O0(1) implies that the motions under consideration are on the order of >ri"
(Pedlosky, 1979). The sphericity parameter is a measure of the change of the
Coriolis parameter over the meridional scale of the motion (Charney and Flierl,
1981). The condftion B*<<1 is a requirement for the use of the g-plane. An
examination of these parameters, as evaluatea with the horizontal length and
velocity vscaleé from Chapter IV, will reveal the applicability of the

quasigeostrophic equations to the observed mesoscale variability.

Equation (5.1) is a consérvation statement - for the .quasigeostrophic_
approximation to the potential vorticity which is.a linear combination of three
terms. The first two terms are due to the relative motion. 'The first is the
rélative vorticity and the second is the contribution - to the potential

vorticity due to the sloping isopycnals in the water cplumn.'
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The Burger number, B = (ri/L)z, is a measure of the relative importance
of the first: term to the second term. The Rossby deformation radius is the
scale for which the sloping isopycnals (vortex-tube stretching) and the
relative vorticity make equal contributions to the potential vorticity
(Pedloéky, 1979). When L is less than ry, there is a ﬁegligible contribution

to the'potential vorticity by the vortex-tube stretching.

The third term in (5;1) is the ambient potential vorticity. The Roésby
wave steepness parameter, M = Ro/é*, is a measure of the rglative importance'of
the first term (the inertial term) to the third term (the wave phase
dispersion). Quasigeostrophic motions may be wavelike or turbulent. More
speéifically, the? ﬁay‘ be governed by linear Rossby wave (LRW) theory,
nonlinear Rossby wave (NRW) theory or.§uasigeostrophié turbulence (QGT) theory.
The critical parameter for distinguishing ‘these regimes is the Rossby wave
steepness parametér. Wavelike (linear) regimes occur where M<1 and turbulent

(nonlinear) regimes»déCur where M>1. 'LRW theory is valid where M<1, that is,
>the wave phase dispersion of the B-effect is greater than the inertial effects
(wave steepening). NRW theory is valid where M = 0(1), and the phase
dispersion balances the wave steepening effecté. Rhines (1977) demonstrated
that the strong nonlinear interactions involved in QGT occur only when the
- inertial effects are much stronger than the wave phase dispersion, that is,

M>>1.

Charney and Flierl (1981) suggested that in the oceans M = 0(1), but that
it.varies from one oceanic reéion to another. 'In this investigation, the
Rossby wave ﬁteepness parameter has been evaluated and the geographic
variability of the character of the quasigeostrophic motions will be discussed.
Kang and:Magaard (1980) have shown that the linearized Qave equations can still
be used where M = 0(1) for single plane waves. The LRW ‘and NRW regimes,
therefore, cannot be distinguished with the Rossby wave steepness parameter.

The following regimes can be identified:

(1) where M < 0(10), LRW and NRW theories are applicable, and
(2) where M > 0(100), QGT theory is applicable.

The intermediate region, where M = 0(10), is a turbulent regime that does not
have‘the strong nonlinear interactions required for QGT, but does have inertial

terms large enough to preclude LRW and NRW theories.
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The evaluation of the quasigeostrophic scaling parameters is summarized in

Table V-1. The horizontal length and velocity scales were obtained from the

wavenumber spectra as summarized in Table IV-15. The average median latitude
of each geographic region was calculated from the sections. The Coriolis
parameter was calculated as f, = 2Q sin 0, where Q@ = 7.29 x 1075 rad/s

(i.e. the aﬁgular rate of rotation of the earth) and O is the average median
latiﬁude,’and;Bo = 200 cos /R, where R = 6371 km' ' (i.e. radius of the earth).
The internal Rossby deformation radii, rj, for the regions in the northern
' hemisphere were obtained from the results of Emery et al. (1984). Spatial
averages of r; were calculated with the appropriate 5° square values. In the
SA and SP, the r; were determined from the quasi-synoptic sections, assuming

a two-layer fluid, by the relation (LeBlond and Mysak, 1978)

2
r, = 8(hy0y) HiH,

2 . (5.2)
£, 0p(H) + Hy)

where H4 and pq are the thickness and density of the upper layer, Hsp and'

po. are the same quantities in the lower layer and g is gravity.

The values of Ro, B and f* in Table V-1 are everywhere consistent with
quasigeostrophic theory. The Rossby number does not exceed a value of 8.3 x
10-2, It is everywhere much less than.one,_indicating the dominance of the
Coriolis forces over the inertial forces required for quasigeostrophy. If the
upper bound of the velocity scale, U*, is used, Ro is stiil much less than one.
The Burger number is everywhere on the order of one indicating that the
observed baroclinic length scales are on. the order of the average regional
internal Rossby radii. The values of B in Table V;1 vary from 3.0 x 10-1

to 3.8. The HIGH region and the LOW region both have one length scale that is

. greater than r; and one length scale that is smaller. The sphericity
parameter is everywhere much less than one. Its value varies from 4.5 x
103 to 4.0 x 1072, The changes in the Coriolis parameter over the

dominant scales of variability are small, and thus the f-plane is a valid

approximation.

The values of the Rossby wave steepness parameter calculated from the
dominant length and velocity scales (Table IV-15) are listed in Table V-2. M

was calculated using the baroclinic velocity scale, U, and is considered to be



Table V-1 Summary of the Rossby number (Ro), the Burgef number (B) and the
sphericity parameter (f8*) for tne geographic reglons.

parameters consist of the length scale

(L=A/2T1),

The input
the velocity

scale (U), the average median latitude, the Coriolis parameter
(£5,), the meridional gradient of £, ( B5) and the internal
Rossby radius (xj). '

Region L U Average Median 3 8o r Ry=U/ (£ L) B=(r;/L) 2 Br=B,L/f,
(m) (m/s) Latitude (rad/s) (rad/(ms} (m)

NWA 4.54x104 1.02x10™? 37.3° 8.84x1073 1.82x10"11 2.49x109 2.5x1072 3.0x10"1 9.3x1073
2.47x104 1.81x10~1 8.3x10"2 1.0 5.1x10"3

NWP 6.29x104 8.9x10-2 33.3° 8.00x1073 1.91x10- 11 3.67x104 1.7x1072 3.4x10"1 1.5x10"2
3.10x104 1.45x107 7, 5.8x1072 1.4 7.4x1073

2.31x104 1.86x10™! 1.0x1071 2.5 5.5x10~3

NEA 3.26x104 3.8x10~2 41.6° 9.68x107> 1.71x10~ 1! 2.40x10% 1.2x10"2 5.4x10"1 5.7x10"3
2.55x104 4.6x1072 ' 1.9x10-2 8.9x10~1 4.5x10°3

2.47x104 4.8x10"2 2.0x10"2 9.4x10"1 4.4x10°3

SA 8.12x104 4.0x10"2 17.8° 4.38x1073 2.18x10~ 11 4.90x104 1.1x10"2 3.6x10"} 4.0x102
3.90x104 5.6x10"2 3.3x10~2 1.6 1.9x1072

NEP 5.09x104 4.6x1072 33.7° 8.08x10~5 1.90x10~11 5.27x104 1.1x10°2 1.1 1.2x10°2
2.71x104 5.5x102 ' 2.5x1072 3.8 6.4x10"3

sP 4.77x104 6.3x102 27.7¢ 6.78x10"3 2.03x10~ 1 3.31x104 1.9x10-2 4.8x10"1 1.4x10"2
HIGH 4.77x104 9.6x10"2 36.3° 8.63x1073 " 1.84x10~1 3.08x104 2.3x10°2 4.2x10"1 1.0x10"2
2.47x104 1.75x10°1 8.2x10"2 1.6 5.3x10"3

LOW 4.77x104 4.5x10~2 34.30 8.21x10~3 1.89x10~ 1! 3.97x104 1.1x10-2 6.9x10"1 1.1x10-2
2.71x104 5.5x10™2 2.5x10°2 2.1 6.2x10"3

vol
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Summary of the Rossby wave steepness parameter and the inferred
dynamics from its value, for each geographic region. M and M*
were determined from U and U*, respectively. The true Rossby
wave steepness parameter of the observed length scales will be
between M and M*. The inferred dynamics include: linear Rossby
wave (LRW) theory, nonlinear Rossby wave (NRW) theory and
quasigeostrophic turbulence (QGT) theory. C

Len

Region A M M* Inferred
: (km) Dynamics
NWA 285 2.7 6.1 LRW/NRW

155 16.3 36.4 OGT
NWP 395 1.1 2.5 LRW/NRW
195 7.8 17.4 -
145  18.2 0.7 OGT
NEA 205 2.1 4.7 LRW/NRW
- : 160 4.2 9.4 S
115 - 4.5 10.0 -
sA 510 0.3 0.7 LRW/NRW
245 1.7 3.8 LRW/NRW
NEP 320 0.9 2.0 'LRW/NRW
170 3.9 8.7 -
SP 300 1.4 © 3.1 LRW/NRW
HIGH 300 2.3 5.1 LRW/NRW
155 15.5 34.7 OGT
 LOW 300 . LRW/NRW

1 2.2 .
170 4. 8.9 -
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underestimated. M* is calculated using the estimated upper 1limit of the
velocity scale, U*, and is considered to be overestimated. The true Rossby
wave steepness parameter for the observed wavelengths will be between M and M*.
The dynamics inferred from these values of M and M* are tabulated for each
wavelength. In both the high- and low-energy regions, the longer dominant
wavelengths (>200 km) are consistent with linear and nonlinear Rossby wave
theories. The shorter wavelengths (<200 km) in the low-energy regions, have
- scales consistent with governing dynamics intermediate between LRW/NRW and QGT
theories. 1In the high-energy regions, the scales of the shorter wavelengths
are consistent with quasigeostrophic turbulence theory, with the exceptioh of
the 195 km wavelength in the NWP, which has scales consistent with dynamics

intermediate_betweeh LRW/NRW and QGT theories.

.The.magnitudes of'the'Rbééby wavé steepness parameter, M, frdm Table V-2
have been illustrated in Figure V-1 as functions of the length (L) and velocity
(U) scales. The x-axis is the length scale in kilometers on a logarithmic
scale and the y-axis 1is the velocity scale in cm/s on a logarithmic scale.
Isoéleths of the steepness parameter are shown for values of 0.1, 1.0, 10 and
100, assuming a latitude of 35°. Due to the relation, U = M.BOLZ, these
- isopleths have a slope of two. ‘The'magnitude of M, obviously, .increases as a
logarithmic scale from the bottom right to the top left corner, perpendicular
to the isopleths. 'Each'pair'of length and velocity scales has been plotted and
labelled with the appropriate geographic region. The solid circles indicate .
.length séales that are distinct to‘ the 95% confidence level, the asterisk
indicates a length scale distinct to the 80% confidence 1level and the empty
circles repiesent length scales that could not be defined to the 80% confidence
level. Lines have been drawn to join the length scales within the same regign.‘
The upper limit of the velocity scales, U*, has not.been plotﬁed, to avoid

confusion.

This graph provides an illuminating picture of many of the mesoscale eddy
properties discussed earlier. The EKEs, of.course,.are greater for higher
velocity scales. Thus, the points with the largest kinetic energies are higher
up on the graph® It is clearly seen from the hegative_slope of the lines of
each geographic region that .the shortest scales contain the most kinetic
energy. An inferencé may be made about the distribution of the variance of the
geopotential anomaly in each geographic fegion'from the slope of the regional

lines. The velocity scales were determined from the geostrophic relation and
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Figqure V-1 The dominant length (L) and velocity (U) scales plotted in relation
to the isopleths of the Rossby wave steepness parameter (M). M<1
suggests a wavelike (linear) regime and M>1 suggests a more
turbulent (nonlinear) regime. The solid circles indicate dominant
length scales that are distinct to the 95% confidence level, the
asterisk indicates a length scale distinct to the 80% confidence
level and the empty circles indicate scales not distinct to the 80%
confidence level. The scales within each region are connected by
lines. The line with a slope of -1 is the slope of the regional
line that would be expected if the variance of D within a region
was constant for all wavenumbers. :
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thus are proportional to. (foL)'1SD.' The Coriolis parameter is assumed
to be constant for each region. For a constant variance, (SDZ), at all
wavelengths within a region, the regional line plotted in Figure V-1 would have
a -1 slope. All of the regional lines have negativevslopes with magnitudes
less than one, reflecting the fact that the spectral peaks on the D variance-
conserving piots are smaller for the shorter length scales in each region. "The
regional lines of the high-energy regions have negative slopes with greater
magnitudes than the low-energy regions. This illustrates the fact that the
differences between the magnitudes of the D spectral peaks in each high-energy
.region are smaller ihan the differences in each low-edergy region. Thus, for
similar wavenumber bandwidths, each high-enerqgy region has D variances at the
dominant length scales that are more comparable »in' magnitude than the D .
variances of the dominant 1length scales in each low-energy region. The
exception to this generalization is the NEA region which has a reéional line

~ with a slope similar to the high—énergy regions.

It can also be clearly seen, that the high-energqy regions are more
nonlinear than the low-energy regions. That is, they have larger values of M.
This comparison, however, mast be made between corresponding length scales. In’

order of increasing nonlinearity, the scales may be generally listed as:

1) long wavelengths (>280 km) in the low—-energy regions,
2) 1long wavelengths in the high-energy regions,
3)  short Qavelengths (<280 km) in the low—-energy regions and

4) short wavelengths in the high-energy regions.

B. Linear Rossby Waves

It is of iﬁterest to examine the properties of the free linear baroclinic
Rossby waves with wavelengths as discerned from the wavenumber spectra. In a
manner similar to that of Roden (1977), the corresponding frequencies, group.
velocities and phase velocities of +the dominant length scales in each
geographic region were determined. The geographic variabilit§ of these
properties will Dbe discussed and compared to the results .of other

investigators.
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The dispersion relation for free linear first-mode baroclinic Rossby waves
is (LeBlond and Mysak, 1978),

: 2 2 =2 _
w °Bok/(k‘+1 +ri ) (5.3)

where w is the frequency, k and 1 are the zonal and meridional wavenumbers such
that the horizontal ~wavenumber is ky = (k2 + 12)1/2 and Bo is the
meridional gradient of the Coriolis parameter at a given latitude. The

eastward and northward components of the group velocity are,

2 .2 -2 2.2 -2.2
Cgx = B, (k —l.--ri )/ (kT+1 +r, )
: (5.4)
Cgy = 28 _kl /(k2+l‘2+ri-2)2
The eastward and northward components of the phase velocity are,
. T 2 2 .2 2,,2 -2
cpx = —Bok [ ((T+17) (k741 +ri ))
(5.5)
_ 2,.2 2.2 =2
Cpy = =B K1/ ((K™+17) (K™+1%4r, %))

For a given latitude the first baroclinic mode will have an upper cut-off

frequency of w, = Byrj/2.

The frequencies, group velocities, phase velocities and cut-off frequencies
were deﬁermined for the dominant wavelengths of the geographic regions at
different latitudes. For each wavelength, the properties of the meridional
waves (k = 0, 1 = 2n/A,_where A is the wavelength), the obliéue waves (-k =1,
kg = 21/ 1) and the zonal waves (k = =27/}, 1 = 0) wére calculated with the
above relations. By convention, k{O to obtain ;Q>0. ' Zonal bands with 5°
meridional widths were examined in each geographic region. 2Zonal averages of
the internal Rossby deformation radius (r;) were obtained from Emery et al.

(1984).

‘ 'Investigations into the existence of linear Rossby waves, their propagaticn
characteristics and generation mechanisms have been predominantly in - the
Northeast Pacific Ocean (Bernstein and White, 1974; Emery and Magaard, 1976;
White, 1977; Kang and Magaard, 1980; Price and Magaard, 1980; White and Saur,
1981; Whitc; 1982; Price and Magaard, 1983; Mysak, 1983; White, 1985; Cummins
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et. al., 1986). Kang and Magaard (1980) demonstrated, in a region north of
Hawaii, that the Rossby waves have negligible enerqgy except at annual
‘ frequencies- - For the most part, investigators have concentrated on the
characteristics of the annual Rossby wave. Kang and Magaard (1980), in the
region 30°-40°N, 130°W-160°E, obsérved annual Rossby waves of’random phase. .
These waves had northwestward phase velocities, 300 km wavelengths, phase
.speeds of 2 cm/s and RMS particle velocities of .2 to 7 cm/s. This
investigation was based on a 40-month XBT data set. Generation mechanisms were
only proposed. Mysak (1983) suggested that the intense and localized eastern
boundary current flﬁctuations, west of Vancouver Island, could provide the main
source of vortiéity‘of these waves. The theory predicted wavelengths of 300
. km, and phase and group speeds on the order of 1 cm/s in the NEP due to this
Vgeneration mechanism. Cummins et al. (1986) examined the generation of annual
Réssby waves in the North Pacific by the wind stress over the whole region.
This model predicts similar wavelengths and directional properties as Kang and

Magaard (1980) and Mysak (1983), and RMS current speeds of 3 to 6 cm/s.

The wavelengths observed in the quasi-synoptic XBT data set, in the NEP,
~are 320 and 170 km with &elocity perturbation scales of 4.6 and 5.5 cm/s,
respectively. The properties of the dispersive baroclinic Rossby waves with
the above wavelengths are shown in Table V-3. The 320 km wavelength with its
4.6 cm/s velocity scale is in very good ‘agreement with the obéervations of Kang
and Magaard (1980), the theory of_Mysak (1983) and the model of Cummins et al.
(1986). . The 170 km wavelength, however, has é shorter wavelength and smaller
. phése velocities than those predicted in the above models. .These anelengths
are not comparable to those obtained.by White and his co-investigators using
nondispersive models. Their ?redicted waveiengths were generally about 1000

km.

L Therevare no observations or models of LRWs, of the quality of those in the
NEP, that may be compared with the observed lehgth and velocity scales in the
other geographic regions. Table V-4 summarizes the properties of 1linear
baroclinic Rossby waves obtained from 5.3 to 5.5 for the six geographic
regions. It will be -assumed that the LRW theory isv consistent with the
observed scales of motion if all of three criteria are met. First, a
near-annual period is required. Kang ahd Magaard (1980) found that there was
negligible energy at other than the annual periods. It is reasonable to expect

the annual period to be dominant in the other geographic regions on the basis



BAROCLINIC ROSSBY WAVES - NEP

Wavelength = 320 km
Latitude
7.5 12.5 -17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5

ry 139.2 86.4 -66.9 5 44.4 36.2 31.2 25.2 20 17.1 -
o, x 106 1.58 .97 .73 .56 .45 .35 .28 .21 .15 .12 -

) Meridional Waves, k=0
» x 106 0 0 0 0 0 0 0 0 0 0 -

€, xw? 5.19 4.3 3.58 2.85 2.27 1.68 1.29 .86 .54 .37 -
alrectioa 270 270 270 270 270 270 270 270 270 270 -

Oblique Waves, k=l

« x 106 .72 .6 .5 .4 .32 .23 .18 .12 .07 .05
- - 3.3 4 s 6 .9 1.1 1.7 2.7 3.9
x 102 3.7 3.04 2.53 2.02 1.61 1.19 .91 .61 .38 .26
ection 315 315 315 315 315 315 315 315 315 315
Cgx 102 4,62 3.39 2.62 2.02 1.62 1.25 1 .71 .47 . .33
alrection 183 199 210 223 233 243 249 256 261 264

Zonal Waves, 1=0

u x 106 1.02 .85 .7 .56 .45 .33 .25 .17 .11 .07
] .2 .2 .3 .4 .4 .6 .8 1.2 1.9 2.8
x 102 .19 4.31 3,58 2.85 2.27 1.68 1.29 .86 - .54 .37
oa 270 .270 270 270 270 270 270 270 270 270

cgx 102 3.96 2.09 .95 .11 .31 .55 .58 .52 .39 .29
afrection 90 90 20 90 270 270 270 270 © 270 270

Wavelength = 170 km
Latitude
7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5

n 139.2 86.6 66.9 53 44.4 36.2 31.2 25.2 20 17.1 =
w x5 1.58 .97 .73 .s6 .45 .35 .28 .21 .15 .12  ~

Mer'idiona_l Waves, k=0

@ x 106 Q 0 0 ] 0 0, o] 0 [¢] o} -
x 102’ 1.6 1.49 1.37 1.23 1.08 .91 .76 .57 .4 .29
o 270 270 270 270 270 270 270 270 270 - 270 -

Obiique Waves, k=1

w x 108 .42 .33 .36 .32 .28 .24 .2 .15 .1 - .08
T : .5 .5 - .6 .6 _.7 .8 1 1.3 1.9 2.6
mﬂ_ 1.13 1.05 .97 .86 .76 .64 .54 .41 .28 .21

315 315 315 315 315 315 315 315 315 315
cgx102 1.54 1.36 1.2 1.01 .84 .67 .54 .41 .29 .22
alrocticn 182 186 189 195 200 209 217 229 24l 248

Zonal Waves, 1?0

wx106 .59 .55 .51 .45 -4 .34 .28 .21 .15 .11
T .3 4 .4 -4 .5 .6 .7 .9 1.3 1.9

3:102 1.6 1.49 1.37 1.23 1.08 .91 .76 .57
270 270 270 270 270 270 270 270 270 270

kxmz ©1.48 1.23 .99 .72 .5 .26 .11 .04 .12 .12
) 90 90 20 920 90 90 90 270 270 270

>
%3
']

LI I I I I |

Table V-3 FPrequencies (w, 1/8), periods (T, yx), phase velocities (C,, m/s),
and group wvelocities (Cg, m/s) of the free baroclinic Rosas waves
of the observed quasi-synoptic length scales at the appropriate
latitudes in the NEP. The directions are in degrees clockwise from
north. The internal Rossby radius (ry, km) and the upper cut—off
frequency (uw., 1/8) of the first-mode baroclinic Rossby wave is
also glven for each latitude.
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Table V-4 Summary of the properties of the linear first-mode baroclinic Rossby

waves. A 1s the wavelength. U 1is the baroclinic velocity scale
obtained from the data set. U* 1is the estimated upper limit of the
true velocity perturbations obtained using Wyrtki et al.'s (1976)
EKES. Cp 1s the phase speed. The only dynamics which may be
inferred from these properties i1s the linear Rossby wave (LRW)
theory. »

A Period V C u/c

Region _ o P U"'/C'p Inferred
{km) (yxr) : (cm/s) Dynamics
NWA 285 0.5 - 6.4 0.14 - 1.97 9.7 21. -
155 0.5 - 4.0 0.12 ~ 0.93 34.5 . -
NWP 395 0.5 - 1.8 0.70 - 2.77 5.1 11.4 -
195 0.5 - 1.3 0.48 - 1.34 15.9 35.6 -
145 0.5 - 1.3 0.36 - 0.86 30.5 68.2 -
NEA 205 0.5 - 13.0 0.05 - 1.28 5.7 12.7 -
160 0.5 - 10.5 0.05 - 0.93 9.4 21.0 -
115 0.7 - 8.1  0.04 - 0.56 - 16.0 35.8 -
SA 510 0.3 - 1.0 1.64 - 5.68 1.1 2.5 LRW
: 245 0.3 - 0.7 1.06 - 2.48 3.2 S 7.2 : LRW
NEP 320 0.2 - 3.9 0.26 - 5.19 1.7 3.8 LRW
170 0.3 - 2.6 0.21 - 1.60 6.1 13.6 -
" sp 300 0.3 - 2.8 0.34 - 3.28 3.5 7.9 -
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of their results. Also, the proposed generaﬁion mechanisms of the LRW fieid in
' the NEP, for the most part,‘have annual periods. Similar hechanisms are likely
to be vorticity sources for the LRW field in the other regions, and thus create-
a resonance at the annual period. Second, it is required that the phase speed
of the LRWs be on the order of one. This will be consistent with the
“investigations in the NEP. Third, it 1s 'required that the velocity
perturbations, U and U*, not be much greater than the phase speeds. Where thisv
occurs, the’ ineftial effects will be mofe important than the wave phase
dispersion.. Kang and Magaard (1980), as previously discussed, demonstrated
that the partiéle velocities may be on the order of the phase speed for single
plane waves and the nonlinear terms will cancel. Thus, the terms, U/Cp and
U;/Cp, may be used as analogs to the Rossby wave steepness parameter. It is
required that either of these terms be on the order of one for LRW theory to be
valid. |
. o

An examination of the LRW properfies, in Table'v—4, shows that the observed .
‘length scales have, for the most part, near-annual periods and phase speeds on
the order of one. Only a few wavelengths, however, have U/CP or U*/Cp on
the order of, or less than, one. The regions which can be said to have length
and velocity -scales consistent with LRW theory (according to the above
criteria) are the SA and the NEP. That is, LRW theory is consistent with the
observed length and velocity scales only for wavelengths longer than 200 km in

the low-energy regions.
C. NOnlihear Geophysical Turbulence

A number of models of nonlinear turbulence exist that use dimensionality to
determine the theoretical decay coefficients of the ﬁemperature’and velocity
spectra in an Jinertial wavenumber range. That is, the theory predicts a

spectral shape of the form kP in the wavenumber ranges bétween the sources
and sinks of energy, where k is the wavenumber and p is the power-law exponent.
The consistency of the temperature spectra, of the quasi—sfnoptic XBT data set,
wiﬁh the existing models of nonlinear turbulence will be examined using the
slopes of the spectra between the longest dominant wavelengths and the Nyquist
wavenumbers. Since the D and geostrophic velocity spectra are dependent on the

temperature spectra, they will provide no new information for this analysis.
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Ozmidov (1965) depicted the energy distribution over the full wavenumber
spectrum of motions (i.e. wavelengths of 10,000 km to 1 cm) in the ocean in
accordance with the 5/3 "Kolmogorov Spectrum Law". The basic features of this
idealized model are the influx of external energy over localizéd wavenumber
. bands, separ&ted by inertial subranges of cascading energy from low to high
wavenumbers. © Wyrtki (1967) examined the spectrum of ocean turbulence between
40-~and 1000 km wavelengths ‘using the MBT data from the éixteen "Townsend
Cromwell" cruises of 1964-66. The results were consistent with Ozmidov's
model, with a peak in the spectrum near 200 km likely representative of an
energy influx from large eddies. This three—aimensional isotropic model,
developed by Kolmogorov, predicts power-law exponents of 5/3 for both the
temperature and velocity spectra in the inertial subrahges. Temperature is

assumed to be a passive tracer.

Several‘other models of_turbulence have been developed, although none are
sufficiently. realistic to be directly applicable to the observed mesoscale
variability. In the geophysical context, it may be expected that any theory
will be applicable only,to a certain range of scales. The Kolmogorov-type
turbulence has only been verified for small-scale processes. At somewhat
larger scales, the stratification must exercise an important role and Phillips"'
(1966) theory may be appropriate. Phillips' theory predicts a Kolmogorov-type
turbulence at wavenumbers higher than a critical buoyancy wavenumber where the
“turbulence is three-dimensional. At lower wavenumbers, the turbulence 'is
anisdtropic when comparing the horizontal scales to the vertical scale, due to
the stratification. The power-law exponents are three and one for the velocity
and temperature spectra,brespectively. At scales where the earth's rotation is
a dominant factdr, Kraichnan (1967) and Charney (1971) proposed two-dimensional
and three—dimehsional models of quasiéeostophic turbulence, respectively.
Kraichnan postulated two inertiél subranges for the two-dimensional turbulence.
Enérgy,is injected at a given wavenumber and is transferred uniformly to lower
wavehumbers, while enstrophy (i.e. mean-squared vorticity) is transferred
uniformly to higher wavenumbers.. The transfers of energy, in the second range,
and enstrophy in the first range, are zero. By similarity arguments, the
velocity and temperature spectra have power-lawy exponents of 5/3 in the
energy-cascade range, while in the enstrophy‘cascade range the velocity and

. temperature spectra have power-laws of three and one, respectively. Charney
developed a three-dimensional model that accounts for the baroclinic nature of

the atmosphere (and ocean) -with the conservation of a pseudo~-potential
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vorticity. This is a combination of the conservation of potential vorticity
and potential temperature. This theory predicts a k=3 law at wavenumbers
higher than the excitation wavenumber for both the horizontal velocity and
temperature spectra. Temperaturevvis a passivé tracer in both of these

_theories.

Examples of the log-log répresenta;ions of the épectra in Chapter IV are
shown in Figure V-2, with the temperature spectra shown for the HIGH and LOW
regions. The power-law exponents where determined in the wavenumber range from
the peaks of the log-log spectra to the regional Nyguist wavenumbers. For
'spectra with dominant wavelengths at scales smaller than thé peak wavenumber,
this wavenumber range cannot be considered a true iﬁertial subrange, however,
the slopées obtained may still be of use. The slopes were determined with a
1eést—squares linear regression of the average émoothed spectral estimates
(Zér, 1974). The 95% confidence intervals of:the slopes were éalculated using

the upper and lower 95% confidence limits of the spectral estihates.

The spectral power-law exponents of the temperatures are summarized in
Table V-5. The high- and low-energy regions have power-law exponents that are
generally between two and three. The exponents of the SA and the SP regions
have large error bars as a result of the short wavenumber range (due to the loQ
Nyquist wavenumbérs) used in the regression and must be considered next to
useless. For the most part, the power-~law exponents of each variable are not

significantly different between regions.

The power-law exponents of the HIGH and LOW regions provide a greater
contrast than the individual gebgraphic regions. The temperature variance
associated . with the baroclinic eddy. field in the HIGH region has a
characteristi¢ power-law e#ponent of 3.01 with 95% confidence limits of 2.85 to

"3.17 (i.e. about 3.0) between wavelengths of 300 to 54 km. In the LOW region,
the temperature variance has a characteristic power-law exponent of 2.47 with
95% confidence limits of 2.29 and 2.65 (i.e. about 2.5) between wavelengths of
300 to 91 km. The characteristic power-law exponent of the LOW region is
significantly less than that of the HIGH region.

These results show that, in the HIGH region, the temperature spectrum is
proportional to the -3.0 power. This is consistent with Charney's (1971)

three-dimensional geophysical turbulence model. This implies that the energy
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Pigu.re V-2 Sample plots of the log-log spectral representations. These

spectra depict the md—thermocllne temperature variability in the
HIGH and LOW regions.
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Table V-5 Summary of the spectral power~law exponents of the mid-thermocline
temperature. The slopes of the log-log spectra (-p) were obtained
over the wavelength bands as shown. The relation E(k) = k™P
describes the slopes of the spectra in the applicable wavenumber
range where E is the temperature spectrum, k is the wavenumber and p
is the power-law exponent. .

Region up ' 95% Confidence Wavelength
Interval Band (km)

NWA . 2.85 - 2.62 - 3.08 285 -}70
we  3.07 2.84 - 3.30 | 395 - 54
NEA 2.61  2.16 - 3.06 205 - 91
saA . 2.70 1.10 -‘4;33 | 510 - 210
 NEP 2.40 2.19 - 2.61 320 - 88
sp . 2.37 -2.50 - 7.24 300 - 220
HIGH 3.01 2.85 - 3.17 300 - 54

Low : 2.47 . 2429 = 2.65 , 300 - 91
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of the mesoscale perturbations is input into the. high-energy regions at
wavelengths of about 300 km, cascades to slightly lpwer wavenumbers and
propagates away as linear/nonlinear Rossby waves. Enstrqphy, however, cascades
to higher wavenumbers over a wavelength band of 300 to 54 km with no energy
trénsfer. The enthusiasm with which one accepts these results and their
physical ‘interpretation mst be tempered by the fact that Charney's model
assumes that temperaﬁure is a paéSive tracer, and this is clearly not the case
for oceanic mesoscale motions. In ﬁhe LOW region, thé temperature spectrum has
a slope of -2.5. This is not consistent with any of the models of nonlinear
geophysical turbulence. The low-energy region of the NEA has a power-law
exponent of three, similar to that of the high-energy regions, however, the
regional Rossby wave -steepness parameter (Table V-2) 1is not large enough to

pefmit quasigeostrophic turbulenée.

A distinct geographic variability of the consistency of the nonlinear
geophysical turbulence models has been identified. Charney's three-dimensional
model of quasigeostrophic turbulence is consistent with the spectral slopes of
the temperature spectra in the. high-energy regions (i.e. the western boundary
current regions), but not in the.low—energy regions (i.e. the ocean interior
and -eastern boundary current regions). o There are no existing models of
geophysical. turbulence that ‘are consistent with the reported power-law
exponents between 2.0 and 3.0 in the low-energy regions. The spectra'do not
provide evidencé for a -5/3 power-law characteristic of the three-dimensional
Kolmogorov-tYpe turbulence. Neither do.they suggest that Kraichnan's model of

two-dimensional quasigeostrophic turbulence is appropriate.

' D.- Summaty of the Inferred Dynamics

The dynamics inferred from the Rossby wave steepness parameter, the LRW
theory and the geophysical turbulence models are summarized in Téble V-6. The
résults ‘are identical to those inferred from the Rossby wave steepness
parameter (Table V-2). The linear Rossby wave analysis provided more
confidence in the applicability of LRW theoryito wavelengths less than 200 km
in the low-energy regions, .while the analysis of the spectral power-laws
'éroVided'additional evidence for the vaiidity of QGT theory in the high-energy
- regions. The latter, also, identified the specific geophysical turbulence

model that is consistent with the spectral slopes of the temperature 'in the
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Table V-6 Summary of the inferred dynamics of the dominant wavelengths (A).
The inferred dynamics are: linear Rossby wave (LRW) theory,
nonlinear Rossby wave (NRW) theory and quasigeostropic turbulence
(QGT) theory- The bold wavelengths are distinct to the 95%
confidence level, the underlined wavelength is distinct to the 80%
confidence level and the other vavelengths are not distinct to the
80% confidence level.

Region ' A ‘ Inferred

(km) Dynamics
NWA 285 LRW /NRW
‘ 155 QGT
NWP 395 LKW /NRW
195
145 OGT -
NEA 205 LRW /NRW
: 160 ' -
115 _ -
SA - 510 LRW/NRW
© 245 LRW/NRW
NEP 320 LRW /NRW
: 170 -
SP 300 LRW/NRW
HIGH - 300 LRW /NRW
' 155 OGT
LOW . 300 LRW /NRW

170 .-
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high-energy regions - Charney's (1971) three-dimensional quasigeostrophic

turbulence model.

The dominant wavelengths of the baroclinic eddy field thaﬁ are distinct to
the 95% confidence level and their respective inferred dynamics, in Table V-6,
~are in bold script. These are the most significant results. These dominant
wavelengths are all greater than 200 km and are consistent with LRW and NRW
theories. The one exception to this statement is the 145 km wavelength in the
NWP, which is consistent with QGT theory. The HIGH and LOW regions have
dominant wavelengths of 300 kﬁ that are consistent with the dynamics of LRWs
and NRWs. The HIGH energy fegion is, of course, more nonlinear, but one must
examine the shorter and lesser significant wavelengths in order to find the

strong nonlinear interactions required for QGT.



121

VI. CONCLUSIONS

The geographic vafiability of the'mesoscale statistics and the inferred
dynamics has been examined -with a .quasi-synoptic expendable bathythermograph'
'~ (XBT) data set. Ovef‘1Q,000 XBT profiles were obtained from the Canadian Armed
:ForCes, the United States Navy and the National Oceanographic Data Center in 95
single-ship tfans—oceanic sections and 29 multiship/AXBT surveys. Mean
temperature-salinity -and salinity-depth curves were used to infer the
'geopotential anomaly from the temperature profiles- for use in the statistical

and dynamical analyses.

The descriptive‘analyses qualitatively discussed the geographic vériability
of the observed quasi-synoptié temperature structure. Geographic regions with
different horiiontal length scales and amplitudes of eddy variability were
defined with the aid of previous work using ciimatologicai data sets. Six
geographic regions were delineated and ciassified as Highf or low-energy areas.
The high~energy regions are the Northwést Atlantic (NWA) and the Northwest
Pacific (NWP). The low-energy regions are the Northeast Atlantic (NEA), the
South Atlantic (SA), the Northeast Pacific (NEP) and the South Pacific (SP).
Two composite regions were also defined. The HIGH region comprised the
high-energy regions, and the LOW region comprised the low-energy regions.
Typical temperature sections from each geographic region were examined and
comparéd to observations of the mesoscale variabiiity from other sources. This
investigation found the quasi-synoptic data set to exhibit mesoscale.properties'
very similar to those reported in thé literature, and thus the data set was
"confidently accepted as being representative 6f the eddy variability in the

regions under examination.

Several  statistical analyses' were used to quantify the quasi-synoptic
mesoscale structure‘ in the upper 400 m of the ocean. The mid~-thermocline
temperature and the geopotential anomaly (0-4000 kPa) were used to represent
the mesoscale variability. Perturbation variables were obtained by removing
the low-waVvenumber signal from the sections with a 1000 km running mean, and

from the surveys with zonal and meridional linear trends.

The geographic variability of the standard deviations, skewness, kurtosis

and intermittencies of the temperature and the geopotential.anaomaly for the
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sections and the surveys were discussed. The statistics of the sectioﬁs and
the surveys are comparable. The HIGH region has geopotential anomaly
perturbations with average amplitudes of 0.67 mz/sz, and the LOW region has
average amplitudes of 0.26 ‘mz/sz. The ratio of these amplitudes is 2.58.
The_pésitive skewness of the LOW region suggests that the baroclinic eddy field
consists of predominantly warm eddies. The skewness of the HIGH region is not
significantly different< from zero. The intermittencies are the same and
vindicate that the meéoscale perturbations occur over about 45% of the two
regions. The standard deviation of the temperature is 1.40°C in the HIGH
region and 0.54°C in the LOW région. The posiﬁive skewness of temperature in
the LOW region is consisteht with the field of warm eddies suggested above.
The negative skewness of the temperature in the HIGH region suggests_thaﬁ the
baroclinic eddy field consists predominantly of cold eddies;'as opposed to the

field of warm eddies in the LOW region.

The North Pacific Subtrdpical Front (NPSF) and the North Pécific Equatorial
Current (NPEC) are subregions of the NEP. The standard deviations of these two
regions are higher than the corresponding statistics of the NEP, since the
sampling subregions are in relatively high eddy activity areas of the NEP. The
NPEC has the largest mid-thermocline temperature and geopotential anomaly
perturbations. Tﬁe positive skewness of the baroclinic eddy field in the NPSF
is consistent with the NEP statistics. The NPEC has a negative skewness. This
is not_consistent'with'the NEP, however, it is consistent with the field of
cold eddies discussed in the descriptive analysis_of the_fouf surveys of the

areae.

"The seasonal wvariability of the NEP region and tﬁe- isotropy of the
mesoscale eddy field were investigatéd in some detail. . The. standard
deviations, skewness, kurtosis and intermittencies were calculated for
quarterly subsets of sections. Significant seasocnal signals were apparent.
There may be a seasonal variability in the mesoscale eddy fields similar to
ﬁhat discussed by Gould (1983) in the NEA, and the regions that are unevenly
sampled over the’séasons (i.e. all but the NEP and LOW regions) may have
seasonal biases. Quantifying the seasonal variabiiity is beyond tﬁévability of
this data set. The assumption of horizontal isotropy was evaluated with an
anisotropy faéto: determined from the surveys. The'anisotropy factor, BAg,
was determined by the relation, Ag = Ly/Lg. Ly and ﬁz .are the

meridional and 2zonal decorrelation scales, respectively, obtained from the
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meridionally and zonally averaged autocorrelation functions of the surveys.
The regional anisotropy factors are not significantly different from one.
With no evidence to the contrary, the assumption of isotropy was considered

reasonable for the spatial scales of motion being examined.

_ Wavenumber speétra weré used to examine the distribution of variance in
wavenumber spacé“‘between wavelengths of 1000 to 100 km. The dominant

wavelengths of ‘the mid-thermocline temperature and geopotential anomaly
spectra are between 160 and 400 km. There is no significant scale séparation
between thé dominant length scales of the high- and low-enerqgy regions. 1In the
HIGH region, the geopotential anomaly spectrum has peak wavelengths of 300 and
155 km, with the respective wavenumber bands containing 60 and 30% of the
variance. The LOW regionnhas spectral peaks at 300 and 170 km contaihing 73
and 15% of the variance, réspectively. The low-energy regions have a greater

portion of their total variance in the longer wavelengths.

The two—dimensional'isotropic'eddy kinetic energies (EKEs) were estimated
‘for each geographic region and wavenumber band. The eddy -kinetic energiés per
unit mass for the HIGH and LOW regions are 250 and 36 cmz/sz,'respectively.
‘The HIGH region has about seven times the baroclinic . eddy kinetic energy of the
LOW region in wavelengths between 1000 ahd 100 km. These EKEs are similar'to
those reported by Fu (1983) with SEASAT altimetry data, but are léss than those
of Wyrtki EE al. (1976) by a.factor of five. This is consistent with the
~understanding that: the baroclinic (0-400 m) EKEs of the guasi-synoptic XBT
data set are underestimates, since they will miss a significant'portion of the
barotropic signal; that the EKEs of <the SEASAT .altimetry (Fu, 1983) are
underestimates, since they will miss a significant portion of the mesoscale
signal due to the 24-day sampling window; and that‘the EKEs of the ship drift
data (Wyrtki et al., 1976) are overestimates due to the winds acting on the

‘vessels.

The relevance of quasigeostrophic dynamics was inferred using several’
'dYnamical tests with the wavenumber statistics. The quasigeostrophic scaling
parameters (i.e. the Rossbyv number (Ro), the Burger number (B) and the
sphericity parameter ( B*)) were evaluated using the dominant length and
velocity scales of each‘geographic_region.' For all regions and length scales,
‘it was found that Ry<<1, B = 0(1) " and B*<<1,' consistent with the

quasigeostrophic scaling. The Rossby wave  steepness parameter,
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M = U/( BOLZ), was calculated to investigate whether the baroclinic eddy
fields are wavelike (linear) or turbulent (nonlinear). The frequencies, phase
velocities and group velocities were calculated using free linear dispersive
baroclinic Rossby wave theory and the observed wavelengths. These results were
compared with the extensive work, by other investigators[ in the NEP. The
@onsistency of the témperaﬁure spectra.with the existing models of geophysical
’turbulencef Was examined with the slopes vof the near-inertial spectral

subranges.

The results of these dynamical tests imply a geographic variability of the
dynamics governing the observed baroclinic eddy fields. For all the geographic
‘regions, the wavelengths greater than 200 km are consistent with linear Rossby
wave theory or nonlinear Rossby wave theory. .Thé applicability'of these two
theories cannot be distinguished with these simple vdynamical tesfs, . The.
motions in the high-energy regions are, of course, more nonliﬁear than the
motions in the ' low-energy regions with corresponding scales. In the
high-enefgy regions, the perturbations with wavelengths less than 200 km are
consistent with quasigeostrophic turbulence theory, in particular, Charney's
(1971) model  of three—dimensidnal quasigeostrophic turbulence. The motions
with wavelengths less than 200 km in the low-energy regions have scales that
are intermediate between tﬁose expected "of linear/nonlinear TRossby wave

theories, and quasigeostrophic turbulence theories.

This _investigation' has examined the geographic bvariability of the.
properties of the mesoscale motions in the ocean with a quasi-synoptic XBT data
bset. An inhomogeneity of the mesoscale statistics is demonstrated that is
comparable to the results of previous investigators. The wavenumber statistics
of the quasi-synoptic data provided estimates of the dominant length and
velocity scales. From these scales of motion,‘ an inhomogeneity in the
governing dynamics of the mesoscale perturbations in the -ocean has been
" inferred. The strength of thé quasi-synoptic data lies in the ability to
determine the 1length and velécity scales of variability from which simple

dynamical models may be discussed.

Recommendations For Future Work

The results of this work have emphasized the value of quasi-synoptic data

sets for resolving the length and velocity scales in the ocean. The data set
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employed here is by no means the complete collection of the quasi-synoptic data
that may be used for the examination of the mesoscale variability. There is a
potential to examine the_characteristics of thé mesoscale in a similar manner,
but in more detail, in several regions of the ocean with available data sets
(most notably the Northwest Atlantic and the ' Northeast Pacific). This
investigatidn highlights the requirement for. further work in four areas.
First;' the seasonal signal of the synoptic mesoscale variability must be
examined. The possibility-of'significant seasonal signals of the mesoscale
variability was identified in this study, but could not be quantified. Two,
the horizontal anisotropy of these scales of motions has not been adequately
resolved. :Investigators have identified individual features in most regions of
the ocean with anisotropic characteristics, but there is no statistically.
significant evidence that mesoscale motions are, oni average, anisotropic over
‘large regions of the ocean.'»Three, the detrending scheme used here to remove
' the low~wavenumber signal of thé.largg—scale mean flow cannot be considered
ideal. It would be much preferable to use a time series of quasi-synoptic
sections along a repeated transect. In this manner the mean flow may be
removed by averaging. Fourth, it would be valuable to obtain the wavenumber
_ spectra of the measured velociﬁies in  conjunction with the measured
temperaﬁures. At this déte, however, there are no gquasi-~synoptic velocity and
tempefature data sets availéble for examining the mesoscale. The instruments
required are very new and expensive. An acoustic doppler current profiler
(ADCP) with XBTs, or expendable current profilers (XCPs) would be capable of

obtaining the required data sets.
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