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A.	   	  D.	  Randolph	  WaGs	  
B. 	   	  Born	  December	  7,	  1943	  
C. 	   	  EducaOonal	  History:	  

	  Riverside	  Polytechnic	  High	  School,	  CA,	  1961	  
	  B.A.,	  Physics,	  University	  of	  California	  at	  Riverside,	  1966	  
	  Ph.D.,	  Physics,	  Cornell	  University,	  1973	  

	  	  
D. 	   	  Professional	  History	  prior	  to	  coming	  to	  URI:	  
	  
Feb	  1966-‐Aug	  1966	  Research	  Assistant,	  Physics	  Dept.,	  	  University	  of	  	  California	  

	  at	  Riverside.	  	  Refractory	  crystal-‐growth	  in	  rare	  in	  rare-‐earth	  	  oxides.	  
	  
Sep	  1966-‐Jun	  1968 	  Teaching	  Assistant,	  Physics	  Dept.,	  Cornell	  University	  
	  
Jun	  1968-‐Oct	  1972	  	  	  	  	  	  Research	  Assistant,	  Applied	  Physics	  Dept.,	  Cornell	  Univ.	  

	  Laser	  light	  sca@ering	  in	  the	  superfluid/	  normal	  fluid	  3He-‐	  4He	  mixture.	  
	  
Nov	  1972-‐Aug	  1974	  	  	  Postdoc,	  Department	  of	  Geology	  and	  Geophysics,	  Yale	  	  

	  Inverted	  Echo	  Sounder	  data	  interpreta\on	  in	  the	  MODE	  experiment.	  
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Fig. 1. Study area. IES sites are shown for the 1980-1981 (squares) and 1981-1982 (circles) deployment periods along 
lines A-E. Open symbols indicate sites where no data were collected due to data tape failures or instrument losses; solid 
symbols are sites with data. The historical mean location of the north wall is shown by the center dashed line, and the 
"90% envelope" (see text) is delineated by the upper and lower long-short dashed lines. 

At Cape Hatteras the coastal boundary consists of a rather 
narrow continental shelf and a steep continental slope. North 
of Cape Hatteras, the coastal boundary abruptly turns to the 
north. The slope region (200-2000 m) and the continental rise 
(2000-4000 m) broaden to the northeast. 

Fluctuations of the Gulf Stream path were monitored by an 
array of inverted echo sounders (IESs). The development of 
the IES measurement technique and its application to this 
region are presented in the earlier investigations of Watts and 
Rossby [1977], Watts and Olson [1978], and WJ82. The IES is 
an instrument which is moored 1 m above the ocean floor and 
monitors the depth of the main thermocline acoustically. A 
sample burst of twenty 10-kHz pings is transmitted every half 
hour, and the round trip travel times (r) to the surface and 
back are recorded within the instrument. A detailed descrip- 
tion of the instrument is given by Chaplin and Watts [1984]. 

Calibration expendable bathythermographs (XBTs) were 
taken at each IES site in order to convert the travel times into 
thermocline depths (•) according to the relation: • = Mr + B, 
where M is -19.5 m/ms in this region (WJ82) and the inter- 
cept B depends on the depth of the instrument. For practical 
purposes the main thermocline depth can be represented by 
the depth of an individual isotherm. For this study the depth 
of the 15øC isotherm (Z15) was chosen; it is the traditional 
indicator of the Gulf Stream since it is situated near the high- 
est temperature gradient of the main thermocline. Simple ap- 
plication of this formula to our data would assume that all 
changes in r result solely from changes in the depth of the 
permanent thermocline. However, r also changes in response 
to seasonal warming and cooling of the surface layers (<200 
m). To minimize the errors in Z15 that would result from these 

seasonal fluctuations, we remove the average seasonal vari- 
ation of r for the upper layers from our measurements prior to 
calculating Z15 (see the appendix). 

To study the meandering process, it is more meaningful to 
monitor changes in the Gulf Stream's position than changes in 
Z15. By assuming a mean cross-stream thermocline profile, the 
relative distance from each IES site to the north wall (15øC at 
200 m) can be determined by knowing the thermocline depth 
there. WJ82 gives a complete discussion of this technique, 
finding by comparisons with shipboard surveys that the posi- 
tion of the north wall determined by the ship and IES meth- 
ods agreed within 5-8 km standard deviation. We made a 
slight improvement in their method of determining the north 
wall location by including a correction factor, which is used 
when there is an oblique crossing of the Gulf Stream (see the 
appendix). 

Inverted echo sounders were deployed on various subsets of 
lines A-E during several deployments (summarized in Table 1) 
throughout a 3-year period from 1979 to 1982. All the instru- 
ments were moored on the continental rise at water depths 
exceeding 2800 m. Figure 1 indicates the IES sites for Novem- 
ber 1980 to July 1981 and July 1981 to July 1982. The instru- 
ment locations and the results from the first two deployment 
periods in 1979 and 1980 on lines A-C were reported in WJ82. 
In addition, instruments were maintained along line B from 
July through November 1982 as part of an ongoing investi- 
gation of the meanders in this region. 

During the 1980-1981 deployment period, lines A, B, and C 
were occupied. The downstream separation of 50 km was 
chosen because the displacement records reported in WJ82 
were highly coherent at that spacing. At lines B and C the 
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Fig. 5. Histograms of north wall position along lines A-D shown as percent occurrence. Means and standard deviations 
are shown by the large solid dots and heavy bars, respectively. The lateral scale on line A applies to all lines. 

Gulf Stream is found within a 10-km range centered 15 km 
shoreward of the reference point. Although the histogram ap- 
pears more peaked than that at line B, this is due to differ- 
ences in sample sizes. Line B has almost twice as many obser- 
vations and covers twice the sampling period. When the histo- 
grams are compared for a common sampling period (not 
shown), the peak at line C is less pronounced. The range at 
line C is approximately 145 km. The Gulf Stream could shift 
as far north as it did south; however, rarely did it shift more 
than 40 km shoreward. As on the other lines, it extended 
southward more frequently. 

Farther downstream at line D, the situation is strikingly 
different. The histogram is flat; the Gulf Stream north wall 
occurs with nearly equal probability throughout the 145-km 
range and can shift equally north or south. The line D mean is 
7.5 km offshore of the historical mean, and the standard devi- 
ation of 34.7 km is almost triple that of upstream line A. 

In summary, through the downstream course of our obser- 
vational region, the Gulf Stream leaves the area where it 
sometimes directly brushes the continental margin to enter the 
area where it is a free jet. Correspondingly, the meander en- 
velope width broadens and the position histograms become 
more symmetric, flatter, and wider. 

5. SEASONAL CYCLE 

We next examine the 3-year-long, continuous time series at 
line B to test for a seasonal or annual cycle in the north wall 
fluctuations. Our measurements (Figure 4) show that there is 
considerable north/south variation in the Gulf Stream's posi- 
tion on time scales shorter than 30 days. Thus sampling bi- 
weekly or monthly, as previous investigations have done, may 
not be representative of the true monthly average. (For exam- 
ple, see the May-June 1981 feature, when the Gulf Stream 
position changes by about 60 km in 1 month.) 

The displacements along line B were averaged by month for 
each calendar year. The monthly averages are shown in Figure 
6 and are indicated by the lighter solid and dashed lines. The 
horizontal line indicates the mean of the total data set (5.4 
km). Additionally, monthly averages were calculated for the 
total data set and these are shown in Figure 6 by the bold line. 
On the average the Gulf Stream tends to be farthest north 
from July to September. Continuing through the fall and 
winter and into spring, it tends to shift farther offshore until 
May-June. There are secondary peaks in January (onshore) 
and in November-December (offshore). The peak-to-peak ex- 
cursion of the 3-year mean curve at line B is 20 km. 

Watts [1983] shows that the mean cross-stream profile of 
the thermocline changes seasonally. In the winter the thermo- 
cline slope is the steepest, and the offshore depth is the great- 
est; from spring through fall, the slope decreases slightly and 
the depth shoals by ,-, 70 m. If a correction were applied to the 
IES records of Gulf Stream displacement to adjust for these 
small seasonal changes in the thermocline profile, the tendency 
would be to shift the winter/spring displacements about 5 km 
offshore relative to those for the summer/fall. Consequently, if 
we had included this effect, the peak-to-peak range of the 
mean curve in Figure 6 would have been slightly increased. 

There is considerable variability in the annual mean lo- 
cation of the north wall. In 1981 the mean location of the 
north wall was -1.0 km, whereas in 1982 the mean was 17.8 
km, almost a 20-km change from one year to the next. How- 
ever, despite these yearly offsets, the seasonal trend within 
each year (Figure 6) is for more northerly positions to occur in 
the summer (July-September) and more southerly positions to 
be found in the spring (May-June). 

Our mean seasonal cycle of Gulf Stream positions is com- 
pared in Figure 7 with historical reports of seasonal variations 
in position as well as in measures of current strength. Hachey 
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4. RESULTS 
4.1. Line I 

The first transect (referred to as line I) was taken from 
north to south on July 10-12. As is shown in the sea surface 
temperature and 15øC depth contours of Figure 2, this tran- 
sect extended from a warm core ring at the northern end, 
through the Gulf Stream, and into a shallow filament asso- 
dated with a cold core ring at the southern end. (Satellite 
infrared imagery clearly showed this ring centered south of 
our study area [Johns, 1984], and we mention it here because 
it affects the near-surface velocities to be discussed below.) 

Figure 4 shows contoured sections of temperature and 
geostrophic velocity from line I. The Gulf Stream north 
wall, defined by the intersection of the 15øC isotherm with 
200 m depth, is near • = 100 km along the transect. The 
sea surface temperature front is not evident in this section, 
despite the sharp front which delineates the current along 
most of its path in Figure 2. This is because the warm core 
ring is entraininc cold shelf/slope waters clockwise around 
its perimeter near the northern end of the transect. The 
northern end of the section cuts through the outer portion 
of the ring core, and a 14øC thermostad region is seen in 
sites north of z = 50 km in Figure 4a. Otherwise, the tem- 
perature section shows such typical Gulf Stream features as 
a warm surface core where the temperature exceeds 28øC, 
an "18øC water" thermostad lens near 400 m on the Sat- 
gasso side of the current, and the main thermocline in the 
6 ø to 16øC range with isotherms significantly sloped to at 
least 2000-m depth. 

The velocity section (Figure 4b) is derived from the con- 
tinuous dynamic height field computed with spline fits as 
described in the previous section. It is subsampled at 5-km 
cross-stream intervals and at "standard depths" in the ver- 
tical (0, 25, 50, 75, 100, 125, 150, 200, 250, 300, 350, 
400, 500, 600, 700, 800, 900, 1000, 1100, 1250, 1500, 1750, 
and 2000 m). The Pegasus velocity at 2000 m has been 
used for Vref. The Gulf Stream north wall is a region of 
strong cyclonic shear. Speeds increase offshore to a peak of 
250 cm s -1 , with strong vertical shear. Isotachs deepen in 
the offshore direction, with the deep Gulf Stream velocity 
maximum of 10 to 15 cm s -1 at 2000 m located 50 km far- 
ther offshore than the surface maximum. Within the 18øC 
water lens there is a broad anticyclonic shear region with 
velocities of 25 to 75 cm s -1 and weak vertical shear. 

The warm core ring is apparent in the upper 500 m as a 
region of counterflow centered near z = 40 km, with the flow 
reversing again shoreward of the ring center near 25 kin. The 
maximum speeds of only 10 to 25 cm s -1 in the warm core 
ring are a consequence of the oblique crossing angle of the 
transect across the ring. At the south end of the transect, 
the cold core ring filament can be seen in the velocity section 
as a shallow region of reverse flow near 200 km. 

Figure 5 shows velocity vector profiles at each of the nine 
Pegasus stations occupied during line I. These vector pro- 
files provide a detailed view of the velocity structure of the 
Gulf Stream. Variability ranges from small (,,, 100 m) verti- 
cal scales that may be inertial oscillations or features related 
to the ring/Gulf Stream interaction, to the large-scale baro- 
chnic structure of the Gulf Stream core. 

The two northernmost sites, P8 and P7, show north- 
ward and westward surface-intensified velocities of up to 
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90 cm s -1 in the warm core ring, and northwestward veloc- 
ities of less than 10 cm s -1 below 500 m at both sites. Site 
P6 is located just north of the edge of the Gulf Stream, in 
a complex transitional region of weakly flowing ring, slope, 
and Gulf Stream water. 

Sites P5 through P1 are in the Gulf Stream. Site P5 is 
located near the north wall of the current and has a surface 
velocity of 130 cm s -1 to the east-northeast. Site P4 has the 
highest surface velocity (215 cm s -1 at 067øT); its structure 
extends deeper than that at site PS, and the 2000 m velocity 
has increased to 10 cm s -1, veered somewhat to the right, 
or offshore, of the surface current. Sites P3 and P2 show 
further deepening of the current while the surface velocity 
weakens to less than 100 cm s -1 . The deep velocity reaches 
its maximum value for the transect, 15 C•rn s -1, at site P2. 

Sites P1 and P0 are located near the seaward edge of the 
Gulf Stream, with east-northeast velocities of typically 50 
and 20 cm s -1, respectively, in the upper 1000 m and lower 
values (0 to 10 cm s -1) in the deep water. The cold core 
ring filament causes a dramatic northwestward veering in the 
upper 1000 m at site P1, with speeds as high as 50 cm s -1 
to the north-northwest overlying an equally strong northeast 
Gulf Stream flow. At site P0 there is a trace of northward 

surface velocity also apparently related to the cold core ring. 
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Fig. 5. (top) Vector profiles of the Pegasus absolute velocity at the nine sites for the first survey (line I). (bot- 
tom) Geostrophic velocity profiles (dashed) and absolute velocity profiles projected along 051øT (solid) for line I. 
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The bottom panel of Figure 5 shows the component of ab- 
solute velocity perpendicular to the transect (along 0510T), 
superimposed upon profiles of the computed geostrophic ve- 
locity. In order to emphasize any large vertical and/or hor- 
izontM scMe ageostrophic motions which might be present, 
these absolute velocity profiles have been further smoothed 
vertically, averaging all measurements between the standard 
depths hsted previously, to suppress high vertical wave num- 
ber oscillations. These profiles show that agreement between 
the absolute and geostrophic velocities varied from nearly 
exact agreement at sites P7 and P6 to differences as large as 
25 cm s -a in the core of the Gulf Stream (sites P5 through 
P3). 
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Fig. 6. Cross section of the difference between the absolute and 
geostrophic velocity, Av = vp -- Vg, for line I. The nine Pegasus 
sites are indicated by arrows. 

The comparison is summarized in Figure 6, which con- , 

tours AV = v•,--%, the difference between the absolute (Pe- 
gasus) and geostrophic velocity. The highest Av values are 
found in the upper 500 m in the center of the Gulf Stream, 
where the absolute velocity exceeds the geostrophic velocity 
by 10 to 25 cm s -a. The estimated measurement errors dvg 
in the corresponding regions are -!- 5 to 10 cm s -a and can 
therefore account for only half of the observed difference in 
the central upper Gulf Stream. In the warm and cold core 
ring features, the differences also exceed 10 cm s -•. For 
the rest of hue I the A v differences are below the estimated 
measurement error. 

4.2. Line H 

The transect was repeated with both ships from south 
to north on July 14-16, 1982 (referred to as hne II). Al- 
though no accompanying XBT survey of the surrounding 
region was undertaken, it is clear from the temperature and 
velocity sections that some regional changes had occurred, 
particularly with respect to the location of the warm core 
ring and the deep Gulf Stream current structure. 

Figure 7a shows the temperature contours from hue II. 
There is only a weak warm core ring signature, with the 
northern part of the section being otherwise typicM of the 
slope water. Compared with hue I, the Gulf Stream warm 
core (T > 28øC) is smaller, and the north wall has moved 
slightly (< 5 km) offshore. Differences between the two 
transects are more evident in the contoured velocity section 
(Figure 7b). In hne II the reverse surface flow at the north- 
ern end of the transect associated with the warm core ring 
during hue I is no longer present, the Gulf Stream high- 
velocity core is narrower, and the isotachs are more verti- 
cally inclined. The maximum surface velocity (250 cm s -a) 
remained the same. 
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Fig. 6. The transport mode from 19 temperature sections {T19} 
that exclude the Pegasus section: (a) temperature with 0.4øC 
contour interval, (b) geostrophic velocity with 5 crn s -1 contour 
interval, and (c) associated vorticity with 1 x 10 -e s -1 contour 
interval. 

3.4. {TVU} Combination Mode 
In order to determine the statistical links between param- 

eters T, v, and u, we computed the empirical modes of the 
combined data set. The same 10 sections were used as in the 

previous section. Only temperature below 200 m was used in 
this combination analysis to again avoid the overwhelming 
influence of seasonal warming. 

In order to conduct such a multiparameter variability 
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(a) deviations in temperature greater than 0.6øC, (b) deviations 
in geostrophic velocites of greater than 5 cm s -1 , and (c) devia- 
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analysis it may be necessary to ensure that no single param- 
eter controls the modes because its dimensional variance is 
much greater than the others. We therefore scaled down 
the velocity fluctuations which, in centimeters per second, 
were approximately an order of magnitude greater than the 
temperature fluctuations in degrees Celsius. Otherwise, ve- 
locity might solely determine the empirical modes, which is 
redundant with the preceding analysis. Hence, before the 
EOF analysis we scaled each of the three parameters (T, v, 
and u) by the inverse of its own average standard deviation 
(T/aT, v/•, and u]o',) and afterward restored the dimen- 
sional scaling to the mode shapes. However, we also found 
that this choice of scaling is not critical, since the mode 
shapes were statistically indistinguishable for a wide range 
of Prescaling factors [Manning, 1987, Appendix D]. 

The first empirical mode of the {TVU} analysis is con- 
toured in Figure 11. The temperature field (Figure 11a) 
associated with this first mode is evidently caused by an off- 
shore deepening and an onshore shoaling of the main ther- 
mocline as found in the transport mode that arose in the 
preceding analyses. Correspondingly, the water is warmer 
(by 1.2øC) in the deeper (800 m) offshore side of the stream 
and cooler (by -0.8'C) near the surface on the onshore side. 

As one might expect from geostrophy, a steepening of the 
main thermocline occurs simultaneously with a general in- 
crease in v, the alongstream flow. As seen in Figure lib, the 
change in directly observed alongstream velocity associated 
with the tiring thermocline is as high as 23 cm s -1 in the 
upper water column. 
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indicates Pegasus sections. Bathymetric contours are in meters, and cruise numbers are listed. The mean path of 
the north wall of the Gulf Stream is indicated. 

2. METHODS 

The data used in this study were taken on 20 different 
cruises at various times of the year over a period of 7 years 
(1979-1986). A total of 85 Pegasus drops made up 10 veloc- 
ity sections, and a total of 336 XBTs (Sippican model T-7) 
made up 35 temperature sections across the Gulf Stream 
that are indicated in Figure 1. Although the XBT data 
are restricted to 800 m depth, the Pegasus velocity mea- 
surements were made to at ]east 1800 m. All of the velocity 
sections and 16 of the temperature sections, from Halkin and 
Rossby [1985], were taken along a single transect near 73'W 
which will be referred to as the "Pegasus line." The remain- 
ing 19 XBT sections were taken on inverted echo sounder 
deployment and recovery cruises from 74* to 69'W and from 
35 ø to 38'N. For this latter set of sections, additional XBT 
data indicated the Gulf Stream path angle and, for most, 
the path curvature. 

In order to obtain a stream coordinate system, the dis- 
tances along the transect axis were projected onto a line per- 
pendicular to the instantaneous direction of the Gulf Stream 
flow (a cosine correction). The z axis is taken to increase 
offshore along this normal line, and the y axis points down- 
stream. In the case of the Pegasus sections, the direction 
of the Gulf Stream was estimated from the resultant of the 
three largest vertically averaged Pegasus velocity vectors [see 
Halkin and Rossby, 1985]. The 19 non-Pegasus line sections, 
on the other hand, were made approximately normal to the 
instantaneous paths of the Gulf Stream. The potential error 
associated with this projection into stream coordinates was 
insignificant compared to the principal modes of variabilty. 

After each section was regridded (bicubic spline with ten- 
sion) onto a regularly spaced grid (approximately 10 km lat- 
eral by 50 m vertical resolution), it was necessary to define 
the origin on the x axis. We did not want to reference all the 
sections to a fixed geographic point or thumb line, as this 

method would produce a variance field that is most affected 
by the lateral shifting or meandering of the current. Instead, 
our purpose was to investigate the variability in structure in 
stream coordinates, and we wanted the empirical modes of 
variability to be freed of any constraint to be orthogonal to 
a dominant lateral-shifting or meander mode. 

To accomplish this, we had to develop a technique which 
is independent of the north wall definition. Each section is 
shifted individually in the cross-stream direction in order to 
minimize its individual temperature variance from the mean 
section; then the mean section is recalculated, and the in- 
dividual shifts are improved to reduce the variance. The 
process iteratively converges to a minimized overall variance 
field and an unbiased estimator of the mean section. This 

process may be done for v(z, z) as well as for T(z, z). The 
resulting mean fields for T, v, and u are contoured in Fig- 
ure 2 (left-hand panels) along with their respective standard 
deviation fields (right-hand panels). 

Alternative north wall indicators, 12øC at 400 m or 
12øC at 500 m, produce low-variance fields very similar to 
the minimized variance method just described (but of course 
with artificial zero variance right at the definition point). 
Either of these agree with the above technique better than 
15øC at 200 m [Manning, 1987], and hence they are suitable 
for most purposes to define the axis of the Gulf Stream. 

Given only the mean and standard deviation fields, perti- 
nent infor-mation about the mechanisms responsible for the 
variance and their spatial/temporal variability cannot be ob- 
tained. For this purpose, we have implemented the method 
of empirical orthogonal functions analysis [Morrison, 1976]. 
As described in the section below, we have computed several 
sets of empirical modes, interpreted their physical meaning, 
and examined the degree of variability in time and space. 

For the temperature modes, we have obtained further use- 
ful information from the cross-stream derivatives, estimating 
the geostrophic velocities (relative to 800 m) using an effec- 
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Figure 5. Mean and variance fields for Year 1, June 15, 1988 to May 27, 1989. Left-hand panels show 
the mean Z•2 and P3.•(x) fields of the Central Array. Contour intervals are in meters for Z•2 and decibars 
(where I dbar = l0 kPa) for •s00. Right-hand panels show the corresponding variance fields in units 
of meters-squared and decibars-squared for Z•: and •.•oo, respectively. Each frame corresponds to the 
boxed region near 68øW shown in Figure 2. The distances (in kilometers) are referenced to the grid 
origin at 38øN, 68øW with z-axis oriented along 075øT. Shading indicates regions where the estimated 
mapping errors are high. IES sites are denoted by plus symbols and current mooring sites by open 
squares. Averaged current vectors at 400, 700, 1000 m are superimposed on the Z•2 field, and the 
average 3500 m currents on the P3.•(• field. A speed key is indicated for each plot. For consistency, all 
quantities have been averaged over the same time period. Bottom row shows expanded plot of all four 
levels of mean currents at sites H4 and I4. 
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squares. Averaged current vectors at 400, 700, 1000 m are superimposed on the Z•2 field, and the 
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Figure 5. Mean and variance fields for Year 1, June 15, 1988 to May 27, 1989. Left-hand panels show 
the mean Z•2 and P3.•(x) fields of the Central Array. Contour intervals are in meters for Z•2 and decibars 
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mapping errors are high. IES sites are denoted by plus symbols and current mooring sites by open 
squares. Averaged current vectors at 400, 700, 1000 m are superimposed on the Z•2 field, and the 
average 3500 m currents on the P3.•(• field. A speed key is indicated for each plot. For consistency, all 
quantities have been averaged over the same time period. Bottom row shows expanded plot of all four 
levels of mean currents at sites H4 and I4. 
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Watts 2000), the Antarctic Circumpolar Current (Watts
et al. 2001b), the Japan/East Sea (Park et al. 2005), the
Gulf of Mexico Loop Current (Donohue et al. 2006),
and the Kuroshio (Book et al. 2002). A comprehensive
list of IES publications may be found at URI/GSO (2009).

Over the past few years, a new version of the IES has
been developed at the University of Rhode Island. This
latest model, called a CPIES, not only includes a Paro-
scientific pressure sensor but also an Aanderaa Doppler
current sensor (RCM-11). The combined instrument
package with its own acoustic release is more cost effective
to deploy than separate PIES and current-meter moorings.
The internal microprocessor allows the data to be processed
in situ, making them suitable for retrieval by acoustic te-
lemetry. Digital storage capacity and lithium battery packs
enable deployment periods for up to five years. Recently,
a line of six CPIES and acoustic Doppler current profilers
measured the Kuroshio in the East China Sea (Andres et al.
2008). KESS was the first experiment to deploy a two-
dimensional array of these new CPIES instruments, and it

was unique in that the instruments were deployed in water
depths (5300–6400 m) close to their limit of operation.

Because of these advances in instrumentation and data
interpretation, the use of IESs by other investigators has
become more widespread. To consolidate the description
and rationale behind the various processing techniques,
here we provide a comprehensive narrative of the meth-
odology to produce mesoscale-resolving four-dimensional
circulation fields of temperature, specific volume anomaly,
and velocity from the KESS CPIES array. An improved
technique to remove pressure drift is presented. Addi-
tionally, several independent datasets (profiling floats,
current meters, and McLane moored-profiler measure-
ments) validate the methodology and error estimates.

2. KESS experimental design

The design of the KESS array was based on the fol-
lowing considerations: First, the array was in the region
of maximum eddy kinetic energy. Second, the 525-km

FIG. 2. With the CPIES array, current profiles were calculated as the sum of a baroclinic velocity referenced by
a deep barotropic velocity. The subthermocline currents were observed to be nearly independent of depth, and
operationally we defined barotropic as the reference velocity at 5300 dbar. (a) The upper baroclinic geopotential
streamfunction shown with solid contours [contour interval (CI) 5 2 m2 s22]. Mapped barotropic pressure field is
color shaded (CI 5 0.02 dbar). Gray arrows indicate gridded deep barotropic currents (scale at bottom right).
(b) Total velocity (blue) is calculated by referencing the baroclinic velocity profile (red) with the deep barotropic
velocity (green). Profiles of the meridional component are illustrated for the mid-Kuroshio location shown in (a) (red
cross), where cross-frontal geostrophic flow ’30 cm s21 occurred between a deep anticyclone (orange hues) and
cyclone (blue hues). (c) The vector sum of deep barotropic velocity (green arrow) and baroclinic velocity (red arrows
with magnitude dependent on depth) produces the total velocity (blue vectors turning with depth). A baroclinic
velocity profile that is vertically aligned like this is called equivalent barotropic.
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FIG. 5. The first column shows the isotach structure at depths 400,
700, and 1000 m on 29 September 1988. The second column shows
the isotachs of the residual flow VR on the same date for the same
sets of depths.

the CenA; this position closely underlies the core of the
Gulf Stream at 400-m depth. Steep trough events show
up clearly in September 1988, December 1988, and May
1990. From May 1989 until fall 1989 the Gulf Stream
had a steep meander or a more convoluted path. The
second panel shows a time series of the maximum
alongstream speed gradient (|]V/]s|) anywhere in the
array where V . 0.4 m s21. Peaks in the gradient are
seen during the September 1988, December 1988, May
1989, and May 1990 steep trough events.

6. A simple kinematic explanation of jet streaks
Jet streaks similar to those observed in the CenA data

can be ‘‘formed’’ by the superposition of simple kine-
matic models of a meandering Gulf Stream with no
alongstream speed changes and a barotropic cyclonic
vortex, when the scales and phasings of the features are
chosen to be similar to those observed. The kinematic
model of the meandering stream is taken from Bower

(1991) with the vt term in the trigonometric functions
set to zero to represent the relatively stationary mean-
ders in the CenA. The model streamfunction is given
by

y 2 A sinkx
c 5 c 1 2 tanh , (2)o 1 2[ ]l /cosa

where co and l determine the maximum speed Vmax, A
gives the amplitude of the meanders, k is the meander
wavenumber, a is the alongstream direction (5tan21Ak
coskx), and the cosa term ensures that the alongstream
speed changes are nearly zero. The horizontal velocity
components are (u, y) 5 (2cy, cx). The following val-
ues of the parameters were chosen: A 5 50 km, l 5
40 km, and 2p/k is taken to be 280 km. At 400-m depth
co is taken to be 1.2 (m s21) · (l 3 103 m km21). At
1000-m depth co is taken to be 0.28 (m s21) · (l 3 103
m km21). These choices make Vmax equal to the stream
coordinates maximum speed at 400 and 1000 m from
Johns et al. (1995).
The barotropic vortex is modeled by a Gaussian that

can have different scale widths in the meridional and
zonal directions:

2 2x y
p9 5 p exp 2 1 (3)o 2 21 2[ ]l lx y

with the swirl velocities given by (us, y s)5 (1/ fr)(2py,
px). The scale widths are nominally set at 60 km, which
is approximately the radius of maximum swirl speeds
around the pressure lows (SB98a).
Figure 13 shows isotachs and streamlines of a fixed

Gulf Stream meander at depths 400 and 1000 m in the
first column. The second column has the same meander
with a superimposed barotropic vortex offset 40 km
downstream and250 km to the ‘‘south’’ with a pressure
anomaly of 20.23 dbar. The structures of the isopleths
of speed for the superimposed features are very similar
to what was observed in the data. Note the upstream jet
streak is closer to the trough axis in the simulation, much
like the case for the real observations, and that the sig-
nature of the barotropic vortex shows up more clearly
at 1000 m where the upper-level jet is weaker. In par-
ticular, the speed minimum bull’s-eye that is evident in
the observations near the trough axis where the baro-
tropic flow is directed against the baroclinic jet is re-
produced. The details of the patterns of jet streaks shown
here can be modified by changing the relative phasing,
abyssal pressure anomaly, length scales, and by adding
cyclostrophic flow. This simple example shows that cy-
clostrophic flow need not be included to account for jet
streak existence.

7. Discussion
a. Jet streak observations
The data from the SYNOP Central Array have, for

the first time, allowed time series of horizontal maps of
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40 • 
•' 38 
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•gure 8. Synopoptic Ocean Prediction (SYNOP) Central 
Array. IES locations are indicated by the crosses and current 
meters are indicated by the squares. Site designations are la- 
beled. Bathymetric contours are the same as in Figure 1. 

Focusing first on the ADz00,a•00(r) curve, a large dy- 
namic height gradient is obtained between sites 2 and 3 (point 
a, Figure 7c). Using this gradient in (5) yields the large va-2 
velocity labeled as point a in Figure 7b. At sites 5 and 6 the 
r values, while both smaller than at sites 2 and 3, differ such 
that the AD•oo,a5oo gradient (point c, Figure 7c) is of com- 
parable size, and the resulting velocity (point c, Figure 7b) is 
again large. 

Next, focus on the AD?oo,35oo(r) relationship and the 
700 m velocities. Between sites 5 and 6, with the same r 
difference as noted above, the AD700,a500 gradient (point d, 
Figure 7c) is nearly equal to the ADz oo,a,oo gradient (point 

c), and the velocities at 100 and 700 m (points c and d) are 
correspondingly of similar size. By contrast, between sites 2 

- and 3 the AD?oo,3500 gradient (point b, Figure 7c) is much 
smaller than the AD•oo,•oo gradient (point a) because the 

- slope of the AD7oo,a5oo(r) curve is flattened; correspond- 
ingly, the velocity at point b is considerably weaker. Re- 
stating this GEM result more generally, the curvature of the 

_ ADi,j (r) relationship changes the slope d[ADij(r)]/dr in 
(7) to produce realistic lateral and vertical structures of the 

- velocity field. 
Sections 3.2-3.4 examine how well the velocity structure 

- in the Gulf Stream can be determined by IESs using these 
relationships. Geostrophic velocities Vms at several levels 
were calculated from actual IES r measurements. These are 

compared with independently measured shear currents Vc• 
to evaluate the technique. 

3.2. Data Sources 

As a part of the Synoptic Ocean Prediction (SYNOP) ex- 
periment, 24 IESs were deployed in an array spanning the 
Gulf Stream. The array (Figure 8) was centered near 38øN, 
68øW and was in place from June 1988 to August 1990. 

The IES r measurements were converted to dynamic 
height anomaly using (4). Gridded fields of ADi,j were 
produced for the boxed region in Figure 8 using optimal 
interpolation (OI) [Ikacey et al., 1997]. Examples of the 
AD4oo,•00o maps are shown in Figure 9a. The maps show a 
large-amplitude meander trough in the array which evolved 
and propagated during that 15-day period. 

In addition to the IESs, 13 current meter moorings (CMs) 
were deployed in the array. Each mooring had current meters 
at four depths (3500, 1000, 700, and 400 m), reaching from 
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Figure 9. (a) Contoured optimal interpolation (OI) maps of AD4o0,10o0 obtained in the SYNOP Central 
Array for the period December 21, 1988, to January 5, 1989. Each frame corresponds to the boxed region 
in Figure 8. Axes labels indicate horizontal distance in kilometers from the origin at 38øN, 68øW, where 
the •: axis is oriented along 075øT. (b) The corresponding Vms fields. 
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and baroclinic velocity can be expressed in terms of r as 

- x (7) dr 

Since ADij can be determined between any pair of pressure 
levels from the same measurement of r, the vertical profile of 
velocity shear Vi,j may be estimated from the measurements 
of laterally separated IESs. Additionally, with a gridded ar- 
ray of IESs, r gradients can be obtained in two directions to 
produce estimates of both velocity components. 

Figure 7 is a cartoon which illustrates how vertical shear 
profiles are generated from the suite of functional relation- 
ships between ADi,j and r. The familiar relationship be- 
tween geostrophic velocity and density is presented in Fig- 
ure 7a, in which the horizontal distance along the a: axis is 
indicated by "station number" or"site." Figure 7a shows that 
the depth of the strongest velocity shear varies in accord with 
the depth of the pycnocline. For example, between sims 2 
and 3 where the pycnocline is shallow the largest shear in 
the velocity profile va-2 is also shallow. On the other hand, 
between sites 5 and 6 both the pycnocline and the strongest 

shear in the vs-• profile are deep. These two velocity profiles 
are superimposed (Figure 7b) with four points labeled (points 
a, b, c, and d) to emphasize their differences: Whereas at 100 
dbar both the va-2 and v6-5 velocities are strong (points a 
and c), at 700 dbar the v6_5 velocity (point d) is stronger than 
that of va_ 2 (point b). 

To illustrate how these two very different profiles can be 
obtained from IES measurements of r, imagine one pair of 
IESs moored under a front similar to that shown in Figure 7. 
Imagine further that the front shifts laterally over the sites, 
so that the IESs will be under the shallow pycnocline (like 
sites 2 and 3) some of the time, while at other times the IESs 
will be under the deep pycnocline (like sites 5 and 6). When 
the pycnocline is shallow, the travel times measured by the 
IESs are longer than when the pycnocline is deep. Figure 7c 
depicts the r measured at sites 2 and 3 by the fight and left 
edges of the densely shaded bar, respectively, and the r mea- 
sured at sites 5 and 6 by the fight and left edges of the lighter 
bar. The AD100,3•00(r) and AD7oo,35oo(r) curves of Fig- 
ure 2 are repeated in Figure 7c. 
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Figure 7. Schematic diagram showing how the velocity Vms profiles are determined from the IES- 
measured r. (a) Idealized vertical section of the pycnocline, where the cross-stream horizontal distance 
is indicated by "station number" or site. Vertical profiles of horizontal velocity are sketched for two loca- 
tions: va-2 is average between sites 2 and 3, and v•_5 is average between sites 5 and 6. (b) Superimpo- 
sition of two velocity profiles. The va-2 velocities at 100 and 700 dbar are indicated by points a and b, 
respectively. The v6-5 velocities at the same depths are indicated by points c and d. (c) ADz00,3500 and 
AD•,00,a500 are shown as functions of r. The densely shaded bar spans the two r measured at sites 2 and 
3, and the lighter bar spans the two r measured at sites 5 and 6. The ADi,j gradients labeled points a, b, 
c, and d correspond to the respectively labeled velocities in Figure 7b. 
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Figure 8. (a) Mean temperature section (dotted contours with small bold labels) and absolute 
velocity section (solid contours for velocities into the page and dashed contours for velocities out 
of the page). Bold solid contours indicate velocities of 0 and 50 cm s-1; thin solid contours and 
dashed contours indicate intervals of 10 cm s -1 Superimposed numbers indicate mean velocity measurements from the current meters in m s -•. The averaging period is the first 6 months of 
the deployment, August 1993 through January 1994. (b) The mean bottom velocity from the 
bottom pressure maps. Squares indicate values integrated between PIES sites and are used to 
reference each respective VR profile; error bars are the i standard deviation errors predicted by 
the OI procedure. 

age absolute velocity section over a 19-month time pe- 
riod. Figure 11b shows the transports that were cal- 
culated from this velocity section. The darker shaded 
bars represent northward transport across the section 
between adjacent pairs of PIES/pseudo-IES sites, and 
the lighter shaded bars represent southward transport. 
These transports are absolute; they are not dependent 
on an assumption of a level of no motion. The mean 
northward transport, which included the inshore side of 

the Mann Eddy as well as the NAC, was 146 Sv (1 Sv 
= 106 m 3 S --1). The standard deviation was 41 Sv, and 
the standard error of the mean was 9 Sv. 

The mean southward transport inshore of the NAC 
was -,•30 Sv; however, some southward transport as- 
sociated with the Labrador Current was undoubtedly 
missed inshore of our shallowest mooring site. Stud- 
ies of the subpolar gyre's western boundary current 
along the outer continental slope of Labrador have 

…	  as	  determined	  from	  PIES	  
(current	  meter	  values	  are	  listed	  )	  

Gravest	  Empirical	  Mode	  
(GEM)	  technique	  applied	  to	  
CPIES	  array	  provides	  full	  
depth	  maps	  of	  temperature,	  
salinity,	  specific	  density,	  and	  
absolute	  geostrophic	  velocity.	  
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vectors rotating anticyclonically around temperature
variance hot spots in the northwest, southwest, and
southeast parts of the KESS array. The external com-
ponent of the EHF (Fig. 6c), which contains the di-
vergence, is muchweaker inmagnitude than the internal
component and does not necessarily follow temperature
variance contours. Separated in this way, themasking by
the internal component is removed.
In the subthermocline ocean at 1500m, the internal

and external components of the EHF are comparable in
magnitude (Figs. 6d–f). The internal component again is
completely rotational with vectors that follow the tem-
perature variance contours (Fig. 6e). The external com-
ponent ismuch stronger inmagnitude near themean path
of the jet and is responsible for cross-frontal heat ex-
change with vectors that don’t necessarily follow tem-
perature variance contours.

Figure 6 demonstrates that the rotational EHFs are
strongest in the upper ocean and decrease in magnitude
with depth. The traditional estimates in section 3 reveal
that the estimates from the moorings in Fig. 3c are
similarly oriented to the external component of the
subthermocline (1500m) fluxes in Fig. 6f. Moreover in
the upper ocean this may explain why K4, K5, and K8
had such strong equatorward heat fluxes at 250m (Table
1) because Fig. 6b reveals that the rotational fluxes near
those sites at 400m have large negative meridional
components.
It is noted here that the external EHFs are not rota-

tion free, but a large known rotational component (in-
ternal) of the EHF has been removed from the full
signal. Cronin (1996) also noted that the residual fluxes,
using the MS method in the Gulf Stream, were not ro-
tation free as well. Interpretation of the external fluxes

FIG. 6. External vs internal mode EHFs for the upper and deep ocean. EHF vectors superimposed on temperature variance contours
(color) and 16-month mean geopotential referenced to 5300-m contours (gray) with a boldface gray contour marking the mean axis of the
current. (a) 400-m total EHF vectors, (b) internal (MS rotational) EHF vectors, and (c) external EHF vectors. (d)–(f) As in (a)–(c), but for
1500m. Red diamonds and red arrows illustrate the good agreement at the mooring locations and heat flux vectors at 250m in (a) and (b)
and at 1500m in (d) and (f).
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Watts 2000), the Antarctic Circumpolar Current (Watts
et al. 2001b), the Japan/East Sea (Park et al. 2005), the
Gulf of Mexico Loop Current (Donohue et al. 2006),
and the Kuroshio (Book et al. 2002). A comprehensive
list of IES publications may be found at URI/GSO (2009).

Over the past few years, a new version of the IES has
been developed at the University of Rhode Island. This
latest model, called a CPIES, not only includes a Paro-
scientific pressure sensor but also an Aanderaa Doppler
current sensor (RCM-11). The combined instrument
package with its own acoustic release is more cost effective
to deploy than separate PIES and current-meter moorings.
The internal microprocessor allows the data to be processed
in situ, making them suitable for retrieval by acoustic te-
lemetry. Digital storage capacity and lithium battery packs
enable deployment periods for up to five years. Recently,
a line of six CPIES and acoustic Doppler current profilers
measured the Kuroshio in the East China Sea (Andres et al.
2008). KESS was the first experiment to deploy a two-
dimensional array of these new CPIES instruments, and it

was unique in that the instruments were deployed in water
depths (5300–6400 m) close to their limit of operation.

Because of these advances in instrumentation and data
interpretation, the use of IESs by other investigators has
become more widespread. To consolidate the description
and rationale behind the various processing techniques,
here we provide a comprehensive narrative of the meth-
odology to produce mesoscale-resolving four-dimensional
circulation fields of temperature, specific volume anomaly,
and velocity from the KESS CPIES array. An improved
technique to remove pressure drift is presented. Addi-
tionally, several independent datasets (profiling floats,
current meters, and McLane moored-profiler measure-
ments) validate the methodology and error estimates.

2. KESS experimental design

The design of the KESS array was based on the fol-
lowing considerations: First, the array was in the region
of maximum eddy kinetic energy. Second, the 525-km

FIG. 2. With the CPIES array, current profiles were calculated as the sum of a baroclinic velocity referenced by
a deep barotropic velocity. The subthermocline currents were observed to be nearly independent of depth, and
operationally we defined barotropic as the reference velocity at 5300 dbar. (a) The upper baroclinic geopotential
streamfunction shown with solid contours [contour interval (CI) 5 2 m2 s22]. Mapped barotropic pressure field is
color shaded (CI 5 0.02 dbar). Gray arrows indicate gridded deep barotropic currents (scale at bottom right).
(b) Total velocity (blue) is calculated by referencing the baroclinic velocity profile (red) with the deep barotropic
velocity (green). Profiles of the meridional component are illustrated for the mid-Kuroshio location shown in (a) (red
cross), where cross-frontal geostrophic flow ’30 cm s21 occurred between a deep anticyclone (orange hues) and
cyclone (blue hues). (c) The vector sum of deep barotropic velocity (green arrow) and baroclinic velocity (red arrows
with magnitude dependent on depth) produces the total velocity (blue vectors turning with depth). A baroclinic
velocity profile that is vertically aligned like this is called equivalent barotropic.
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Development	  of	  the	  CPIES	  

used	  by	  more	  than	  20	  oceanographic	  
research	  groups	  in	  the	  U.S.,	  Canada,	  
U.K.,	  Germany,	  Norway,	  France,	  China,	  
Korea,	  Japan,	  and	  Brazil.	  	  	  
	  
The	  majority	  of	  these	  instruments	  
have	  been	  built	  and	  developed	  by	  the	  
WaGs	  lab.	  	  
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component of Uid for 8 sites across the Kuroshio Exten-
sion, of which the power spectra are shown in Fig. 2. The
sites located in the northern region of the Kuroshio Ex-
tension (north of D5) show relatively larger amplitudes
of Uid during winter time. Uid also show the dramatic
drop of NIW energy across the Kuroshio southward con-
sistent with the power spectra in Fig. 2. The strongest
and weakest near-inertial currents are found at sites A2
and G5, respectively.

We exclude effects of the horizontal component of
Earth’s rotation upon NIW spectral shifts and levels for
the following reasons. At first sight, it may appear help-
ful to include these “nontraditional” (horizontal compo-

nent) terms, that would allow NIWs to travel poleward of
their inertial latitude by several hundreds of kilometers
in layers with extremely weak stratification and become
trapped (Gerkema and Shrira, 2005; Gerkema et al.,
2008). All our CM measurements were collected near-
bottom in weak stratification where the nontraditional
effect might help account for enhanced NIW energy north
of the Kuroshio. However, the size and direction of pre-
dicted spectral change do not fit the observations. While
Gerkema and Shrira (2005) predict at most 30% increased
energy due to the nontraditional effect, we observe nearly
an order of magnitude increase in NIW energy north of
the Kuroshio. Moreover, for trapped NIW energy from
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Fig. 2.  Larger near-inertial energy is observed in a region north of Kuroshio than south of Kuroshio. Contours on the map show
satellite-measured mean absolute dynamic topography during November 2004–April 2005. Periphery panels are variance-
preserving power spectra for zonal (solid blue line) and meridional (dashed blue line) components of deep currents at twelve
CPIES sites. Vertical red line and gray-shading in each power spectrum figure indicate the local Coriolis frequency and 95%
confidence interval, respectively.



Principal	  InvesOgator	  (usually	  lead	  PI)	  in	  
14	  mulO-‐invesOgator	  field	  programs:	  	  
AntarcOc	  Circumpolar	  Current	  in	  Drake	  Passage	  (cDrake),	  
Kuroshio	  Extension	  System	  Study	  (KESS),	  	  
Kuroshio	  in	  the	  East	  China	  Sea	  (ECS),	  	  
Agulhas-‐S	  AtlanOc	  Thermohaline	  Transport	  Expt	  (ASTTEX),	  	  
3	  Gulf	  of	  Mexico	  Field	  Programs	  (GOM),	  
Japan/East	  Sea	  (JES),	  	  
Sub-‐AntarcOc	  Flux	  and	  Dynamics	  Experiment	  (SAFDE),	  	  
Labrador	  Sea	  Project,	  	  
North	  AtlanOc	  Current	  Experiment	  (NAC),	  
Affiliated	  Surveys	  of	  Kuroshio	  off	  Ashizuri-‐Misaki	  (ASUKA),	  	  
Gulf	  Stream	  SynopOc	  Ocean	  PredicOon	  (SYNOP),	  	  
Dynamics	  of	  Gulf	  Stream	  Meanders.	  
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[5] Southwestward flow has also been reported between
the Kuroshio and the Ryukyu Islands forming a recircula-
tion [e.g., Oka and Kawabe, 2003; James et al., 1999]. This
flow is typically strongest at the surface where southwest-
ward surface currents can reach 2 knots [Su et al., 1990].
[6] Previous studies of Kuroshio transport in the ECS

include calculations for the period between 1986 and 1988
made from 39 hydrographic sections referenced with sur-
face current data measured by ADCP and Geomagnetic
Electrokinetograph (GEK) [Ichikawa and Beardsley, 1993].
The mean northeastward absolute transport for these sec-
tions was 23.7 Sv. Johns et al. [2001] measured the
transport just upstream of the ECS east of Taiwan between
September 1994 and May 1996 along a WOCE line, using
moored current meters and acoustic Doppler current pro-
filers (ADCPs) and determined that the 20-month mean
absolute net transport was 21.5 Sv. James et al. [1999]
deployed inverted echo sounders (IESs) north of Okinawa
to measure acoustic travel time and bottom pressure from
August 1991 until October 1992. Their study, however,
focused on the characteristics of ECS Kuroshio meanders
instead of transport, because current measurements were
unavailable for referencing.
[7] The previous studies of Kurohsio position and velocity

structure inside the ECS are limited spatially or temporally.
There has been no long-term continuous measurement of
absolute transport within the ECS; reports of mean transports
in the ECS have relied on averaging snapshots taken over
many years. Here we present a 23-month time series of
Kuroshio net absolute transport in the ECS. We also report

on the time-and-space varying velocity structure of the Kur-
oshio over the last 13 of these months (when measurements
were more complete) and calculate the corresponding positive
and negative transport time series. In addition to quantifying
the Kuroshio volume transports, we investigate their time
variabilities as well as those of Kuroshio position and width.

2. Data

[8] The primary data sources for this investigation are
11 IESs which were deployed in the Okinawa Trough
region of the ECS for nearly 2 years and two ADCPs
deployed nearby on the outer shelf for 7–13 months
(Figure 2, Table 1).

2.1. IES

[9] Eleven IESs were deployed on the seafloor across the
Kuroshio in two parallel lines separated by 40 km (C-line and
P-line with six and five instruments, respectively) from
December 2002 until November 2004. The C-line nearly
coincided with the PN-line along which hydrographic data
are regularly collected four times per year by the Nagasaki
Marine Observatory of the Japan Meteorological Agency.
Horizontal spacing of the instruments varied from about
20 km beneath the main Kuroshio axis at the northwestern
end of the line to 40 km at the southeastern end. Each P-line
instrument (PIES) was equipped with a Digiquartz pressure
sensor, and each C-line instrument (CPIES) was equipped not
only with the pressure sensor but also an RCM11 Aanderaa
current sensor moored 51 m above the bottom. These instru-
mentsmeasured round trip, bottom-to-surface acoustic-travel-
time (t), bottom pressure, and bottom temperature every
hour. In addition, the upstream instruments (C-line) made
hourly measurements of current velocity and temperature
51 m above the bottom. The data set is complete except for
the current record and about 1/3 of the pressure record at site
C5. The velocity cross section and transport results discussed
here focus on the C-line; however, the t measurements from
the P-line are used in the optimal interpolation mapping
procedure described in section 3.1.2.

2.2. ADCP

[10] The portion of the Kuroshio which flowed in waters
shallower than 550 m, near or over the shelf, was outside
the region sampled by the IESs. For part of the 2-year IES
deployment, this portion of the flow was measured with
two bottom-mounted ADCPs on the shoreward extension
of the C-line. Details of the velocity structure measured by
the ADCPs are reported elsewhere [Lim, 2008]. Here the
ADCP data are mainly used to calculate the transport of
the Kuroshio on the upper slope and shelf.
[11] The ADCP data set is incomplete spatially and

temporally. Section 3.2 presents results of various methods
used to extrapolate these data in space and time with the
details given in Appendix A. The shallower ADCP (A1)
was operational for 7 months from May 2004 until
November 2004. This instrument measured velocity from
152 m depth (0.5 m above the seafloor) to 30 m below the
surface with 4 m bin sizes. The deeper instrument (A2)
was operational for 13 months from October 2003 until
November 2004 and measured velocities from 285 m depth

Figure 1. Regional ECS map. Kuroshio path, shown with
heavy black lines, is estimated from 2002 to 2004 Mean
Absolute Dynamic Topography produced by Ssalto/Duacs
and distributed by AVISO with support from Cnes. Array
location shown as grey rectangle. Depth contours in light
grey at 500 m and 1000 m.
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[31] The depth of the overall maximum velocity is
bimodally distributed with occurrence peaks at the surface
and 210 dbar (Figure 9). The overall velocity maximum is
deeper than 80 dbar 47% of the time. It is interesting to note
that while the deep frequency peak is at 210 dbar, the
location of the subsurface maximum in the mean cross
section (Figure 7) is shallower at 170 dbar.
[32] When the highest velocities are in the layer between

the surface and 80 dbar, the maxima range between 0.36 m/s
and 2.02 m/s and the standard deviation of the velocity
maximum’s x-position is 17 km. When the highest veloci-
ties are deeper than 80 dbar, the maxima range between

0.31 m/s and 1.11 m/s and the standard deviation of the
velocity maximum’s x-position is 14 km.
[33] In the mean cross section shown in Figure 7, the

countercurrent is primarily confined between C1 and C2.
The snapshots in Figure 8, however, show that the position
of the countercurrent moves on- and offshore and occasion-
ally reaches beyond C3, although the near-bottom velocity
measured by the C3 current sensor is negative for only 6%
of the 23-month record. Since the countercurrent width is
comparable to the instrument spacing over the slope, our
data do not adequately resolve this countercurrent.
[34] Nitani [1972] suggested using the location of the

18!C isotherm at 200 dbar as an indicator of ECS Kuroshio
position (i.e., location of maximum surface velocity). Our
data show what previous authors [e.g., Su et al., 1990] have
pointed out, namely, that the maximum surface velocity
often falls shoreward of the 200 dbar isobath, and thus the
location of an isotherm at 200 dbar is not always a useful
proxy for Kuroshio position. Guan [1980] defined the
‘‘core’’ of the Kuroshio as the region between the surface
0.4 m/s isotachs. We have adopted this definition of the
‘‘core’’ and take its midpoint to be the ‘‘position’’ of the
Kuroshio. (Using the maximum surface velocity location
results in a ‘‘jumpy’’ time series of position due to the
difficulty in resolving the exact location of a maximum with
instruments spaced !20 km apart.)
[35] Figure 10 shows the time series of surface velocity

across the C-line with the 0.4 m/s isotachs drawn in black
and position in yellow. With this definition, the mean core
width over 13 months is 75 km, comparable to the widths of
70–110 km observed by Guan [1980] with GEK measure-
ments. Occasionally, the core (thus defined) disappears
altogether, such as early June 2004 (Figure 10). During
these periods (0.88% of the total) we interpolate the position
time series. The maximum Kuroshio width was 121 km on
1 March 2004. The position of the Kuroshio core varies
between x = 21 km on 27 October 2004 and x = 93 km on
13 August 2004. On the basis of the 13 month measure-
ments, the mean position is x = 52 ± 2 km (s = 13 km). The
maximum surface velocity varies between 0.31 m/s on
4 June 2004 and 2.02 m/s on 5 January 2004, with an
average of 0.78 m/s.

4.3. Mean Transport

[36] From the full 23 months of measurements, the mean
net absolute transport across the C-line is estimated to be

Figure 8. Velocity (y-component) snapshots. Here x = 0 at
the shelf break (depth = 170 m). Green and red dots indicate
locations of ADCPs and CPIESs, respectively. Contour
interval is 0.1 m/s, zero contour white. (a–d) 8 March,
28 April, 5 June, and 9 September 2004, respectively.

Figure 9. Histogram of depth of overall maximum
velocity.
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were 10 minutes for tau, 30 minutes for pressure, and hourly
for velocity.
[8] Data will be collected annually by acoustic telemetry

to a ship. Each CPIES internally processes the measure-
ments and saves daily mean values to a file. The pressure
and current processing employs a Godin filter to ensure that
tides are not aliased. The first year of data was telemetered
in late 2008. Due to instrumental issues, 11 instruments
were recovered. For consistency, we used daily mean values
from the internal telemetry file for recovered sites unless
otherwise noted. Currents were corrected in post-processing
for local speed of sound and magnetic declination. Hogg
and Frye [2007] showed that RCM-11 speeds in the range
of 0–20 cm s!1 are biased low by 1–2 cm s!1. The

correction for high speeds is unknown; therefore no correc-
tion was applied.
[9] The data revealed three noteworthy phenomena:

strong currents, pressure jumps, and instrument tilts. Daily
mean speeds in excess of 40 cm s!1 were observed, but
telemetered speed wraps at 40 cm s!1 for better resolution,
causing the received speeds to appear low. Unwrapping was
done by hand, and consistency checks are described below.
Jumps were easily identified as sudden pressure increases
(too large to be real ocean signals) caused when the instru-
ments slid down steep topography during strong current
events. Jumps exhibited by 4 CPIES were patched by hand
editing. Several instruments tipped over during strong
current events and then righted themselves after the currents
subsided. Pressure records of 13 CPIES were masked for
those time periods.
[10] Deep pressures were simultaneously leveled and

dedrifted by adjusting records to the same geopotential
surface under the assumption that over long periods, near-
bottom currents and bottom pressures were in geostrophic
balance, and deep currents were vertically uniform [Donohue
et al., 2009]. All mapping was done with the optimal
interpolation techniques outlined by Watts et al. [2001].
Cross-correlations among the measurements determined the
50-km length scale of the Gaussian correlation function
employed. Streamfunctions for the combined dedrifting and
leveling procedure were determined with 31-day low-pass
filtered velocities. For daily maps, multivariate optimally
interpolated pressure and velocity were constrained to be
geostrophic. Unwrapped current speeds were then reviewed
in two ways: First, mapped and measured velocity were
compared. Second, mapping was redone excluding current
data from each site separately to verify strong current
events.
[11] Weekly sea surface height (SSH) anomalies pro-

duced by AVISO CLS combined with Maximenko and
Niiler’s [2005] mean dynamic topography are used to
describe surface variability. The SSH contour values for
the SAF and the PF identified by Lenn et al. [2008] for this
dataset were used to define the front locations. Conductivity-
temperature-depth (CTD) casts taken at each CPIES site
were used to determine the base of the PF pycnocline,
which lies at roughly st = 27.7 kg m!3.

3. Results

[12] Fifteen sites have mean speeds in excess of 10 cm
s!1, exceeding their standard deviations (Figure 1). These
sites are all north of 58!S and lie within or near the LDA.
The mean directions in the LDA do not parallel the mean
surface fronts determined from SSH; in the eastern LDA, a
broad cyclonic pattern is observed (Figure 1).
[13] Mean bottom currents close to and south of the PF

approximately parallel it (Figure 1). Speeds at sites C10 to
C12 decrease from about 8 to 5 cm s!1. Although the mean
current exceeds its standard deviation ellipse only at C10,
the means at C11–C12 are significant, since the standard
errors in the mean are quite small. Vectors contained within
their ellipses indicate no dominant direction. Twenty-eight
of the means are significant, using an integral time scale of
45 days to estimate the degrees of freedom.

Figure 1. Record-length mean currents and standard
deviation ellipses at 50 m above bottom plotted on
bathymetry (m) derived from shipboard multibeam mea-
surements and Smith and Sandwell [1997]. Time series from
3 recovered instruments (red) are shown in Figure 2. The
mean SAF and PF (gray lines) were located following Lenn
et al. [2008].
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were 10 minutes for tau, 30 minutes for pressure, and hourly
for velocity.
[8] Data will be collected annually by acoustic telemetry

to a ship. Each CPIES internally processes the measure-
ments and saves daily mean values to a file. The pressure
and current processing employs a Godin filter to ensure that
tides are not aliased. The first year of data was telemetered
in late 2008. Due to instrumental issues, 11 instruments
were recovered. For consistency, we used daily mean values
from the internal telemetry file for recovered sites unless
otherwise noted. Currents were corrected in post-processing
for local speed of sound and magnetic declination. Hogg
and Frye [2007] showed that RCM-11 speeds in the range
of 0–20 cm s!1 are biased low by 1–2 cm s!1. The

correction for high speeds is unknown; therefore no correc-
tion was applied.
[9] The data revealed three noteworthy phenomena:

strong currents, pressure jumps, and instrument tilts. Daily
mean speeds in excess of 40 cm s!1 were observed, but
telemetered speed wraps at 40 cm s!1 for better resolution,
causing the received speeds to appear low. Unwrapping was
done by hand, and consistency checks are described below.
Jumps were easily identified as sudden pressure increases
(too large to be real ocean signals) caused when the instru-
ments slid down steep topography during strong current
events. Jumps exhibited by 4 CPIES were patched by hand
editing. Several instruments tipped over during strong
current events and then righted themselves after the currents
subsided. Pressure records of 13 CPIES were masked for
those time periods.
[10] Deep pressures were simultaneously leveled and

dedrifted by adjusting records to the same geopotential
surface under the assumption that over long periods, near-
bottom currents and bottom pressures were in geostrophic
balance, and deep currents were vertically uniform [Donohue
et al., 2009]. All mapping was done with the optimal
interpolation techniques outlined by Watts et al. [2001].
Cross-correlations among the measurements determined the
50-km length scale of the Gaussian correlation function
employed. Streamfunctions for the combined dedrifting and
leveling procedure were determined with 31-day low-pass
filtered velocities. For daily maps, multivariate optimally
interpolated pressure and velocity were constrained to be
geostrophic. Unwrapped current speeds were then reviewed
in two ways: First, mapped and measured velocity were
compared. Second, mapping was redone excluding current
data from each site separately to verify strong current
events.
[11] Weekly sea surface height (SSH) anomalies pro-

duced by AVISO CLS combined with Maximenko and
Niiler’s [2005] mean dynamic topography are used to
describe surface variability. The SSH contour values for
the SAF and the PF identified by Lenn et al. [2008] for this
dataset were used to define the front locations. Conductivity-
temperature-depth (CTD) casts taken at each CPIES site
were used to determine the base of the PF pycnocline,
which lies at roughly st = 27.7 kg m!3.

3. Results

[12] Fifteen sites have mean speeds in excess of 10 cm
s!1, exceeding their standard deviations (Figure 1). These
sites are all north of 58!S and lie within or near the LDA.
The mean directions in the LDA do not parallel the mean
surface fronts determined from SSH; in the eastern LDA, a
broad cyclonic pattern is observed (Figure 1).
[13] Mean bottom currents close to and south of the PF

approximately parallel it (Figure 1). Speeds at sites C10 to
C12 decrease from about 8 to 5 cm s!1. Although the mean
current exceeds its standard deviation ellipse only at C10,
the means at C11–C12 are significant, since the standard
errors in the mean are quite small. Vectors contained within
their ellipses indicate no dominant direction. Twenty-eight
of the means are significant, using an integral time scale of
45 days to estimate the degrees of freedom.

Figure 1. Record-length mean currents and standard
deviation ellipses at 50 m above bottom plotted on
bathymetry (m) derived from shipboard multibeam mea-
surements and Smith and Sandwell [1997]. Time series from
3 recovered instruments (red) are shown in Figure 2. The
mean SAF and PF (gray lines) were located following Lenn
et al. [2008].
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