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ABSTRACT 

Oceanographic observations near the Hawaiian 
Islands demonstrate that ocean circulation is extremely 
variable and is dominated by eddies with diameters rang¬ 
ing from 50 to 150 kilometers. The data from 20 cruises 
that describe these eddies have been analyzed. Most of 
the eddies are cyclonic, and have been observed during 
all seasons. Observations show that the flow in them is 
nearly geostrophic and volume transports can be as large 

as 8 million m /sec. Although surface flow around them 
can be in excess of 100 cm/sec, the eddies are relatively 
shallow in depth and most of the horizontal flow is con¬ 
centrated in the upper 150 m, above the 20°C isothermal 
surface. Near the center of the cyclonic eddies, doming 
of isothermal layers and upwelling take place. The 
energies of the eddies have been calculated, using a 
simplified geostrophic model, and the total of individual 

22 
eddy energies is found to vary from 1x10 ergs for a 

22 
weak eddy to 5x10 ergs for an intense eddy. 

Calculations show that the eddies are not generated 
by the large-scale flow through the Hawaiian Islands —in 
the sense of a Karman vortex stream behind an obstacle. 
Energy calculations indicate rather that the eddies are 
driven by strong, local winds blowing through the 
restricted passage between the islands of Maui and Hawaii. 
The calculations show that the eddies have a formation 
time of between 2 and 6 weeks, a value consistent with 
observations . 

V 



INTRODUCTION 

The ocean circulation near the Hawaiian Island* is 
known to be extremely variable and to be dominated by 
large well-developed eddies. The existence of these 
eddies was first noted in 19^9 by scientists at the 
Bureau of Commercial Fisheries (BCF) in Honolulu, and 
reported by McGary (1955) and by Seckel (1955). Subse- 
ÍmwÍH* scientists from the Naval Electronics Laboratory 
INEL) in San Diego investigated cyclonic and anticyclonic 
eddies in the lee of the island of Hawaii during August 
196¾ and July 1966 (Smith, 1967). More recentlj, sSieÎ- 
tists at the University of Hawaii, aboard the R/V TERITU, 
surveyed some well-defined eddies west of the Hawaiian 
Islands (Wyrtki et_ al. , I967). 

During the past decade, studies of motions in the 

tníe/tnue encounter«d in the Hawaiian eddies (radius 25- 
1 0 km) have been conducted by oceanographers. Particu- 
larly pertinent are the studies by Reid et. al. (1963) off 
California, by Austin (1955) in the Gulf of Mexico, by 
Fuglister (1964) in the Gulf Stream, and by Ichiye (1956) 
in the Kuroshio Current. These investigators variously 
suggested a number of generating mechanisms for the 
eddies, such as meteorological disturbances, the develop¬ 
ment of an unstable shearing layer into a series of 
vortices, and flow past a barrier. In addition, as the 
techniques and observations became more refined, more 
synoptic features were reported with the accuracy suffi¬ 
cient to formulate plausible hypotheses concerning the 
role the eddies play in ocean circulation. It is known 
that energy transfer between the mean motion and its 
perturbations plays an important role in maintaining and 

^ 'lrc“l8ti0- Webster (1961) and 
Ichiye (1965) have both suggested that In some areas 
energy is transferred from fluctuations or eddies to the 
mean current. This concept is contrary however to statis¬ 
tical theories on turbulence, which predict that energy 
is transferred from larger to smaller eddies. Before the 
role of eddies of the scale observed in the Hawaiian 
waters can be clarified, it will be necessary to under¬ 
stand their nature as well as their behavior. 

Such clarification would be useful to two groups 
operating in Hawaiian waters. The U. S. Navy, in con¬ 
ducting training operations in the lee of the islands 
has found that the frequent occurrence and consequent* 
effect of these eddies on the density structure makes 
long-term prediction of underwater sound-propagation 
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parameters unsatisfactory (Smith, 1967). Second, scien¬ 
tists at the BCF in Honolulu have suggested that the 
eddies affect the biological environment and hence local 
fishing (Barkley i£ Manar, I967 ). Both of these groups 
have made studies of the eddies, and much of their data 
will be discussed later in my report. 

The objective of this study can be summarized as 
follows: to collect, compile, and analyze the available 
data on Hawaiian eddies, presenting a description of 
them and suggesting some possible generating mechanisms. 

The analysis (which begins on page i) is divided 
into four sections: 

(1) The initial discussion includes the 
general flow field of the ocean and 
atmosphere in the Hawaiian area. The 
effect of the Hawaiian Archipelago on 
the existing flow of both the ocean 
and atmosphere is basic to an analysis 
of the eddies. 

(2) The second section presents the exist¬ 
ing data concerning the eddies. This 
synthesis of the available information 
provides a definite picture of the 
behavior of Hawaiian eddies. 

(j) In the third section, the analytical 
relationships that govern fluid motion 
are applied to the observations and 
discussed. Included is a model of 
eddy flow as well as calculations of 
the energies associated with the 
eddies. These calculations should 
provide insight into the mechanisms 
and forces that govern eddy motion in 
Hawaiian waters. 

(b) The final section summarizes the dis¬ 
cussions and analyses of the preceding 
three sections. 



ATMOSPHERIC AND OCEANIC CLIMATE OF THE HAWAIIAN ISLANDS 

Before eddy formation in Hawaiian waters is dis¬ 
cussed, a description of the effect of the island chain's 
topography on the atmospheric and oceanic circulation is 
needed. 

Topography of Hawaiian Islands 

lhe profile of the Hawaiian Islands below sea 
level (Fig. 1) resemoles a barrier having two deep 
openings —the Alenuihaha Channel between Hawaii and Maui 
and the Kauai Channel between Oahu and Kauai, both of 
which are deeper than 1^00 m—and two much shallower 
and much narrower openings —the Kaiwi Channel between 
Oahu and Molokai (sill depth óll» m) and the Pailolo 
Channel between Molokai and Maui (sill depth 80 m). 

Above sea level (Fig. 1), the Hawaiian Islands are 
a series of vertical obstacles lying in a northwest- 
southeast direction. The island of Hawaii presents to 
the trade winds a solid barrier of approximately 120 
kilometers. It should be noted that the Alenuihaha 
Channel is bounaea on both sides by mountains which are 
higher than those bounding both sides of the Kauai 
Channel. 

Large-Scale Atmospheric Climate 

According to the atlas of Pilot Charts (U. S. Navy 
Hydrographic Office, 1945), winds from the northeast, 
east, and southeast account for 86JÍ of all ships' obser¬ 
vations during the year (Fig. 2). These are the trade 
winds usually blowing through the Hawaiian Archipelago. 
When averaged on a monthly basis, a well-defined yearly 
periodicity is evident, the maximum occurring during 
July (96¾ of ships' observations), the minimum during 
December to March (77¾ of observations). Although the 
average wind velocity is between 10 and 20 knots, it is 
not unusual to have velocities of over 20 knots for more 
than a week. 

The maximum thickness of the atmospheric layer in 
which the trade winds are dominant is of the order of 
1800 m (Ramage, I960). Figure 1 shows that the island 
of Hawaii is a solid barrier to trade-wind flow and that 
high mountains on both side* of the Alenuihaha Channel 
are over 1000 ra above the truae-wind layer. The islands 
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of Kauai, Oahu, Molokai, and Maui may also act as rfind *i 
barriers, but they are below the maximum height of trade 
winds . 

The effect exerted by these* topographic barriers 
on the atmospheric circulation patterns is demonstrated 
in a preliminary study (unpublished) of resultant winds 
in the area of the Hawaiian Islands conducted by the j ■ 
Weather Bureau in Honolulu. Figure 3 is a plot of the 
mean resultant winds taken from ships' observations over 
the last fifteen years. The values have been plotted 
for IQ-minute (approximately 18.5 km) squares of latitude 
and longitude. The resultant wind vectors have been 
streamlined by the autnor. An inspection of this chart 
shows that, even with the smoothing imposed by averaging 
over a long period, the islands have a marked effect on 
atmospheric circulation. In the lee of each island, a 
wind minimum exists. Winds in the channels increase in 
strength. Figure 3 also shows that this effect is 
stronger in the Alenuihaha Channel than in the other 
channels, many of the resultant wind vectors indicating 
velocities of 20 to 25 knots between Maui and Hawaii. 
It is highly probable that this increase in wind veloci¬ 
ties in the Alenuihaha Channel is due to channeling of 
the trade-wind flow in the channel by the high mountains 
on both sides. This situation is analogous to an t 
increase in flow due to the "Venturi effect" of flow 
through a constricted opening. The topography may also 
deflect or impose a shear upon the incident trade winds. 
This can also be clearly seen in the lee of the island 
of Hawaii. Cyclonic eddies develop to the north; anti- 
cyclonic eddies to the south. Atmospheric eddies are 
also thought to develop in the lee of Oahu and Kauai 
(Saul Price, personal correspondence); but if they do, 
they are probably less intense and far more infrequent 
than the eddies behind Hawaii. The fact that Oahu and 
Kauai are not as large or as high as Hawaii, as well as I « 
the infrequency of occurrence, may possibly explain why 
no atmospheric eddies are evident in the lee of Oahu and 
Kauai (Fig. 3). 

Since the discussion will center on the ocean 
eddies in the lee of Hawaii, the atmospheric eddies of 
the west coast of this island will play an important j 
role in the analysis that follows. Wind observations 
taken during four R/V TEP.ITU cruises (Figs, k, 5, 6, and 
7) also show the existence of atmospheric eddies in the 
lee of Hawaii. These atmospheric eddies appear to be 
permanent features during trade-wind conditions. 

Another argument for the existence of atmospheric 
eddies is the rainfall regime of the Kona (west) coast f 
of Hawaii. Since the Hawaiian Islands lie in the path 



-5- 

of the prevailing northeast trade winds, the rainfall 
pattern throughout, most of the islands shows considerably 
larger amounts of precipitation in exposed windward areas 
than in protected leeward areas. Precipitation along the 
Kona (leeward) coast, however, is atypical of the general 
Hawaiian pattern in three major respects: (l) Because of 
the blocking effect of the mountain masses (notably Mauna 
Loa) on the island of Hawaii, trade-wind showers are 
never present. (2) Compared to other lee areas in the 
chain, many of which receive less than 50 cm of rain 
annually, Kona is relatively wet (150 cm/yr). (3) More 
rainfall occurs during the summer months than during the 
winter months, coinciding with maximum trade-wind condi¬ 
tions. The minimum monthly rainfall coincides with the 
weak trade-wind conditions of the winter months (Talia¬ 
ferro, 195B and 1959). This can possibly be explained 
by noting that the area of maximum rainfall along the 
Kona coast (Anonymous, 1955) coincides with the conver¬ 
gence zone between the cyclonic and anticyclonic eddies 
to the west of the island (Fig. 3). The Kona coast rain- 
all regime is probably the consequence of these quasi- 

permanent atmospheric eddies offshore. 

The general pattern of atmospheric circulation in 
the region of the Hawaiian Islands is as follows: 
(1) Trade winds are incident to the archipelago. 
(2) There is a yearly periodicity in the trade winds with 
maximum winds during the summer months. (3) The islands 
act as barriers to trade-wind flow, causing wind minima 
in the lee of the islands, sh»ar-induced eddies in the 
lee of Hawaii, and deflection of the winds in the lee of 
the other islands. ()4) Winds in the channels increase in 
strength due to the "Venturi effect" of flow through a 
constricted opening. 

Large-Scale Oceanic Flow 

Until fairly recently, the mean ocean flow through 
the Hawaiian Islands has been described as approximately 
25 cm/sec to the west (U. S. Navy Hydrographic Office, 
19^7). The North Equatorial Current was thought to be 
the cause of this flow. In recent investigations, how¬ 
ever, Seckel (1962) and Seckel et. al. (1967) conclude 
that circulation patterns in the Hawaiian region cannot 
be generalized into the concept of a steady North Equa¬ 
torial Current. Seckel further states that the mean 
geostrophic flow (if it does exist) is small, approxi¬ 
mately 10 to 20 cm/sec. Recent coastal current measure¬ 
ments off the Hawaiian Islands (Wyrtki et. al., I969) 
show a net flow to the west in some areas;~but the mean 
velocity is less than 20 cm/sec in most cases. This new 
evidence suggests that the North Equatorial Current is 
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not the controlling factor in circulation through the 
islands. 

Figure 3 shows I'j-knot winds as a long-term mean 
in the Hawaiian region. This figure also shows that the 
winds increase in the channels between the islands. It 
is possible that the local wind conditions generate a 
shallow Ekman drift with velocities as large as 50 
cm/sec. A strong, locally generated Ekman drift in the 
channels should be considered in any discussion of eddy 
formation in Hawaiian waters. 



HYDROGRAPHY OF THE EDDIES 

• ., The flrst detailed series of hydrographic stations 
in the region of the Hawaiian Islands vas made on 
cruises of the R/V HUGH M. SMITH, beginning in 19*49 
McOary, 1955). Since that time many such cruises have 

been made by various organizations, and the data avail¬ 
able from ?.0 cruises that document the hydrographic con¬ 
ditions of the eddies have been studied and analyzed, 
rhese data have been summarized in Table 1 (See Appen¬ 
dix) Features concerning the temperature, salinity, and 
dynamic structure are listed. In the discussion that 
follows, the various characteristics of Hawaiian eddies 
V 11 be illustrated by the use of Table 1 and selected 
figures. 

li£-9atlon 21 lhe Eddies in Time and Space 

/- Nhave been observed at all times of the year 
(See Table l). The only failure to locate eddies in the 
lee of the islands was during Cruise UH-1 (Fig. 8). The 
dynamic topography 0/500 db shows the existence of an 
elongated trough situated south of Oahu and stretching 
east to Hawaii. During the cruise, weak southerly winds 
prevailed. R. A. Barkley (personal correspondence) has 
noted the lack of eddy development during slack wind con¬ 
ditions. It seems reasonable to speculate that eddies 
will always be developed when trade winds are strong. 

Most of the eddies studied were in the region to 

centIrstoffthhfc ÍSíand °f Hawaii- Fi^re 10 locates the 
£ f îhe ^1°118 eddies listed in Table 1. Eddies 

have been observed as near to shore as *40 km (Fig. 36) 
and as far away as 350 km from the islands (Fig.^l»). 
The discussion will center on the situation in the lee of 

aïe welTd 0f Haiai1, The eddy conditions in this area 
ar well documented, and hydrographic surveys of the 

íarív T ?" ShOW that the eddies aPPear more regu¬ 
ío) Eddie« i6 °f thiS i8land than in other areas (Fig. 
Ífí¿ ^ appear in the lee of 0ahu and Kauai 
is thnllll and the generating mechanism of these eddies 
is thought to be similar to that of the eddies off 
n aw ail. 

Shajae and Size of the Eddies 

(Fig. 
The 
52) 

eddies range in shape from almost circular 
to the more common elliptical configuration 
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(Fig. 29). In 
an eddy radius 
culated on the 
(A ■ w ab) 
lists the 
(b) axis for each eddy, 
following discussion is 
were measured from plots 
or the depth of the 20°C 
defining and measuring a 
and 28. Figure 55 shows 
dynamic topography and the radius listed in Table 1 

follows , 
was cal- 

the analysis and description that 
t will be used. This eddy radius 
basis that the area of an ellipse 

equals the area of a circle (A * it l 2). Table 1 
values of the half major (a) and half minor 

The eddy radius used in the 
/ah’ s l. The values of a and b 
of either the dynamic topography 
isotherm. The procedure of 
and b is outlined on pages 27 
four observed distributions of 

The eccentricity (e * -) of the elliptical 

eddy pattern ranges from xero to 
the eccentricity is This me 
the major to the minor axis varie 
a mean value of 1.?. The eccentr 
the islands Is greater than that 
This is similar to the situation 
described for a Gulf Stream eddy 
Hawaiian eddies, the Gulf Stream 
tica.! shape in its early stages. 

.79. The mean value of 
ans that the ratio of 
s from 1.0 to I.7, with 
icity of an eddy near 
of an eddy farther away. 
Fuglister (1967) 

In the same manner as 
eddy exhibited an ellip- 

The eddy radius l varies from 28 km for a weak 
eddy near Hawaii to 80 km for a well-developed eddy 
farther offshore. The mean value of the eddy radius is 
59 km. As the eddies age and move away from the islands, 
they increase in area. Figure 11 illustrates the increase 
in radius t as the eddies move away from the island of 
Hawaii. 

Temperature Structure 

The most characteristic feature of the eddies is 
the temperature structure. The temperature distribution 
within the eddies has been measured using a variety of 
methods. NEL conducted two surveys with a continuously 
recording thermistor chain. BCF and UH scientists have 
measured the thermal structure using bathythermographs 
(BT), reversing thermometers, and continuously recording 
depth, temperature, and salinity recorders (DTS). 

The thermal structure can be related to the flow 
The cyclonic and anticyclonie rota- 

and a Mdepression" in the thermal 
water 

around the eddies 
tion appear as a "dome" 
structure. In cyclonic rotation, the heavier 
accumulates around the axis of rotation while the Lighter 
is forced to the outside (Defant, I961). In anticyclonie 
rotation, the rotation gives rise* to an accumulation of 
the lighter water around the rotational axis. Figure lU 

1 

I ■' 
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niustraies the "dome" and "depression" structure of an 
eddy pair as is often observed in the lee of Hawaii. 

The magnitude of the thermal doming of the cyclonic 
edd es is approximately equal to the depression of the 
anticyclonic eddies in a shallow surface layer (depth 100 
m). In denths greater than 100 m, the anticyclonic 
depression is less pronounced than the cyclonic dome and 
has a broader horizontal extent. The temperature data 

Íhí ng CrUlSe UH’2 lllustrates this feature. 
- distribution of mixed-layer depth (mean depth approx¬ 

imate y SO m in May) .hows that the cyclonic dome was 
situated to the northwest of Hawaii, and the anticyclonic 
depression to the southwest (Fig. 15). In the 20°C iso¬ 
therm topography (Fig. 16), the cyclonic dome is more 
intense and smaller in area than is the anticyclonic 
depression. The mean depth of the 20°C isotherm in 
Hawaiian waters is HO m. The 20°C isotherm is 70 m 
shallower than the mean level at the center of the 
cyclonic eddy, whereas the center of the anticyclonic 
eddy is only 30 m below the mean level. The anticyclonic 
eddy has a larger area than the cyclonic r-ddy. In the 
l, C isotherm topography (Fig. 17), the cyclonic dome is 

m above the surrounding level of the 15°C iso¬ 
therm, but the anticyclonic depression can no longer be 
iiCPn. The depth of the 10°C isotherm (Fig. l8) still 
defines the cyclonic eddy (310 - 3»»0 m), but it gives no 
indi cat.on of the existence of the anticyclonic eddy. 
These data are typical of the pattern and structure of 

°?!er:?d durin6 other cruises, and represent the 
normal situation of eddy-pair formation as observed in 
the xee of Hawaii . 

The small-scale vertical variation in the tempera- 

- 0f the eddies haE been discussed by 
omth ( 1967). Using NEI, thermistor chain data, he found 
•hat most vertical variations in the temperature struc- 
^urn are 7 to 10 m in amplitude, with wavelengths of 1 to 
I iiom^ters. These variations are masked in an analysis 

nared t" .1^ola^d hydrostations, but they are small com¬ 
pared to the size of the eddies and to the magnitude of 
the observed large-scale features. 

, ,«Iable 1 lists the observed depths of the 20°. 15° 
add isotherms at the center and peripheries of the* 
eddies. The peripheries of the eddies are defined'as the 
distances a and b aiscussed earlier. Also listed, for 
each of the isotherms, is the difference between the 
depths at the center and at the periphery. These are 

each8oî xî y 20 ’ Al50’ and A10O• The average value of each of these parameters has been calculated for the 
cyclonic and anticyclonic eddies and is listed in the 
following table. 
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Table 2. Average differences between the depths at the 
center and on the periphery of all eddies 
observed for the 20°, 15°» &nd 10°C isotherms 
and the mean depth of these isotherms in 
Hawaiian waters 

Cyclonic 

Anti cyclonic 

¿20° A15° A10° 

51* m 38 m 27 m 

2¾ m 11 m 10 m 

Mean depth of the isotherm 170 m 2Uo m 3**0 m 

The cyclonic eddies influence the thermal structure much 
more than do the anticycIonic eddies, and they penetrate 
to greater depths. The anticyclonic eddies seem to be 
confined to the upper 200 m, since their effect on the 
temperature structure at 2^0 m is of the same order as 
the observed random vertical variations of the tempera¬ 
ture structure (Smith, 1967). It should be noted that, 
for the cyclonic eddies, the magnitude of the 20°C iso¬ 
therm dome is twice that of the 10°C isotherm. Figures 
19 and 20 illustrate the doming of the temperature struc¬ 
ture in the cyclonic eddies. The lower limit of doming 
is from 300 to *»00 m. This would suggest that the flow 
around the cyclonic eddies is restricted to approximately 
300 m depth. 

The strong doming of the cyclonic eddies indicates 
that the upwelling associated with the surface divergence 
must, be considerable. Figure 22 illustrates this up- 
w^lllng effect. The surface divergence is of such inten¬ 
sity that the mixed layer has been completely removed at 
the center of the eddy. The heavier, cooler water that 
rises at the center of the cyclonic eddies can be 
observed at the sea surface (Figs. 23, 2*4, and 25). The 
distribution of surface temperature for Cruise UH-3 
(Fig. 2*») shows the most, extreme case observed for an 
intense cyclonic eddy located near Hawaii. There is a 
2°C change in the surface temperature from the center to 
the periphery of the eddy. The other two figures show 
more usual situations. The presence of a cyclonic eddy 
near the island of Hawaii is indicated by a change of 
surface temperature of 1°C or more. The change in surf¬ 
ace temperature across each of the eddies is listed in 
Table 1. 
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Salinlty Structure 

The vertical distribution of salinity in Hawaiian 
waters is characterized by an increase of salinity to a 
salinity maximum of 35.1%o at approximately 150 meters. 
Figure 27 shows an extreme case where the salinity maxi¬ 
mum has risen to the surface near the center of a 
cyclonic eddy. This indicates an upwelling of the salin¬ 
ity structure of 150 m, completely removing the water of 
lower salinity in the mixed layer. The salinity at the 
sea surface was 0.6°/oo greater than that of surrounding 
surface waters due to the strong vertical movement in the 
center of this cyclonic eddy. Figures 26 and 28 also 
document the areas of high surface salinity that indicate 
the presence of cyclonic eddies in the lee of Hawaii. 
Table 1 lists the change in surface salinity across the 
eddies observed. 

Velocity Field of the Eddies 

A variety of methods has been used to measure the 
surface flow around the eddies. The methods include 
observations of the paths of parachute drogues, geo¬ 
magnetic electrokinetograph (GEK) fixes, moored current 
meters, and geostrophic calculations based on observed 
dynamic topographies. 

uynamie tupography. For the observed mass distri¬ 
bution in the region of the eddies, the dynamic topogra¬ 
phies have been calculated and plotted for l4 cruises 
(Refer to Table l). The observed range of the dynamic 
height difference between the center and periphery of an 
eddy is from 3U dyn cm for a well-developed eddy to 10 
dyn i:m for a weak eddy. Figure 29 shows an intense 
cyclonic eddy with a dynamic height difference in excess 
of 3U dyn cm. The dynamic topography 200/500 db (Fig. 
30) still indicates eddy motion, but the dynamic height 
difference is only 6 dyn cm at this depth. The main flow 
is contained in the shallow upper layer. Figure 31 
illustrates a weak cyclonic and anticyclonic eddy pair 
with a dynamic height difference of less than 10 dyn cm. 
The dynamic topography 200/500 db gives no indication of 
eddy structure (Fig. 32). 

Table 1 lists the differences in dynamic height at 
the center and on the periphery for the various eddies. 
In the early reports of the Bureau of Commercial Fish¬ 
eries, the dynamic topographies were calculated relative 
to 1000 decibars. The University of Hawaii calculations 
are referenced to 500 decibars. A comparison of the dif¬ 
ferences in dynamic heights across the eddies when ref¬ 
erenced to 1000 db with dynamic heights referenced to 
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th«tdth!h!^.ïirtU*lly 00 »ni demonstrates 
îï!‘ •íí1** *” '»»Ho» feature.. A comparison of 

8 *?ifferenCes between dynamic heights at the center 

“„dt:5 '¿Minn':*of *u the 'ddi" 

Table 3. Average difference 
at the center and 
eddies observed 

a between the dynamic heights 
on the periphery of all 

Univers 

Type and (number) 
of eddies averaflf»ri 

Cyclonic (8) 

Anticyclonic (3) 

it*, of Hawaii Cruises 

Average dynamic height difference 
„0/500 db 200/500 db 

16.0 dyn cm 3.9 dyn cm 

8.5 dyn cm 3.5 dyn cm 

£l Commercial Fisheries Cruises 

Type and (number) Average dynamic height differencp 
2f_addl., .»craned 0/1000^ -gõo/iSoo ^ 

0lrClOniC (7) 15.1 dyn cm 1,.! dyn cm 

Anticyclonic (2) 9.5 dyn cm 1.5 dyn cm 

and 5001dh'.¡^íert!?Cíng.íhe d3r"a,nlc calculations to 1000 db 
ana 500 db gives virtually the same results ther* 

edduí^The^ U8Í?6 500 db aS thC referenc® level in the 
vdynamlC calculatlons show that approximately 

trÍtPd Jhe °bserved dynamic height difference is concent 
hAlt* in bhe uPPer 200 m. This confirms the conclusions 

eddies'ârí shin P<ritsr' atructure that the 
less ahallow and confined to the upper 300 m or 

Geostrophic volume transports. WvrtiH »+ «i 

ï: n:rdiigethg:°^~iine tra^°^ ^ 
Table 1 foi fhî cruises ; the results are listed in 
Table 1 for the respective eddies. The transport varied 

from 8.0 million m /sec for an intense cyclonic eddy sur- 

veyed .luring UH-3 (Fig. 29) to 3.0 million m3/nec for a 
weak cyclonic eddy surveyed during UH-12 (Fig. 31). 
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(c«ABLlti:gfiifBlff¿ff,-£rí7¿8oíí' «^rísgiírr cruhBr 
drogues »er« rele.sed in eddies nnd’tîêîr ï«ï) flr*chut' 

?Î°U',di r‘gUr'8 kl< ‘“O 116 showt^respectively 
deitroî'the ïlotted together »Ith the 

ohîerv^^r/^L^sîs-rroÂiï'eSjnrh:^:«?:. 

thr.gi:psïriicrly*iî,ef:ïi*:iîî" dyn“ic »f 
ty th. thernal io.lng .nd counUicío”,,^^^^0,; “f T™ 
drogues. During cruises OILBERT 68 1 end 68 II the see. 
eddy was observed for nine days Th« ,ame 
..Ch drogue 1. .1.0 eh"« ^ fîïîrîi ‘P"d 0f 

or theT£«; r*:iiuT,;i"d\5*”äb;^ pl8°í¡:d fTtlon 

ÍMÍ0nt’hfr0,‘ °ILfm 68 1 *nd 66 “ io'rïlî îîi IJLV eddy, they are plotted together (Fig. ^3). The averL. 
drogue speeds from OILBERT 61» and UH-17 are of thl líí! 
magnitude; they also are plotted togetheî (F?! II) lu 
“S;";;““"* i™* oi«*w «*• ^o».» incr.i..g;f i¿;.d 

n«.rtd.rfï?’ iÍ lnSí^í.roríhí^.e^pío«’:;:”,^.80 
drogues vas set deep (600 m) It 4. ?î?ee.0f th® 
whether the .peed o? ihU ïi.p ÍÍsÍJe^íí^^Íe^::^! 
deep flow or was influenced by the drag on the lin* thí* 
connected the drogue to the surface Th« iih tH * 

?rto*T;or*;: ^;dt’hof -r60 «*•« "riio. 

eL9Siï-„oT;e:ï:..dr:îihoii:î:„:ddï;o.Tîi,d:sr 

s"«d s' ::: iiixv” 
vortex, which has a velocity proportional to radiSÍ in an 

lluV) reÏÎ0n T*1 t0 radiU8”1 i" *n outer region (Lamb 

to 00 Km from the center of the eddies. 

cui.t.T:'n::::;g%,p"dB °r the ir°w »«« »..d t0 d. 

aoof-rr::tu ion - d:::h,:i,::e 20 C Isotherm for e.ch eddy .re listed In T.hl. Î? 
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Table 11. Period of revolution of cyclonic eddies calcu¬ 

lated from drogue observations compared to the 
observed difference between the depths of the 
20 C isotherm at the center and on the 
periphery of the eddy 

Cruise 

GILBERT 68 I 

GILBERT 68 II 

GILBERT 61| 

UH-17 

Period of Revolution_ ¿20° (m) 

1*.1| days yo 

3.7 days 70 

6.1 days l<o 

7.3 days 30 

Table U shows that the period of revolution of an eddy is 
inversely proportional to the doming of the 20°C isotherm, 
The doming of the 20°C isotherm during GILBERT 68 I and 

A Ï1 nEPr0?imately twice the magnitude of the doming 
during GILBERT 61» and UH-17. The average speed of the 
drogues during GILBERT 68 I and 68 IT (Figs. 1»0 and 111) 

rjjulln>CciBeC: The ayeraSe 8Peed of the drogues during 
GILBERT 6I1 and UH-17 (Figs. Ii9 and 1.6) was less than half 
this value, l»5 cm/sec. The response of the 20°C isotherm 
seems to be linearly related to the intensity of the flow 
around the eddy. This fact will be more fully developed 
la+er in the analysis. 

Otheg current observations. NEL observations 
(Smith, 1967) include direct current measurements for the 
eddy pair illustrated in Figure il». The near-surface 
currents are the strongest and range from 20 to 75 cm/sec 
The current decreases with depth in all areas except one.’ 
in the area of eddy convergence (zone between the cyclonic 
and anticyclonic eddies), velocities of greater than 
60 cm/sec persist to depths of 200 meters. This is not 

an unusual situation for the zone of convergence between 
the eddy pair. An inspection of Figures 8, 12, and 67 
shows that this feature, a strong flow to the east, often 
appears in the dynamic topographies of this area. The 
dynamic topographies 200/500 db indicate that the flow 

Afl^WeeÍÍuíhe eddy Palr Persl8ts *0 200 m (Figs. 9, 13, and 
bö). This onshore current splits into north- and south¬ 
flowing currents when it approaches the coast of Hawaii 

! Perl0d 0f a week in 1965* BCF scientists measured 
this divergence of the onshore current with drogues (un¬ 
published BCF data). The coastal currents along the 

Kona (west) coast of Hawaii seem to be controlled by the 
relative positions of the eddy pair. It is reasonable to 
assume that, as the eddies form and move to the west, the 
position of the divergence of the coastal currents and 



the intensity of the coastal flow will change. 

Calculations of currents from GEK fixes in cyclonic 
eddies ohserweä during UH-16 and -I? (Figs. 69 and 1»5) 
show the strong cyclonic circulation ana give the magni- 

lnïrJCe currents- Similar measurements were 
made by the BCF (McGary, 1955; Seckel, 1955) and confirm 
the cyclonic flew. 

Ç£J2£arijson çX observed currents with geostroohic 
calculations. A comparison of average drogue speeds, 
currents calculated from GEK fixes, and geostrophic cur¬ 
rent calculations based on observed dynamic topography 
shows the cyclonic eddies to be in near geostrophic bal- 

Table 5, the average drogue speeds from UH-I7 
and currents calculated from GEK fixes from 
-17 (Figs. 69 and 1»5) are compared to the 
current calculations based on the observed 

anee. In 
(Fig. 1*6) 
UH-16 and 
strophic geo- 

- Wlic uua 

dynamic topography 0/500 dt (Figs. 67 and U). 

Table 5. Comparison of average drogue speeds, currents 
calculated from GEK fixes, and geostrophic 
current calculations 

Cruise 

UH-1Ú 

UH-17 

leostruphic GEK speed 
speed (cm/sec) (cm/sec) 

Uü - Ob 1»5 - 70 

55 l»8 

Average drogue 
speed (cm/sec} 

none 

57 

The drogue speeds and geostrophic speeds for UH-17 show 
excellent agreement. The calculations for UH-16 show 
that the range of the geostrophic and GEK speeds are of 
the same order. This comparison of the geostrophic, GEK, 
and drogue speeds shows that the eddies are in near geo¬ 
strophic balance. 8 

The average individual drogue speeds for the eddies 
surveyed during Cruises GILBERT 61», 68 I, 68 II, and 

yÜT17 beeî1 Plotted as a function of eddy radius 
(Figs. «»2 and 1*3). Also included in these figures are th 
geostrophic velocity distributions calculated from a mode 
of eddy flow that is discussed on pages 27 through 29. 
The proposed geostrophic distribution shows general agree, 
ment with the average drogue speeds. 

R®cen^ coastal current measurements (Wyrtki et al., 
1969) show that most coastal circulation in the vicinity 
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of the Hawaiian Islands is dominated by tides. In the lee 
of Hawaii and in the Alenuihaha Channel (Refer to Table 6) 
the coastal currents are atypical of this pattern in that 
the observations show steady flows that can be attributed 
to eddy circulation. During Cruise UH-16, a meter moored 
3.3 km offshore from Keahole Point, Hawaii (position A, 
Fig. l<6) measured a northerly current with an average 
speed of 19 cm/sec. Comparison with Figure 67 shows that 
the flow was the result of a cyclonic eddy located at 
that time to the west of Hawaii. Two months later another 
meter was moored offshore from Upolu Point, Hawaii (posi¬ 
tion B, Fig. 1»6). The resultant speed was 51.5 cm/sec to 
the northeast. During the next month, a meter moored in 
the Alenuihaha Channel south of Maui, recorded a strong 
flow to the west with a resultant speed of 50 cm/sec. 
These three observations are in accordance with the flow 
indicated by the dynamic topography 0/500 db of Figures 
6? and M. The strong circulation of the cyclonic eddy 
that forms to the west of Hawaii is the cause of this 
coastal flow. During 1968, the measurements at Upolu 
and Keahole points were repeated (Refer to Table 6). At 
Keahole Point, the flow was again northerly at 15 cm/sec. 
Although the Upolu Point meter recorded northerly flow 
again, the resultant speed was only 7*5 cm/sec. These ob¬ 
servations show that coastal circulation in this area can 
be dominated by the eddies and that resultant speeds can 
be as high as 50 cm/sec for several weeks. 

Table 6. Moored current meter observations in the region 
of eddy formations (Wyrtki et al., 1969) 

Location 

Keahole Pt., 
Hawaii 

Position A 

Upolu Pt., 
Hawaii 

Position B 

Kiakeana Pt., 
Maui 

Position C 

Upolu Pt. , 
Hawaii 

Position B 

Keahole Pt., 
Hawaii 

Position 

Date 

Apr. 30-May 
1967 

July 22-Aug. 
1967 

Aug. 12-Aug. 
1967 

Aug. 2-Sept. 
1968 

Aug. b-Sept. 
1968 

Resultant 
_Direction 

1, 33° 

12, 27° 

22, 279° 

8, 56° 

10, 3l»9° 

Resultant 
Speed 

19.0 cm/sec 

51.5 cm/sec 

50.0 cm/sec 

7*5 cm/sec 

15.0 cm/sec 

A 
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Upwelling and Biological Effects 

The frequent occurrence of high salinity and low 
temperature at the sea surface in the lee of Hawaii is the 
result of divergent motion. This divergence and the 
associated upwelling which can cause enrichment of surface 
layers may have significant biological effects. Although 
few biological and chemical data exist concerning this 
problem, some observations are worth discussing. 

In the early stages of formation, the cyclonic 
eddies must exhibit upward motion to attain hydrostatic 
equilibrium In the cyclonic eddy observed during Cruise 
UH-3, the 20 C isotherm was raised 120 m above its mean 
level (Table 1). If the formation time of this eddy was 
two weeks, the average vertical velocity during this 

period would have been 10“2 cm/sec. This is a large 
vertical velocity and suggests considerable enrichment of 
the surface waters with deeper waters. 

Eddies that move away from the islands do not 
exhibit the high salinity and low temperature at the sea 
surface which are commonly found in nearshore eddies, sug¬ 
gesting that, the upwelling occurs chiefly during forma¬ 
tion. 

The cyclonic eadies could affect the biologic bal¬ 
ance in two general ways: enrichment of the surface 
layers (euphotic zone) with nutrient-rich subsurface 
waters , and entrainment of organisms such as littoral 
larvae into the circulation. In the early 1950's, the BCF 
In Honolulu investigated the effect of eddies on the dis¬ 
solved oxygen and inorganic phosphate concentrations in 
Hawaiian waters (McGary, 191^). No enrichment that could 
be attributed to the eddies was noted. The vertical dis¬ 
tribution of inorganic phosphate is characterized by less 
than 1.0 pg at/1 above 200 m depth (0.¾ pg at/1 at the 
surface). The 3.0 pg at/1 level is found at depths 
greater than ^0 m (McGary, 19i>5). To enrich the 
euphotic zone, the nutrient-rich waters found below 300 m 
would have to be raised to depths of 100 m or above. 
McGary's (1955) findings are consistent with observations 
that show a relatively shallow flow around the eddies. 
Ihe intensity of the observed flow could conceivably 
cause considerable upwelling, but only In a relatively 
shallow layer and over the short time span during the 
formation. Thus, enrichment of the euphotic zone is 
minimal. 

Analyses of zooplankton by King and Hida (195¾) 
indicated that there were slight maxima of zooplankton 
near the cyclonic eddies. Their data also showed other 
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be attributed to any hydrographic 
that cyclonic eddies have on the 
Hawaiian waters is unresolved and 
ideration. If this problem is 
ure, the fact that the depth of sig- 
Hawaiian waters is below the level 
should be recognized. This fact 

richment of the euphotic zone and 
cal response are small. 

Tilt of the Eddy Axes 

Smith (1967) states that the cyclonic eddy surveyed 
during the first phase of U.S.S. MARYSVILLE Cruise 36 
appeared asymmetric about a vertical center. The axis of 
the dome slanted eastward. Ten days later, as the eddy 
moved away from the islands, the eddy was resurveyed. 
Smith noted that the dome structure was better developed 
and symmetric about a vertical center. Since the NEL 
analysis is based on the continuously recording thermis¬ 
tor chain data, the resolution of the features is greater 
than that of the BCF or UH cruises. The data from the 
BCF and UH cruises suggest that the eddies translate as a 
column. If the eddies are asymmetrical with depth, the 
tilt is within the resolution of the hydrographic stations, 
approximately 20 kilometers. 

Eddy Lifetime. Movement. and Decay 

Because of the large number of cruises required to 
track an eddy over a period of many months, the most dif¬ 
ficult questions concerning the eddies relate to the time 
parameters. Nonetheless, a consideration of the observa¬ 
tions concerning eddy formation, movement, and decay pro¬ 
vide insight into the time parameters pertinent to 
Hawaiian eddies. 

Formation. It is reasonable to speculate that the 
data from Cruise UH-12 shows a young eddy in the early 
stages of formation. During moderate trade-wind condi¬ 
tions, the area west of Hawaii was intensely surveyed. 
During the first part of the cruise, no large eddy or 
thermal dome was found. There was a rather weak depres¬ 
sion in the 20°C isotherm (Fig. 36). In the northern 
part of the area, a shallow, summer mixed layer had 
formed (Fig. 35). In the center of the anticyclonic 
eddy, the mixed layer is very deep. Only on the last day 
of the operation was a small eddy discovered to the west 
of the Alenuihaha Channel. This eddy seemed to be in a 
very early stage of development since it was not apparent 
either in the surface temperature and salinity distributions 

! 

I I 
! 

1 
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or in the topographies of the 15° and 10°C isotherms 
(Figs. 33, 31», 37, and 38). 

During the last two days of this cruise, six para¬ 
chute drogues were released in the Alenuihaha Channel 
(Fig. 39). These drogues showed a very irregular drift 
pattern. In general, the drift was to the south toward 
the island of Hawaii, but considerable oscillations were 
superimposed. It could be assumed that these oscilla¬ 
tions were of a tidal character, but the data are not 
adequate to demonstrate this. Drogues drifted only 8 to 
16 km during the entire period, although individual 
drogue speeds were as high as 50 cm/sec. 

The behavior of the drogues is not consistent with 
the theory of flow around Hawaii as the cause of eddy 
formation. The hydrographic data show a weak eddy that 
could be in the early stages of formation, yet no strong 
flow through the channel appears. Figure 6 shows the 
cyclonic pattern of the winds in the area of the weak 
eddy. Wind speeds were steady and strong (15 to 20 knots) 
during the period of this cruise. It would appear that 
the only source available to drive the "young” eddy was 
the wind shear. 

Barkley (Manar, 1967) estimates the formation time 
eddies t0 be approximately 10 to 15 days. Barkley 

Í1966) also states that the eddy observed during January 
and February, 1966 (TOWNSEND CROMWELL Cruise 22) had a 
residence time of at least 1 month and possibly 2 months 
in the lee of Hawaii. He further states that, since the 
eddy showed no signs either of dissipation or growth dur¬ 
ing the interval, it was nearly stationary throughout the 
duration of the cruise. According to Barkley^ observa¬ 
tions and the discussion of the weak eddy observed during 
UH-12, the time needed to form an eddy is probably of the 
order of 1 week for a weak eddy to a month or more for the 
case of intense eddy development. 

Movement and decay. Three BCF cruises (GILBERT 61», 
68, and 72) were planned specifically to measure eddy 
movement. NEL Cruise 29 monitored the movement of a 
cyclonic eddy in the lee of Hawaii. The procedure for 
these four cruises was the same. An initial survey of 
the temperature structure was made; later, the same gen¬ 
eral area was resurveyed. A shift in the temperature 
structure indicated eddy movement. The observations show 
that the eddies move away from Hawaii in a westerly or 
northwesterly direction. 

The temperature data from NEL Cruise 29 also show 
this westerly movement. The temperature structure in the 
lee of Hawaii was surveyed with a towed thermistor chain 
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rrem August 17 to ilt, 1964 (Fig. *47). A strong cyclonic 
eddy was located 1*40 km west of Hawaii; and, 130 km 
farther west, a weaker cyclonic eddy was evident in the 
thermal structure. Part of the same area was resurveyed 
during August 28 - September 3, 196*4 (Fig. *48). At that 
time, ten days after the first survey, the strong eddy 
had moved 37 km to the west. Nearshore, the torperature 
structure indicated that a cyclonic eddy was developing 
to the northwest and that an anticyclonic eddy was evi¬ 
dent to the southwest. The net observed speed of the 
strong cyclonic eddy was 3.7 km/day to the west. 

During GILBERT Cruise 6*4, a cyclonic eddy south of 
Oahu translated to the west and seemed to decay into a 
group of smaller cyclonic eddies. From April 9-11, 
1963, the original cyclonic eddy (Fig. *49) was surveyed 
using BT and drogue data. The area was resurveyed during 
April 12 - 1*4, I963 (Fig. 50), and the center of the eddy 
had translated 30 km in three days. The net speed was 
10 km/day to the northwest. About ten days later (April 
2*4 - 29, 1963) this area was surveyed for the third time. 
A series of small, shallow cyclonic eddies had replaced 
the larger cyclonic eddy (Fig. 51). Unfortunately, 
observations made during the thiii survey (Fig. 51) did 
not cover a large enough area to include the central 
region of the eddy as it was observed during the first 
cruise (Fig. *49)- Nonetheless, it is reasonable to 
assume that this is the pattern of eddy decay since it is 
consistent with the classical statistical theories of tur¬ 
bulence that predict a decay from larger to smaller 
eddies. An inspection of the three plots of the 20°C iso¬ 
therm suggests that the eddy pattern was becoming more 
irregular with time. 

The observed temperature structure during GILBERT 
68 I and II monitored a cyclonic eddy 150 km west of 
Hawaii (Figs. *40 and *4l). The center of the eddy had 
shifted 15 km to the northwest in 3.5 days. This gives a 
net speed of *4.5 km/day. 

GILBERT Cruise 72 monitored the movement of an 
intense cyclonic eddy with BT observations. During 
Phase I (April 15 - 20, 196*4), the eddy was surveyed 
twice (Figs. 52 and 53). The movement was 15 km in three 
days (5 km/day). The entire leeward area was resurveyed 
(Fig. 5*») a month later (May l6 - 23, 196*4). The thermal 
structure showed an intense cyclonic eddy 80 km to the 
northwest of the eddy noted during Phase I. It is reason¬ 
able to assume that this was the same eddy as it sr^ms 
unlikely that an eddy of the intensity found during 
Phase I could have dissipated over a period of only one 
month. This eddy would have translated 80 km to the north 
west in 28 days. The net average speed would have been 
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3 km/dhy. Tfiis valuó ip oonsistent with tho othor obser¬ 
vât ions . 

Table 7. Net. observed speed and direction of eddy 
movement 

Cruise_ 

GILBERT t>l4 

GILBERT bft 

GILBERT 12 1 

GILBERT 7? II 

MARYGVILLE 20 

Net observed 
Speed ( km/day) 

10.0 (11.6 cm/sec ) 

( S.? cm/sec) 

5.0 ( 5.6 cm/sec) 

3.0 ( 3.5 cm/sec) 

3.7 ( ^.3 cm/sec) 

Net observed 
Direction 

NW 

NW 

W 

NW 

W 

The average net observed speed for the observations 
listed in Table 7 is 5.G km/day (6.0 cm/sec). The eddies 
move away from Hawaii in a westerly direction and then 
apparently move to the northwest, parallel to the archi¬ 
pelago. This movement of the eddies is shown in Figure 10. 

Lifetime. Figure 10 shows that the eddies can main¬ 
tain their identity as far as 350 km from Hawaii. If 
their translation away from the islands is of the order of 
5.2 km/day (See Table 7), they must have lifetimes in 
excess of 65 days. 

Although a complete time series of the growth, move¬ 
ment, and decay of an eddy does not exist, a discussion 
of three surveys of the same area over a 3-month period 
(UH-12, MARYSVILLE jo, and UH-lM provides some insight 
into eddy lifetimes. The weak cyclonic eddy surveyed 
during UH-12 was apparently a young eddy in the early 
stages of formation (Fig. 31). One month later, NEL 
scientists surveyed a large, intense eddy pair west of 
Hawaii (Fig. 114 ) • If the cyclonic eddy was the same eddy 
that was developing during UH-12, it had traveled 70 km 
to the south in 60 days (1.2 km/day). The fact that this 
eddy moved slowly into the lee of Hawaii (south) is con¬ 
sistent with Barkley's (196b) observation of an eddy that 
showed little movement in this same area. On this basis 
it is reasonable to assume that this eddy was the same 
eddy that was surveyed during UH-12. Twenty-five days 
later, the data from UH-1^ shows a cyclonic eddy 150 km 
northwest of the cyclonic eddy investigated by NEL (Fig. 
59). If this was the same eddy, it had moved at an aver¬ 
age net speed of 6 km/day to the northwest (Gee Fig. 10). 
This is consistent with the observed eddy movements 
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List e d in Table 7. Tills lime series seems probable and 
gives the eddy a lifetime of 3 months or more. 

I I 
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THEORETICAL ANALYSIS AND DISCUSSION 

T i generation of eddies in the lee of the Hawaiian 
slands has been ascribed by previous investigators 
[McGary, 1955 and Barkley (Manar, I967)] to the same 
cause: the flow around and through the islands. To 
generate eddies behind a barrier, a strong flow is neces- 

!îryiiQ6??e;VïVe?!Îgati0nB ?eckel ^962), Seckel et 
âi- (1967) and Wyrtki et al. (1969) conclude that the ““ 
circulation through the Hawaiian Islands cannot be gen- 

The1!»? ^t0 the COncept of a steady flow to the wfst. 
The main flow of the North Equatorial Current is appar- 
ently situated to the south of the Hawaiian Islands! The 
wind observations in the previous discussion provide a 

sfs1^™??* mechanism t0 drive eddies. In the analy- 
^hat fo?-lows’ Pro and c°n points of view will be dis- 

t íonsd' mainly fr0ID the 8tandpoint of energy considera- 

Dimensional Analysis of the Eddies 

A dimensional analysis of the equations of motion 
should give some measure of the forces acting and giving 

rise to the eddies. Assuming an incompressible ocean of 
density p, the horizontal equations are 

dll 
«■o""» 4" V < 

3t 

3v 

( uV ) + v~- - fv 
0 

. I i£ + 
p dx 

A. 7 21 +1 
3t 

+ 7*(vV) + w4r + fu 

p 3z 

at 
3z + A72v + i — 

0 3y h p 3z 

(1) 

(2) 

here u and v are the eastward (x) and northward (y) eom- 

gradient0ft the.hori^°ntal velocity V, 7 is the horizontal 
g »dient operator, 7 is the horizontal Laplace operator, 
w the upward (z) velocity component, f the Coriolis param¬ 
eter, p the pressure, Ah the coefficient of lateral !ddy 

viscosity (assumed constant), and t^ and t the horizontal 
y 

components of the wind stress, 
be hydrostatically balanced. 

The eddies are assumed to 
Thus 
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= 
P 

gdz , (3) 

where g is the acceleration due to gravity. The pressure 
gradient terns can be expressed in terms of the dynamic 

topography 

expressed as g^"-ç 

of the eddy. 

■ } . These terms can also be 
3x,y 

where Ah is the surface topography 

Equations (l) and (2) can be expressed in terras of 
scale factors that are characteristic of Hawaiian eddies. 
These scale factors are 

X >y ■ L x' ,y ' 

z * D z ' 

t ■ T t ' 

u,v * V u*,V' 

w = W w* 

f «ff 
o 

7 
L = 10 cm (typical eddy diameter) 

D = 2x10** cm (typical eddy depth, 
200 m) 

T = 1.3 - 10x10^ sec (character¬ 
istic time varies from the 
inertial period at 20° lati¬ 
tude, 35 hr, to the estimated 
formation time of an eddy, 
10 days) 

V * 50 cm/sec (typical eddy 
velocity) 

W - 10"¿ (highest estimate of 
vertical velocity) 

f = 5xlO"5 sec"1 (f at 20° lati- 
0 tude) 

Ah * Ah Ah' 
o 

T ■ T T ' 
x.y o x,y 

Ah * 20 cm (typical observed dif¬ 
ference in surface topography 
across an eddy) 

r\ 

t a l* - 10 gr/cm sec^ (winds of 
from 20 to 37 knots as dis¬ 
cussed by Deacon and Webb, 
1962) 

A.^* 10^ - 10^ cmc/sec (lateral 
eddy viscosity). 

Since the eddies are assumed to be symmetrical and 
f » constant, equations (l) and (2) have the same form. 
The scaled form of the horizontal equations of motion is 



V 3U' 
T at* 

+ ( u ' V ' ) I ' w ^' 
a *» 

f V r'v' = 
o 

( a ) ( b ) (<•) (d) 

gAb A V 
_11 iAli . _b 

r. ax' V'‘u' + -r 
t ai ' 
o X 

p|j 3z 

(e) (f) ( g ) 

m 

Calculating the magnitude of terms (a) - (g): 

(a) time-dependent inertial term = .1. bxlG~ - 5.0x10*^ 
(T = 31} hr - 10 days) 

(h) curvature inertial term = 2.t)XlO_1* 

('• ) vertical inertial term = 2 . b xl0~ 

( d ) Coriolis term = 2 . x 10 ^ 

(e) pressure-gradient term = 2.0x10”^ 

(f) horizontal viscous term = 5.0xl0-^ - 5.0x10”^ 

(A = 105 - 10^ cmc/sec) 

(g) wind-stress term = 2 - 5x10" 
(i = ^ - 10 gr/em sec). 

A comparison of the magnitudes of the above scaled 
terms gives a measure of the relative importance of the 
individual terms in the governing equations of motion. 
An inspection of terms (a) through (g) shows that the two 
dominant forces are (d) and (e), l.e., the Coriolis and 
pressure-gradient forces. These forces are larger than 
the other forces by a factor of almost ten. 

The next most important forces are the time- 
dependent (a) and curvature (b) inertial terms and the 
wind-stress term (g). The time-dependent inertial term 
beromes important only at periods of less than 10 days. 
If the period of inertial oscillations (35 hrs at 20° 
latitude) is used as the characteristic time parameter, 
this term has the third-1argest magnituue. At high wind 
speeds the wind-stress term can be a controlling factor 
in eddy flow. 

The remaining terms, vertical inertial (c) and hor¬ 
izontal viscous (f), have tne smallest values. The mag- 

nitude of W used in the calculation is IO-11 cm/sec. This 
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value overestimates the relative importance of the term, 
because the upvelling is probably not a continuous fea¬ 
ture in eddy flow. It should be noted that varying the 

5 7 2 
value of A. from 10 to 10 cm /sec does not make the hor- 

n 
izontal viscous term comparable to the other terms. The 
vertical inertial and horizontal viscous forces seem to 
be of least importance. 

2 
By dividing the inertial scale factor (V /L) by the 

scale factors of terms (d), (e), and (f^, three nondimen- 
sional ratios are defined. These are 

Reynolds number (Re) (5) 

■V2 /L 
AhV/I,2 

5000 50 (A. 
5 7 

10? - 10' cm /sec ) 

Froude number (Fr) 
,V2/L V2 

■ . s —— 

gAh /L gAh 
o o 

.12 

Rossby number (Ro) ïiZi . JL_ 
f V L f 
0 0 

.10 

The Reynolds number is here used in terms of a coeffi¬ 
cient of lateral eddy viscosity, and not in terms of the 
coefficient of molecular viscosity. Since the Reynolds 
number is the ratio of the inertial force to the viscous 
force, its numerical value in any specific case is a meas¬ 
ure of the relative importance of these forces. The value 

C. 7 

of Re ranges from 5000 (A^ * 10 ) to 50 (A^ * 10 ), which 

ahovs that the inertial forces are dominant. The value of 
the Reynolds number will be discussed in more detail later 
in the analysis. 

Froude's number 
gravitational force, 
tional force has an i 
tude of the inertial 
ratio of the inertial 
Ro ■ .10 is small, th 
in eddy motion. The 
equations shows that 
in an analysis of the 
gradient forces. 

is the ratio of inertial 
Fr = .12 means that the 

nfluence almost ten times 
force. The Rossby number 
force to Coriolis force, 

e Coriolis effect is 
dimensional analysis 
two forces are of primary importance 
eddies: the Coriolis und pressure- 

force to 
gravita- 
the magni- 
is the 
Since 

a dominant force 
of the governing 
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Since the Reynolds number is large (Re * 
50 - 5000) and the Rossby number is small (Ro * .10), the 
Coriolis force is much larger than either the /iscous or 
inertial forces. If the wind-stress term (g) in equation 
14; is assumed to be small, the two remaining forces are 
Coriolis and pressure-gradient (gravitational) forces. 
Because geostrophic motion is the balance of these two 
forces, the Froude number must be equal to the Rossby num¬ 
ber for geostrophic flow in Hawaiian eddies. Since 
Fr ® .12 and Ro * .10, the dimensional analysis shows 
that Hawaiian eddies should be in near geostrophic bal¬ 
ance in the absence of strong winds. 

Geostrophi^ Eddy Model 

In the analysis that follows, it is assumed that the 
eddies are geostrophically balanced. This assumption is 
based on the comparison of average drogue speeds and cur¬ 
rents calculated from GEK fixes with geostrophic current 
calculations as well as on the dimensional analysis. The 
geostrophic eddy model will be used to calculate the 
order of magnitude of the eddy energies. 

The equation of geostrophic mot 

nates if f c ■ ^ , where c is the 

The influence of centrifugal forces w 
sidered in cyclonic and anticyclonic 
pages 142 to U). The eddies are ass 
ally symmetrical; thus, variations in 
zero. The geostrophic equation can b 
of the dynamic-height anomaly AD. Th 
ity field of the eddies is now define 

ion in polar coordi- 

tangential velocity 

ill also be con- 
eddy motion (See 
umed to be rotation- 
the e direction are 

e expressed in terms 
e geostrophic veloc- 
d as 

dAD 
C a - 

fir (6) 

Figure 55 shows observed normalized dynamic heights 
plotted as a function of eddy radius. The assumed distri¬ 
bution , 

AD - D 
o e 

-r2/l2 
(Gaussian distribution), (7) 

agrees remarkably well with the observed distributions 
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from various UH cruises n í «a fv»« u . omises. is the observed difference 

«Lr-? 
ï- <.f,ura^^::rL:L?ehr^/^ch 
eady. They are defined as the distant +v f n 

D0 has been diminished by 62.55t. From the plots of^he Wher< 

ííô;"ÍLtOPOr,P!'íe5 0/500 áb- a and b «re measured for 
weiî no?y’ f?r. h0Se eddles where dynamic topographies 
was used fVailable‘ the topography of the 20°C isotherm 
waa used to measure a and b. The eddy radius ( O «o* t 
euiated on the prlneiple that the area of ellipse ' 
(A * h ab ) equals the area of a circle (A -ni25 P'rv, 

the eddy radius used in the following analysis is ’ 

A1^h°u8h the method of definition and measure- 
ment is somewhat arbitrary, it provides a consistent 

from°th0f defining eddy size- The energies calculated 
parameters are °nly used to make order-of- 

magnitude comparison. The horizontal geostrophic flow i3 
assumed to be a function of the Gaussian distribution of° 

eqîîtion (6)fraPhy* Substltutinß quation (7) into 

c 
2D r 

o 

fl2 
e -r2/jt2 

(8) 

gives the surface flow of the eddies. 

rifUre 56 8hows the geostrophic velocity distribu- 

80bfe Ve:? Stfîions 70 and H. Cruise UH-lï, as a Unc¬ 
tion of depth. Also included in this figure are three 

assumed distributions: linear [v « y^i . z/d)]; exponen¬ 

tial (v > vQe Z^)i and Gaussian (v * voe“z2^2). The 

?íe8mÍSeldínílbUtÍOn It'* the ob8erved°distribution best. 

rfunc.tíon of depth- Aa 
proposed functions shovs that any one of the three would 

"hit loîlôï alff'ra,,t I" the calculations 
hVÎÎ í?1^? There is some Justification for the Gaussian 
distribution in that flow around the eddies is shallow and 

siona^mod*! ^ ^ UPPer 200 meters* The three-dimen¬ 
sional model of geostrophic flow now has the form 

c -0 r -r2 /t2 .z2/d2 

f i2 6 (9) 
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and the resulting geostrophic velocity distribution as a 
function of radius and depth is shown in Figure 57» A 

comparison of this model distribution and the geostrophic 
distribution plotted in Figure shows general agree¬ 

ment. The cyclonic eddy surveyed during UH-lU is located 
on the right side of Figure 58. 

Energy Model for the Eddies 

Using the above model of velocity and dynamic- 
height distributions in the eddies, it is possible to 
calculate the kinetic and potential energies contained 
in individual eddies. 

The kinetic energy is 

2 

ill *¥ « K . E . = (10) 
V 

Substituting equation (9) in equation (10), the kinetic 
energy is 

K.E. 

Integrating over the volume of the eddy, 

f21*/2 
(12) 

The potential energy can be expressed as 

P.E. - ¡K pûDdV 
v' (13) 

Substituting equation (7) in equation (13) and assuming 

AD has a Gaussian distribution with depth (e"z2^2), the 
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potential energy is 

P.E. * pDo /// r e“r2 7 ^ e"z2/d2d0dzdr . ( il» ) 
ooo 

Integrating over the volume of the eddy, 

P.E. 
pD *3/\2d 

o 
C- 

(15) 

The ratio of potential to kinetic energy (P.E./K.L.) 

f 2 £ 2 2 /2 
is --- . The total energy is simply +he sum of the 

uo 
potential and kinetic energies. The derived relationships 
can be simplified further by introducing D0 = gAh. Ah is 

the difference in surface topography across an eddy. The 
relationships used to calculate the energies become: 

K.K pAh2n 3^2g¿(i 

f2l4/2 
(16) 

3/2 5 , pAhn l2nd 
2 

P.E. (IT) 

P.E./K.E. f2t22/2 
Ahg (18) 

T.E. = K.E. + P.E. (19) 

Both kinetic and potential energy are directly pro¬ 
portional to d, a measure of eddy depth. The potential 
energy is directly proportional to Ah, while the kinetic 
energy is proportional to Ah2. Potential energy varies 
as a measure of eddy area. Kinetic energy is 
inversely proportional to f2, the Coriolis parameter 
squared. The ratio of potential to kinetic energy in this 
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simplifled model is a function of latitude (Coriolis 
parameter f), difference in surface topography (ûh), and 
the eddy radius ( I ). 

The variables in equations (l6) - (19) are Ah, f, £, 

and d. The Coriolis parameter f equals 5xlO“5 (20° lati¬ 
tude). The values of i and AhQ are taken from the obser¬ 

vations and are listed in Table 1. The value of d, a 
measure of eddy depth, is the only parameter that has to 
be determined. 

The surface velocity is decreased by 62.5JÍ at the 
depth d. Table 3 shows that approximately 75% of the 
average dynamic he.ight difference is concentrated in the 
upper 200 meters. The geostrophic surface velocity is 
decreased by 75% at this level. Since it is assumed that 
the geostrophic velocity in the eddies is a Gaussian func- 
tion of depth (Eqn. 9), the surface velocity is decreased 
by 62.5» at approximately 170 meters. Based on the 
observed average distribution of dynamic height in the 
eddies, d = 170 m is used to calculate the kinetic and 
potential energies. This value, I70 ra, is also the mean 
depth of the 20°C isotherm in Hawaiian waters and can be 
thought of as a boundary for a two-layer model of Hawaiian 
eddies . 

The data for some eddies do not include dynamic cal¬ 
culations, because the eddies were surveyed for tempera¬ 
ture structure only. Figure 21 shows the observed change 
in the depth of the 20°C isotherm from the eddy center to 
the periphery versus the observed difference in surface 
topography across the eddy (Ah) for various eddies ob¬ 
served during the UH cruises. The two parameters are 
Uneariy related by the relationship 3.35Ah (cm) « 
A20 (m). This relationship applies only to moderate 
eddies with Ah<20 cm. At higher Ah, the linear relation¬ 
ship does not apply. This relationship has been used to 
calculate the difference in surface topography across the 
eddies that were surveyed for thermal structure only. 
These values of Ah will be used to calculate the energies 
of the compound eddies. 

Table 1 lists the potential, kinetic, and total 
energies for all the eddies. The calculated range of 
energies are as follows: 

kinetic energy 

potential energy 

total energy 

.07 to .60x10^^ ergs 

.1*2 to 5.67x1022 ergs 

.1*9 to 6.27x1022 ergs 

The largest energies are for the eddy surveyed during 
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Cruise UH-3. This was a very intense eddy with a differ¬ 
ence in surface topography in excess of 30 cm. The low¬ 
est energies are for the weak eddy surveyed during Cruise 
UH-12. The most intense eddy observed has a total energy 
thirteen times that of the weak eddy. The majority of 

the eddies have a total energy of from 2 to 5xl02i' ergs. 

Ichiye (1956 ) calculateu the kinetic energy of an 
eddy in the Kuroshio Current region. This energy varied 

between .39 and 2.06x10*"^ ergs over a period of many 
months. This agrees in order of magnitude with the 
kinetic energies calculated from the geostrophic model for 

Hawaiian eddies (.07 - .60xl022 ergs). The Kuroshio eddy 
was larger than the usual Hawaiian eddies; therefore, a 
larger kinetic energy is to be expected. 

The ratio of potential to kinetic energy has been 
calculated for all the eddies listed in Table 1. For the 
cyclonic eddies, the ratio varies from 5 to ¡40. Most of 
the eddies have a ratio of from 15 to 30 with the average 
ratio equal to 2¡4. 

Locally Wind-Driven Eddies 

The existence of strong winds in the channel between 
Maui and Hawaii and the existence of atmospheric eddies in 
the lee of Hawaii have been pointed out. It is reasonable 
to assume that energy is added to the ocean eddy by the 
winds. A consideration of the energy that is added to an 
eddy by the wind shear provides some insight into the pos¬ 
sibility of locally wind-driven eddies and the time needed 
to generate them. According to Sverdrup et^ al. (19J42), 
the energy equation, neglecting the dissipation term, can 
be expressed as 

d(T.E.) 

áT^ s // Vo dA (20) 

where 

= surface speed of ocean 

T0 * wind stress at sea surface 

(T.E.) = total energy of an eddy 

A * surface area (6.7xl013 cm2) acted on by 
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wind stress. If vo and to act in the same direction and 

are taken as averages over the time At, equation (20) can 
be expressed as 

(T.E.) 
(T.E.) = V T AA t, or At = -(pi) 

e o o V t A '(-ii 
o o 

This defines a time At needed to generate an energy 
(T.E.)e when a wind stress i^ is exerted over an area A 

with a surface speed v . (T.E.) , v , and T are con- 
O 61 O O 

sidered to vary within the following limits: 

= 30 - 60 cm/sec (one-half of the observed 
eddy speeds shown in « 
Figs. h2 and hi) 

= - 10 gr/cm/sec*' (winds of from 26 - 37 
knots; Deacon and Webb, 
1962) 

22 
s 2 - 5x10 ergs (total eddy energies cal¬ 

culated from equation 19). 

The wind stress is assumed to act as a torque having the 
same direction and location as the surface speed of the 
eddy. Figures 70 and 71 show that this assumption is 
valid. In both figures, the winds show a cyclonic pat¬ 
tern and are approximately parallel to the dynamic topog¬ 
raphy 0/500 db of well-developed cyclonic eddies. 
Although the winds show a cyclonic pattern, the strongest 
winds (above 25 knots) are found only around the northern 
half of the eddy. Since the wind stress used in equation 
(21) is directly proportional to the square of the wind 
speed (Deacon and Webb, 1962), wind stresses of from 

5 to 10 gr/cm/sec1' are found only around the northern 
half of the eddies. The area of the eddy where the wind 

stress is exerted will be taken as b.TxlO1^ cm2, half the 
average observed eddy area. This area is indicated in 
Figure 70 and in Figure 71 by a shaded half-circle. 

Using the above values, three values of time of eddy 
formation, At, have been calculated,as shown in Table 8. 

(T.E.) 
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Table 8. Time required to add the energy (T.E.) to an 
e 

eddy, given a surface wind stress (i ) and 
o 

an ocean surface speed (v ) 

At (days) xo ( gr/cm/sec2 ) v^cm/sec) (T.E.) (ergs) 

58 5.0 (26 knots) 30 

l8 7.5 (31 knots ) 45 

6 10.0 (37 knots) o0 

5xl022 

3.5xl022 
O O 

2x10^ 

The maximum time of 53 days would apply to an intense 
eddy generated by the smallest wind stress. The minimum 
time of 6 days would apply to a weak eddy generated by 
the highest wind stress. An inspection of Table 8 shows 
that*, to generate the energies listed, the winds must be 
26 knots for 58 days or 37 knots for ó days. Although 
these wind speeds and durations might seem excessive, 
there is some evidence that such wind conditions do exist 
in this area. Even with the smoothing imposed by averag¬ 
ing the winds over a long period, Figure 3 shows result¬ 
ant wind vectors of 25 knots between Maui and Hawaii 
(Alenuihaha Channel). This suggests that winds of 26 
knots could possibly be continuous for 58 days. Figures 
*♦» 5, 6, and 7 all show wind vectors of 3Ü knots or more 
in the area of eddy flow. It seems possible that the 
wind Jet in the Alenuihaha Channel (discussed on page ij ) 
could be as high as 37 knots for 6 days. 7 

The estimates, discussed earlier, of the formation 
time of an eddy were of the order of 1 week for a weak 
eddy to a month or more for an intense eddy. The calcu¬ 
lated values in Table 8 are consistent with the esti¬ 
mates and observations discussed earlier. Although the 
dissipation term was neglected in the above calculations, 
it is quite evident that the local winds add considerable 
energy to the eddies. 

Eddies Generated Due to a Flow around Hawaii 

McGary (1955) proposed that the generation of 
eddies in the lee of Hawaii is due to a flow around the 
island. Barkley (Manar, I967) suggested that, as the 
eddies grow, alternate detachment and movement to the 
west occurs. If a steady current passes through the 
Hawaiian Archipelago, this "wake stream" could be a pos¬ 
sible explanation or mechanism for eddy generation. 
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This phenomenon was treated analytically by 
Theodore von K¿rmán (1911-1912) and bears his name, the 
Kármán vortey trail. The Karmán model applies to a 
small-scale flow and does not include Coriolis force. An 
application of the Kármán solution to Hawaiian eddies is 
questionable because of the effect of Coriolis force and 
the large scale of the eddies; nevertheless, this theory 
has value in that it provides a comparison between the 
laboratory vortex trail and the ocean vortex trail. 

A brief discussion of the phenomenon and Kármán's 
solution will provide the relationships that will be used 
to compare Hawaiian eddies to the analytical solution. 
As a bluff cylindrical body is brought from rest to a con¬ 
stant speed at right angles to its axis, a vortex pair 
formed through separation at either side will first grow 
symmetrically. Eventually, one vortex will tend to over¬ 
balance the other and pass off into the wake. As the 
second continues to become larger, a third will form in 
the place of the first, and a process of alternate forma¬ 
tion and detachment is thus ultimately established. 

Kármán showed that a trail of irrotational vortices 
will move stably through a fluid only if the ratio of lat¬ 
eral to longitudinal spacing is 0.28 (Fig. 60). As was 
shown by Strouhal (I878), the phenomenon is an inertial 
rather than a viscous one. The frequency of separation 
( v) relative to the diameter (D) and the speed (U) of the 
body (i.e., the Strouhal number vD/U)#for a rigid cylin¬ 
der maintains a magnitude of about 0.2 over a wide range 
of Reynolds number. 

Some of the characteristics of the actual flow model 
which could not be foreseen from an irrotational model 
have been discussed by Rouse (I963). Only over an inter¬ 
mediate range of the Reynolds number (Re = 100 - 500) does 
anything like an orderly vortex trail appear in the wake 
of a cylindrical body. At very low Reynolds numbers the 
viscous action is so great in comparison with the inertia 
of the flow that separation does not occur. At higher 
Reynolds numbers (of the order of 50) the vortex pair 
forms, but remains symmetrical; and, only at still higher 
values do asymmetry and alternate detachment occur 
(Re = 100 - 500). 

^Laboratory measurements (Wille and Timme, 1957) of 
the Kármán vortex trail show that the eddies move away 
from the cylinder at approximately eight-tenths of the 
speed of the flow around the cylinder. 

The analytical and laboratory flow models can be 
compared to the situation in the lee of Hawaii using the 
four criteria outlined above: (a) ratio of lateral to 
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longltudinal eddy spacing, (b) frequency of separation of 
the eddies, (c) Reynolds number, and (d) translation 
speeds of the eddies away from Hawaii. A comparison of 
these four parameters should give a measure of how appli¬ 
cable the concept of flow past a cylinder is to the eddies 
found in the lee of Hawaii. 

The Reynolds number used by Karman (UD/p) is depend¬ 
ent on the constant speed of the body U, the diameter of 
the cylinder D, and the coefficient of molecular viscos¬ 
ity y. The values used for the ocean are the diameter of 

Y 
Hawaii, 150 km (D = 1.5x10 cm); the assumed speed of flow 
around the island, 20 cm/sec; and a coefficient of lateral 

eddy viscosity (Ah) varying from 105 to 10^. The Reynolds 

number for the Hawaiian eddies is now dependent on the A 
6 ? 

used. If Ah equals 2 - UxlO cm /sec, then Re = 150 - 75. 

These Reynolds numbers are consistent with the require¬ 
ments for an eddy pair forming and moving away from 
Hawaii. Although the comparison between the Reynolds 
number for the analytical and ocean models is approximate, 

there is qualitative agreement if Af) is 2 - UxlO cm /sec. 

The frequency of separation (0.2 U/D) can be calcu¬ 
lated in 'the same manner. Using U = 20 cm/sec, the period 
between successive separations (T = 1/v) is equal to 1*0 
days. A flow of 50 c»/sec gives a period of 16 days. The 
observations of the rate of eddy formation and separation 
are not adequate to distinguish between periods of 16 and 
Uo days. Although there are only a few observations of 
this parameter for Hawaiian eddies, the time needed to 
generate Hawaiian eddies is thought to be of the order of 
a week to a month or more. 

The next comparison concerns the ratio of lateral 
to longitudinal spacing (Fig. 6o). The lateral spacing 
between centers of the cyclonic and anticyclonic eddies 
(2b) has been measured in Figures 12, 1I4, 31, U8, and 67. 
If the direction of movement is to the west, the observed 
value of b is approximately I40 kilometers. This means 
that, to satisfy Karman's solution, the spacing between 
successive eddies of the same type should equal 28¾ kilom¬ 
eters. There are only a few observations that show the 
existence of more than one eddy of the same type at any 
one time downstream of Hawaii; on the basis of these few 
cases Barkley (Manar, I967) estimates that the distance 
between eddies of the same type is about 220 kilometers. 
Figure U7 shows two cyclonic eddies west of Hawaii. The 
spacing between these^eddies is 150 kilometers. This does 
not discount the Kármán model when we consider ocean flow. 
As the eddies progress downstream, the individual eddies 
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r%níCír,C’ ,GeOBtrol,Mo transport to the vest, relative 
to 500 db, in its northern portions (Fig. 6?, line AB) was 

6.0 million m /sec. The transport to the northeast 

ifÍ!í\Í!7,eÍÍne BC) WaS 7,0 milllon m3/sec. Measurements 
with the OEK confirmed the cyclonic circuiation in the 
southwestern area of the Alenuihaha Channel (Fig. 69). 

The data show an elongated cyclonic eddy to the 
northwest and an anticyclonic eddy to the southwest of 
Hawaii. The depths of the isothermal layers (Figs. 61*. 
05, and 66) indicate that the structure was more irregular 
nearer the channel. The depth of the 20° and 15°C iso¬ 
therms can be interpreted as being due to a weak eddy 

!fin?ln« t0 form south of Maui. The topography of the 
10 C isotherm reveals the intense eddy to the west and 
gives no indication of the new eddy assumed to be forming 
south of Maui. The dynamic topography 0/500 db (Fig. 67) 
can be interpreted in a similar manner. This interpreta¬ 
tion of the hydrographic data suggests a wake stream in 
the lee of Hawaii. 

If the eddies are generated by the flow to the west 
around Hawaii, the flow through the Alenuihaha Channel is 
the only source that can drive the cyclonic eddies. Fig- 

ï£e8„,Land 67 8hOW westward through this channel. 
u diff®fence in dynamic topography 0/500 db across the 

C*a£üel / dyn Cm^ indicates a geostrophic surface speed 
of 20 cm/sec to the west. If the volume transport is 
s mply given by u z y, where u is the mean velocity of 
the layer of flow (u = 10 cm/sec, assuming a linear 

<mõn il the/pevd), z is the depth of the flow 
U = 500 m), and y is the width of the channel (L = 1*0 km), 

the geostrophic volume transport was 2 million m3/sec. 

+ Í? po®sible that a shallow, wind-induced flow in 

thl fr0Und the 80Uth side of Hawali provides 
that drives the eddies. Since the island of 

ïînî1iiPre8!îtS a 80lid barrler of 120 km to the trade- 
wind flow, the ocean flow induced by the increase in wind 
around the island could drive the eddies. To carry this 

c«îênîügedïî Step 11 ls alao possibie that the 
yclonic eddies are much more intense than the anti- 

Channel' th? wlnâ Jet ‘•''rough the Alenuihaha 
^ V shallow, strong flow of 50 cm/sec as 

recorded by the moored current meter south of Maui (Refer 

Îppeî8!oO - i!.a88U“ed t0 extend acr°ss the channel in the 

2 million 

m the volume transport is again 

m/sec. 

The above estimates of the channel transport are 
large and do not necessarily 
conditions in this channel. 

represent the usual observed 
Drogues released in this 
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channel did not move to the vest during a period when an 
eddy was apparently forming. (Refer to Fig. 39 and 
page 19). 

Two records from current meters moored at the north 
point of Hawaii (Table b and Fig. 1*6) also demonstrate 
that flow at this position is usually to the north, and 
controlled by the eddies rather than by the strong local 
winds . 

A comparison of the calculated total energy of the 
cyclonic eddies with the kinetic energy through a section 
across the Alenuihaha Channel is one method for calcu¬ 
lating whether these eddies are generated by the flow 
around Hawaii. The assumption to be examined is that the 
only source of energy for the cyclonic eddies is the 
advection of kinetic energy by the channel flow. 

The kinetic energy of the flow in the channel 
(K.fc.J^ is simply 

(K.E.) 
c /// dx dy dz. 

Volume 
(22) 

Since dx ■ u dt, and assuming u = u e-z2/d2 * equation (22) 
becomes 0 

( K . E. ) 
c 

>»i L A t -jo 

I I I »y31 ,d\t. dy dz 
0 0 0 

(23) 

Equation (23) is the kinetic energy advected through a 
section across the Alenuihaha Channel over a given time 
period. This is integrated to 

(K.E.) 
c 

u^ L At d/n 

U/3 
(210 

1 the advection of kinetic energy through the channel is 
the only source of energy available to drive the eddies 
equation (24) should balance the total eddy energies cal¬ 
culated in the section on the energy model for the eddies 
(See pages 29 to 32). Thus, 



-Í4 0- 

Ij At d/v 
(T.E.) * (K. E. ) = -2- , ( ?5 ) 

' c i,/T 

where (T.E.) i.¡ the totaJ energy of a given eddy. The 

parameter At is the time needed for the advection of 
energy through the Alenuihaha Channel to form an eddy, 
assuming that all the energy >f the channel flow in used 
in the generation of the eddy. Obviously, some of this 
energy will be dissipated through viscous action and some 
will flow past Hawaii, not into the eddies. This means 
that At is an underestimate of the time needed to generate 
an eddy. 

Observed values for the Alenuihaha Channel to be 
substituted in equation (25) are 

L « 1»0 km (width of Alenuihaha Channel), 

d * 200 km (depth where surface speed has decreased 
by 62.5"/), 

uq= 30 cm/sec i assumed .»peed of surface current). 

These values yield a mass transport of ? million m^/sec to 
the west through the channel, which is consistent with the 
observations discussed previously. The calculated total 

O 

energies of an eddy are lxlOc<:' ergs for a weak eddy and 
22 

5x10 ergs for an intense eddy. Using the above values, 
the time needed for the channel flow to form an eddy is 
210 days (approximately '( months) for a weak eddy and 
1050 days (approximately 3 years) for an Intense eddy. 

A At of larger than two months is inconsistent with 
the observations. The above calculation shows that, for 

O 

the observed mass transport (2 million m/sec) and the 
estimated times of eddy formation (less than 2 months), 
the advection of kinetic energy through the channel can¬ 
not supply enough energy to generate an eddy. If the 

energies lost due to disaination and due to the flow past 
the island are considered, it is clear that the eddies 
are not driven by the flow through the Alenuihaha Channel. 

A final argument can be presented against the Kármán 
analogy. One of the major characteristics of the Kármán 
vortex trail is the fact that the speed with which the 
eddies move away from the cylinder (Hawaii) is approxi¬ 
mately eight-tenths of the speed of the flow past the 
cylinder (Wille and Timme, 1957). If the situation in the 
lee of Hawaii is a Kármán vortex trail, the incident flow 
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would need to be much larger than the observed flow dis¬ 
cussed previously. If the flow was indeed that large, the 
eddies must move to the west at speeds much larger than 
the observed speeds, which are 3.5 - 11.6 cm/sec. 
Although the flow around Hawaii undoubtedly influences the 
formation of eddies in the lee of the island, Hawaiian 
eddies cannot be explained as a Karman vortex trail. 

Translation of Eddies Due to Variation in Coriolis 
Parameter 

Warren (196?) noted that rings of current (eddies) 
have a tendency to move through an environment at rest 
due to meridional variation in Coriolis parameter. He 
developed first order formulas for displacement speeds as 
applied to eddy shapes (circles) constant in time. Baro- 
clinicity is included in the sense that large vertical 
shear in the basic horizontal velocity is emphasized. 

In the case of a symmetric, cyclonic eddy with a 
diameter of 100 km (2° latitude), the variation in Coriolis 
parameter will cause a translation to the west. The trajec¬ 
tory of a particle of water flowing around the eddy cannot 
be stationary, for, as the particle moves northward (increas¬ 
ing Coriolis parameter), the cyclonic curvature of its 
trajectory must decrease. As the particle moves southward 
(decreasing Coriolis parameter), the cyclonic curvature must 
increase. Thus, the particle must, after every circuit of 
the eddy, find itself west of its starting position; and, 
therefore the eddy must move westward. The rate of net 
westward displacement will be independent of depth, and the 
eddies will translate as a column. 

Warren's expression for the rate of westward dis¬ 

placement is ^ ßR2. R is the eddy radius and g is the 

variation of Coriolis parameter with latitude. Substitut¬ 
ing values applicable to Hawaiian eddies, R = 50 - 100 km 

and g * 2.0x10 ^ cm ^sec the net rate 
placement varies from 2.5 to 10.0 cm/sec. 
westward drift of Hawaiian eddies is from 
11.6 cm/sec. 

of westward dis- 
The observed 

3.5 to 

Warren considers his application of this relation¬ 
ship to Gulf Stream eddies as tenuous. When applied to 
Hawaiian eddies, the same caution should be exercised. 
The majority of the Hawaiian eddies studied were not cir¬ 
cular (a condition for Warren's solution) but elliptical. 
Advective effects may in fact be dominant in westward 
displacement of Hawaiian eddies. 
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Effeet of Centrifugal Forces in Eddy Motion 

The dimensional analysis showed that the curvature 
inertial term is of secondary importance in eddy flow. 
In the geostrophic calculation of the flow around the 
eddies (Fig. 57)* the effect of the curvature (centrifu¬ 
gal forces) is ignored. A simplified model of an eddy 
that includes curvature shows the effect of the centrifu¬ 
gal forces in eddy motion. 

In the case of a circular eddy with concentric iso¬ 
bars with their centers at r = 0, the eddy is rotation- 
ally symmetrical and is governed by the following equation 
(polar coordinates): 

c2 
r 

♦ fc . ¿ ¿a = o 
p ar (26) 

where c is tangential velocity. This equation governs 
circular motion, parallel to the isobars, with a balance 

among centrifugal, Coriolis, and pressure-gradient forces. 

The solutions of equation (2b) are 

c 
fr 4 Zf2r2 ( r ap 

(27) 

An inspection of equation (27) shows that, when 3p/3r is 
positive (a low), the square root can never become imagi- 
nary, so that all values of pressure gradient are permis¬ 
sible. Where equation (26) is valid, there is no theoret¬ 
ical restriction on the magnitude of the pressure gradient 
for a cyclonic eddy (a low). However, when 3p/3r is nega¬ 
tive (a high), it is possible for the square root to 
become imaginary. The resulting complex value for c has 
no physical meaning and must be excluded from the consid¬ 
eration. The condition that c be real is 

f 2 r I l£. 
p 3r 

< (Hess, 1959). (28) 



Consequently, in an anticyclonin eddy the magnitude of 
Ue pressure gradient may not exceed a certain value 

enter Urg0ly i,y thP latUude a"d distance from the 

This theoretical restriction for the anticyclonic 
eddxer. can he applied to the observed distribution oí 

ip/^r of Hawaiian eddies. r.ince ¿ „IlH ,, 

observed distribut¡ <„, of dynamic height ean be approxi¬ 

mated by equation (7) (¢,, * ^ ), tbe theoretical 

ufonVel’ f;’r 4"Ucs,‘,,0”lc *«“* In Hawaiian waters 1 fc.q. f ) can he »xpr^ssed as 

- r¿ / P 

~ eAh g (¿y) 

where Í)o = gAh (Ah being the -'hange in surface topography 

irom the center to the periph„ry of an eddy)> The valueB 

se o calculate the right-hand term in equation (29) ar 

f - w-xin sec (Coriolis parameter at 20° 
1 atitudt), 

* (>xl° cm ^60 km» average observed anticyclonic 
pddy radius), and 

Ah = 10 - 20 cm (assumed range of surface topography 
across the anticyclonic »ddies). 

has beeri ^a^ulated for three values 
^ llSted in Tablp lf)- Table 9 lists the value 

at. Ln.,m intervals from the center of an eddy. 

Table 9. 
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Tab1 g 10. 

.“V,0.1“"0" of ".«‘ion (27) is not 
»Binary will be »et If the middle column i„ Table 10 la 

^Xd^iT^^fLted1!“1^!: lé“:,,,9- fr ‘îe 

'«ír.í^^dr^üírirínr^ohcr'í F-”lc 

— - iesTtir^nd 

cyelonlrêd«,Íh'."?l“MÍ?t" °f ‘f8 f*ct ‘»at anti- 

whu: 

tH^diatribuf.on of Syn^ÍÍTjgh^to^aiu síríoñdíuon 

the geoitïôpMc fiô;“!^!1^8 ° C?mpar' the '"»«"itnie of 
Includes the centrïïu^w °f the flow that 
meaaurements foî ííf fní i 1 u"f<>rtunately current 
The aifïeïencé in Surrêíí y °.niu eddies do not «‘“t. 
mould be an excellent gaug^Õf the^utí!!' rlrS 

lÎlllTtïïiT1 f0rc"- Errent m.ni^Lnt °f 

g«íto^hrrí:ia„acuegsesíe:th“f^rfeddies s"in "ear 
the maximum velocity in a cycloni/eHrV011111 decrease 
20%. Since this is n«*». yclonic ed<Jy by approximately r oxnt.e T.nis IS near the accuracy of th* rrv r,-- 
and drogue measurements, it is difficult t? GEK s 
effect of the centrifugal forces. gaUg6 the 



SUMMARY ANU CONCLUSIONS 

from 5oy^°?ío “¡‘1, diameters 
, ,,50.1° 150 kl" ''“»e been observed during all seasons 

iu S:s L'serlbT Hrraiian ISlandS- The ^a fr™ 
mlïorltv of tí 5síheSe eddles have been “»blyted. The 
located to tío' ? f were eyclonic and were 
located to the west of Hawaii. Eddy formation has also 

-ns::r;;-i^;ra^n°tfheK\\n oT^; 

Jüelee^^íhelsUnrofüavanÍ4"6“ ^ 

The moat characteristic feature of the cyclonic and 
inticyclonic eddy pair that develops In the lee o? Í«àíí 
s the temperature structure. The cyclonic eddies a« 

tureaCtrrlZed by lnte,lse doming of the temperature struc- 

depressions"3 AltÍT^^ appe“r as b-s 
tuïr ! Í Although the doming of the thermal struc- 
ure and associated surface divergence of the cyclonic 
ddies can be very intense in the upper 200 m the nro 

cess is relatively shallow and is generally confined to 

teU!nith dv° ?° rîera- ThtSe observations^are ÍL- 
500 m le i h dyna“1' hei*ht oelculations which show that 

Approximately0?5ÿ ofWe^s^^d'd^Llc íelg^rffer 

:ïreddi:r:r:hr:îi:wlafe^r:rr 2°° - -ap-a"-« 

The surface flow of the eddies has been measured 
uiing parachute drogues, GEK fixes, and moored current 

ured'in th^ Vel°cities ^0 cm/sec nave been ^eas- 
current- „ithyCl°níC eJdies* A comparison of observed 
tZ lîl* With 8eostr°Phic calculations demonstrates that 
the eddies are in near geostrophic bulpnce. 

The formation time of the eddies has been estimated 

for : rrrrateiy two weeks for a eddy î0 for a more intense eddy. The eddies have been observed 
to translate to the west at an average soeed of ^ n / 
A possible explanation of this ^fWs ^ tendcncy^f^ 

dies to move through an environment at rest due tl 
m.rldional variation in Coriolis parameter (Warren 1967) 

íes 3due8t P?h8i,blVhat “ “aak- berge-scale «o” io the 

drift The ÍSa. a?e'" ?? drift causes the edliies to 
the 1' Tbe b11“168 h**h lifetimes of two months or more in 
the lee of the islands before they decay or disappear 

-V,- 



Some of the analytical relationships that govern 
eddy mot j ont: of this scale have been applied to the ob- 
seryations. The kinetic, potential, and total enerpi.s 
of the eddies have been calculated using a model that 
assumes geostrophic eddy flow. The total eddy energies 

varied from ixlO^ ergs for weak eddies to 5xl0‘°' er«'- 
for intense eddy development. The ratio of the potential 
to kinetic energy was also calculated for each eddy and 

aÍ!í?yS Sh°Wed a 1 ar8e excess of potential energy in the 
eddies. The average value of this ratio was 2h. 

The observations on the eddies developing to the 
west of Hawaii suggest two different generating mecha- 
nisms : 

(1) Eddies generated by the flow past a barrier in the 
sense of a Karman vortex trail, and 

(2) Wind-induced eddies due to the cyclonic and anti- 
cyclonic shear of the winds observed behind Hawaii. 

Although many of the characteristics of these eddies show 
qualitative agreement with the Kármán model, the strong 
steady flow necessary to generate eddies of that intensity 
has not been observed in this area. Calculations of the 
energy added to the eddies by the existing local winds, 
especially by the wind jet through the Alenuihaha Channel, 
show that this is the most probable explanation of eddy 
generation. y 

. . . °bservations and analysis can be summarized by 
the following intuitive argument: If the oceanic eddies 
are locally generated by the cyclonic and anticyclonic 
shear of the winds leeward of Hawaii and by the strong 
winds in the Alenuihaha Channel, the flow of the surface 
layer of the ocean during periods of strong winds and 

Pr^SUI? gradients could be described as an Ekman 
drift. The dimensional analysis of the governing equa- 

íÍOn!LShOWS that the Coriolis and wind-stress forces caus¬ 
ing Ekman flow are dominant during eddy formation, when 
pressure gradients are small. If the Ekman drift had a 
cyclonic pattern, the surface layer would be strongly 
divergent because the transport would be away from the 
center of the eddy. For anticyclonic Ekman drift, the 
surface layer would be convergent. In addition to the 
wind Jet observed in the Alenuihaha Channel, cyclonic and 
anticyclonic eddies have been observed in the atmosphere 
in the lee of Hawaii. The surface divergence would 
explain the high salinity and low temperature found at 
the sea surface near the center of the cyclonic eddies. 
The surface divergence and associated upwelling cause a 
doming of the thermocline and the associated density 
structure as deep as 300 meters. The potential energy of 
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an eddy is direct 
density structure 
topography across 
duration and the 
more potential en 
The large potenti 
developed eddies 
energy from the s 
Channel. 

ly proportional to the 
or equivalent to the c 
an eddy. Consequently 

larger the magnitude of 
argy will be accumulate 
al energies calculated 
can be accounted for by 
trong winds observed in 

doming of the 
hange in dynamic 
» the longer the 
the winds, the 

d in an eddy, 
for fully- 
the input of 
the Alenuihaha 

away 
Chann 
will 
eddie 
wind 
ture 
shows 
wind- 

As soon 
from the 

as the wind diminishes or the eddy moves 

th* ar^a °f ftron8est winds in the Alenuihaha 
cease This*^ dlVe[gence and associated upwelling 
Uhli dpi ft t «"»l«ent vith observations , sine? 

field dn íít 1 i,îw.VeSt and ‘“'“y from the strong 
et tt n0t exhltit high salinity and low tennera 
th»t .T“ 3urface near their centers. The anï'îsi. 

stltVTs TAT.UU1 be "ear1' Tt Al 

el 

enerav^that fSSUme,i that tha large excess of potential 
r?? ‘hat is to eddies observed to the vest of 

u:î“„irgyge;:r: „eîeïïedlotcoa\r^tdlccon<,iuo“a- 
time »hen ?he winds ía« a le “ ^"*1' “ some later 
shows that flow will h* nLíi «ffect. The analysis 

period. The kinetic energy cïntaine^i^th^1"8*thi8 

ieoVVi®” diaSlP«'d ‘^ougS nscous eff«?:0^0" 1C 
replaced by conversion of potential into 
During this period the eddy slowlv riZo! kine^ic «nergy. 
as the thermal structure weakens and 
D6C0in6S S lowp r m L -, , * * C U J. 8.T» 1 011 öxuwer. me calculated excesQ nf ~, 

eddy°now ‘fr^-i^^e’iS-; -s 
to 
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Table 1 

Explanation of the Paramet 
Listed in Table 1 

Figures 1 through 71 
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ri6ítn iisted 

) 

) 

) Data: 

Cruise: The data from these cruises were analyzed 

Date: The periods of operation for each cruise. 

graphs)a8GEK(?an8en Casts)* BT (bathythermo- 
EK (6e°inagnetic electrokinetograph 

DTq ? ’ ?f0gUeS (Paths parachute drogues) 

ture and recordin? dePth. tempfra- ’ 
chlin icon^ , y1reCOrder) and thermistor 
chain (continuously recording towed thermistc 

tori? S«ei:,Pii)‘y "aval ^abora- 

Iddlr ^ây).0 (cJ,0l0"ic eddy) A (anticyclonic 

Code: Number that is referred to Figure 10 for th. 
positions of the individual eddies observed. 

a and b: Half major and minor axes of the ellipti 
cal pattern of an eddy. Refer to pages 7an¡ 
8 for a further explanation. 

e: eccentricity of the eddy, e = - b2 

i: Th:.t%hr:r:::’ti?eaiy radius (t) «icU- 
Îîlî«. Principle that the area of an 
ciií? ííA * W2?) e<luals the area of a 

le (A * ïïA The eddy radius is simply 
t ■ /ab . 

Area: Eddy area equals 

Observed depths of the 20-0, «»c, end 10»c tso- 
therms et the center end periphery of eech 

420°, 415» end 410»: The difference between the 
depths of the respective isotherms et the ed< 
center and periphery. 

h: Ohsnge in surfece topogrephy from the center tt 

bïÎe^é f y °f the eddy- hydrosteti Balance is assumed, 

» AD « gAh); Ah is simply ^ . 
g 

Chenge in surfece tempereture from the center 

the^nHr ’ut"* °f aS Baaa“”d 

Chenge in surfece selinity from the center 

the «„Hr o’«"’' °f the eddy aS meas“rad 

AT 

AS 



(o) 

(p) 

(q) 

(:*) 

( s ) 

(t) 

(u) 

Di g tance from Hawaii: Cvcionio r y-ionic radies are meusurrd 
from the north point of Hawaii and anti- 

cyclonic eddies are measured from the south 
point of Hawaii . 

calculated from equation 
K.E. Kinetic energy a í 

(16). 

P.E, 
(Potential energy as calculated from equation 

P.E./K.E.: Ratio of potential to kinetic energy 
as calculated from equation (l8). J 

T'E': .lHtal.enfr8ir eqUalE thc sum of th' kinetic and potential energies. 

Observed geostrophic volume transports: These 

transports are taken from Hawaii Institute 

aí.T?967) RePOrt HIG-67-15 (Wyrtki et 

d: A measure of the depth of flow (see Fig. 56) 
calculated according to equation (9)? 
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Hawaiian waters (according to unpublished data from Environmental 
Honolulu, 1968 ). 



Figure 4. Wind speed and direction from Cruise 

UH-2, May 18 - 24, I965. 





Figure 6. Wind speed and direction from Cruise 
UH-12, April 26 - May 5 , 1966. 
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Figure 7* Wind speed and direction from Cruise 
UH-I6, April 30 - May 6, 1967. 



•ici 

* 

00 
O H 

•H 
S A 
<0 O 
a ^ 
s «> 
P X 

CO 

6) 
l. 
;1 

W 
•H 

fa 

( 

I 

J 

! 

t
o
p
o
g
r
a
p
h
y
 
0
/
5
0
0
 
d
b
 
f
r
o
m
 
C
r
u
i
s
e
 
U
H
 

- 
2
U
,
 
1
9
6
5
.
 





Figure 10. Location and drift of eddies in 
the lee of the Hawaiian Islands. 
The positions represent the 
centers of the eddies and the 
numbers represent cruises as 
listed in Table 1. 
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Figure 11. Observed eddy radius versus the distance 
of the center of the eddy from Island of 
Hawaii. 
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Figure 12. Dynamic topography 0/500 
Cruise UH-2, May 18 - 21* 

db from 
1965. 



Figure 13. Dynamic topography 200/500 db from 
Cruise UH-2, May 18 - 2k% 1965. 



115* 

Figure lU. Depth of the 20°C isother« from U.S.8. 
MARYSVILLE Cruise 36, Phase II, 

July 5 - 13, 1966. 



itrw 

Figure 15. Depth of the mixed layer from Cruise 
UH-2, May l8 - 2l», I965. 
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Figure 16. Depth of the 20°C isotherm from 
Cruise UH-2, May 18-2^, I965. 
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Figure IT. Depth of the 15°C isotherm from 
Cruise UH-2, May 18-21(, 1965. 



Figure 18. Dejith of the 10°C isotherm from 
Cruise UH-2, May 18 - 2U, I965. 
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o 
Station Number 

20 21 22 23 24 25 26 27 

Figure 20. Temperature aection across a 
cyclonic eddy from Cruise UH-17 » 
June 12 - 20, 1967. Eddy 
centered at station 25. 



15 20 
¿h (cm) 

Figure 21. Observed change in the 
depth of the 20°C iso¬ 
therm from the eddy 
center to periphery (A20°) 
versus the observed sur¬ 
face topography anomaly 
across the eddy (Ah) for 
the eddies observed during 
Cruises UH-2, UH-3, UH-12, 
UH-lh, UH-16, and UH-17. 

. 
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Figure 23. Surface temperature from Cruise UH-2, 
May 18 - 2ht 1965. 
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Figure 25. Surface temperature from Cruise UH-17, 
-1 une 12 - 20, 1967. 
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figure 26. Surface saHnitv frn» c , 
May 18 - 24. ¡965 °B CrUise M' 
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Figure 28. Surface salinity from Cruise UH-17 
June 12 - 20, 1967. ’ 
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Figure 31. Dynamic topography (dyn cm) 
0/500 db from Cruise UH-12, 
April 26 - May 5, 1966. 



Figure 32. Dynamic topography (dyn cm) 
200/500 db from Cruise UH-12, 
April 26 - May 5t 1966. 



Figure 33. Surface temperature from 
Cruise UH-12, April 26 - 
May 5 » 1966. 



V 

Figure B**. Surface salinity from Cruise 
UH-12, April 26 - May 5, 1966. 

■V. 



Figure 35* Depth of the mixeil layer from Cruise 
UH-12, April 26 - May 5, I966. 



Figure 36. Depth of the 20°C isotherm from 
Jruise UH-12, April 26 - May 5, 



Figure 37. Depth of the 15°C isotherm from 
Cruise UH-12, April 26 - May 5, 



Figure 38. Depth of the 10°C isotherm from 
Cruise UH-12, April 26 - May 5, 
1966. 



Figure 39. Drift of parachute drogues 
from Cruise UH-12, May 2 - 
5» 1966. Figures at buoy 
positions are hours after 
0000, May 2. 



IS«"«* 

Figure 40. 
Depth of the 20°C isotherm (m) and drift 
rTTD^mChUte dr98ues from CHARLES H. 

LB Lcruir 68 *Phase ^ Au«ust - o, 1963. The average velocities of 

the8ïrS 1 ■ 5 are iisted. The depth of 
the drogues was 15 meters. 





Cruise bit, Phase I, and Cruise UH-17 
versus the eddy radius. Drogue num¬ 
bers correspond to the numbers shown 
in Figures U6 and 149. Also shown 
are the velocity distributions for 
the Rankine vortex and the geostrophic 
eddy model (Ah = 16 cm and £ = 65 km). 
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Figure H. Dynamic topography 0/500 db from Cruise 
UH-17, June 12 - 20, I967. 
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Surface currents as measured with GEK 
fixes from Cruise UH-1T, June 12 - 20, 

Figure 



Figure 46. Drift of parachute drogues west of 
Hawaii from Cruise UH-17, June 18 - 19, 
1967• Figures at buoy positions are 
hours after 0000, June l8. The average 
velocities of drogues 1-4 are listed. 
The depth of the drogues was 10 meters. 
Also shown are the locations of the 
moored current meters. 
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NEL CRUISE 29 
AUGUST tr ■ 24, 19(4 

DEPTH OF THE 20#C ISOTHERM 
•N ME TEAS 

»^j/X 

MOLOKAI 

LAMA I 

22* 

20* 

I5C ISC 134* 

. The depth of the 20°C isotherm from 
U.S.S. MARYSVILLE Cruise 29, August 17 - 
2h , 196U. 
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Figure I49. 
Depth of the 20°C isotherm (m) and drift 

°\^ÄChUte dro«ue8 from CHARLES H. 

ThrUi8e 6k' Pha8e X* APril 9-11, 1963. The average velocities of drogues 
1 - 9 are listed. The depth of the 
drogues vas 15 meters. 



The depth of the 20°C isotherm (■) from 
CHARLES H. GILBERT Cruise 64, Phase I 
April 12 - 14, 1963. 

Figure 50. 



igure 51. The depth of the 20°C isotherm (m) from 
CHARLES H. GILBERT Cruise 6¾. Phase II 
April 2U - 29, 1963. 
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Figure 52. The depth of the 20°C isotherm (m) from 
CHARLES H. GILBERT Cruise 72, Phase I, 
April 15 - 17, 1961». 
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Figure 53. The depth of the 20°C isotherm (m) from 
CHARLES H. GILBERT Cruise 72, Phase I. 
April 18 - 20, 1961*. 
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Figure 55. Observed normalized dynamic height 
for cyclonic eddies surveyed during 
Cruises UH-2, 3, 16, and 17 plotted 
as a function of eddy radius. Also 
shown is the assumed Gaussian 

distribution (AD*Doe”r ). 



geostrophic velocity (cm/sec) 

Figure 56. Observed geostrophic velocity distri¬ 
bution with depth between stations 70 
and 71, Cruise UH-ll* compared with 
three assumed distributions: linear 
exponential, and Gaussian. 
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Figure 57« Plot of the geostrophic 
velocity distribution in 
cm/sec with depth and radius 
(distance from center). The 
parameters used to calculate 
the flow, 

, 2 r -r2/t2 -z2/d2 

fi2 

are Ah = 20 cm, f = 5xlO“5 

sec-1, A = 50 km, ¿ = 175 m, 
and g = acceleration of 
gravity. 
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CRUISE UH-M 
JULY M - AUGUST «, 19(,« 

Figure 59. Dynamic topography 0/500 db from Cruise 
UH-lh, July 26 - August 6, 1966. The 
line AB is referred to in Figure 58 
which shows a section of the calculated 
geostrophic velocity. 
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Figure 60. Characteristics of the Karman vortex trail. 
V is the group velocity or the speed that 
the eddies move to the west. r is the circu¬ 
lation. The lateral spacing between cyclonic 
and anticyclonic eddies is 2b. The longi¬ 
tudinal spacing between eddies of the same 
type is 7.1b. 
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Figure 62. Depth of the mixed layer 
UH-16, April 30 - May 6, 

from Crut 
1967. 



Figure 63. Surface temperature from Cruise UH-I6, 
April 30 - May 6, 1967. 
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Figure 61». Depth of the 20°C isotherm from Cruise 
UH-16, April 30 - May 6, 1967. 
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Figure 65. Depth of the 15°C isotherm from Cruise 
UH-I6, April 30 - May 6, 1967. 
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Figure 66. Depth of the 
UH-16, April 

10°C isotherm from Cruise 
20 - May 6, 196?. 



Figure 67. Dynamic topography 0/500 db from Cruise 
UH-16, April 30 - May 6, I967. 



Figure 68. Dynamic topography 200/500 db from 
Cruise UH-I6, April 30 - May 6, 1967. 



Figure 69. Surface currents as measured with GEK 
fixes from Cruise UK-16, April 29 - 30, 
1967. Arrows give speed and direction 
at current fixes. The curve gives the 
current component perpendicular for the 
ship's course. 
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Figure 71. Wind speed and direction plotted with 
dynamic topography 0/500 db (dyn cm) 
from Cruise UH-2, May 18 - 2ht 1965. 
The shaded region is the area where 
the wind stress is considered to add 
energy to the ocean eddy in equation 

24. 
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