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ABSTRACT

In October 1987, 49 Lagrangian surface drifters {TRISTAR-II) were released in a 200-km X 200-km square
area southeast of Ocean Station Papa as part of the OCEAN STORMS Experiment. The drifters measured
temperature at the drogue level and reported their position through ARGOS approximately 11 times per day.
Thirty-one of the drifters retained drogues for longer than three months, and data from those instruments are
used to describe the evolving fall 1987 pattern of current and temperature structures at 15 m in the area between
46° and 49°N, 142°W and 132°W. Time variable currents were dominated by mesoscale eddies of anticyclonic
rotation with horizontal radii of 53-86 km and rotational speeds of 10-20 cm s™'. These eddies persisted for
at least 90 days as evidenced by successive drifter trajectories through the eddies. Currents with periods longer
than 1 day had a mean to the east of 4.4 cm s~’ and a mean to the north of 0.7 cm s~'. Background eddy
kinetic energy levels were 40 cm? s =2, Thus, eddy kinetic energy was four times larger than mean kinetic energy.
The eastward single particle diffusivity was 1100 m? s~ and northward diffusivity was 1600 m® s~!. The local
change of thermal energy at 15-m depth was —2.9 W m™3, while on average, flow advected cold water to the
east at a rate of 0.8 W m™>, Therefore, large-scale advective processes accounted for 28% of the thermal energy
balance at 15 m. This horizontal heat convergence in the open ocean is comparable in magnitude to that
produced by powerful equatorial currents in the eastern Pacific cold tongue.

1. Imntroduction ) could affect the heat balance of the mixed layer. Large
et al. (1986 ) showed that the daily time-scale response

The northeast Pacific has been the focus of numerous of the upper ocean to storms has horizontal scales less

process studies designed to understand the one-dimen- than 200 km; therefore, the combination of mesoscale
sional vertical transports of momentum and heat in

. . activity and short space-scale response to storms has
the upper ocean (Davis et al. .198 la,b; Paduan and de made the study of seasonal mean vertical transports of
Szoeke 1986; D cnman and Miyake 1973). These stu d- heat and momentum, using single-point moorings in
les were largely motivated by measurements o.f vertical the vicinity of Ocean §tation Papa, quite difficult. From
profiles of temperature obtained at Ocean Station Papa the Eulerian point of view, whe r’ e measurements are
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(145 W? 50 N)’ which demonstrated‘ the importance taken at a single point, the horizontal and vertical
of one-dimensional heat storage, especially through "che movements caused by eddies tend to obviate the efforts
sutrpnrlntt‘,r se?s;)nt (Tl}lly a;lnd glovandoﬂi%iz: LlT)smg to test one-dimensional views of the heating cycle be-
estimates ol net surlace fux rom weainer Sp rapa ., the roles of horizontal advective processes on
data and temperature profiles in the ocean, Tabata seasonal times scales are unknown

(1965) showed that a one-dimensional balance could The recent development of lo§v-cost Lagrangian
not be. mamtalped in the upper 120 m’of the ocean I 4ifters that faithfully follow water particle motion to
the climatological fall period. Using single moorings, ;i1 em 5= (Niiler et al. 1987; Mackas et al. 1989)
Davisetal. (1981a) and Pa@uan and de Szoeke (1986) offered to us the opportunity to measure the response
have both shown that on time scales of days the pro-

cesses of vertical uplifting and horizontal advection of the upper ocean on a horizontal scale larger than
p 2 historically observed eddies in the area and comparable

to the wind response of the ocean (McNally 1981).

These drifters were released in an experiment called
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of Oceanography, Naval Postgraduate School, Code OC/Pd, Mon-  Measurements and Co.nt‘muous proﬁle§ of velocity .and
terey, CA 93943-5000. temperature (and salinity) were obtained by various
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techniques. In this study, we report on the general na-
ture of the large spatial-scale and seasonal time-scale
currents and temperatures obtained from the drifters
and make a calculation of the large-scale spatial con-
vergence of heat in the northeast Pacific Ocean.

Acknowledging the work of Bathen (1971), which
assumed a horizontally nondivergent flow field in its
model equations, we note that, to our knowledge, no
self-consistent large-scale calculation of heat content
fluctuations in the North Pacific has ever been pub-
lished. A natural database from which to start is the
ship of opportunity XBT network (White and Bern-
stein 1979), but to date, that dataset has been used
primarily to investigate dynamical, not thermody-
namical, questions. This includes the study by White
et al. (1985), which looked at interannual variability
of average temperature in the upper 400 m. Our drifter
dataset did not observe three-dimensional space like
the XBT dataset. It was a measurement at one depth
in the upper ocean (approximately 15 m). It did, how-
ever, combine velocity and temperature information
to uniquely account for horizontal advection; it covered
a significant area of the northeast Pacific, averaging
over many mesoscale features, and it covered the fall
period, which has been shown by historical point mea-
surements 1o violate one-dimensional heat balance. In
the end, our observations must be combined with other,
vertically dense measurements to infer how heat fluxes
observed through the 15-m level were redistributed
above the permanent thermocline. The implication of
our calculation at 15 m is that slow, broad surface flow
in the northeast Pacific advects as much heat in the
mixed layer as do powerful surface currents near the
equator. Therefore, the role of ocean surface circulation
in maintaining the distributions of surface tempera-
tures, as deduced by calculations like those of Gill and
Niiler (1973), will have to be reevaluated, particularly
in midlatitudes.

This paper is organized as follows. In section 2 we
describe the drifter deployment and dataset. In section
3 we describe the velocity statistics based on daily-av-
eraged quantities, including decorrelation time scales
of the flow. The individual eddy structures are discussed
in section 4. Rates of change of temperature following
drifters, mapping of surface temperatures, and hori-
zontal heat advection are presented in section 5, and
section 6 is a summary of our results.

2. The data

The database for this work derives from ARGOS
position and temperature returns from 47 TRISTAR-
11 drifters deployed during the OCEAN STORMS Ex-
periment in the northeast Pacific in October of 1987.
These instruments have been described by Niiler et al.
(1987) and consist of a large three-axis-symmetric
drogue in the shape of a radar reflector centered at 15
m. The drogue is supported by small, spherical surface
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and subsurface floats containing an ARGOS trans-
mitter, batteries, and antenna. These instruments rep-
resent a significant improvement over earlier-genera-
tion, satellite-tracked drifters in that they have been
calibrated with VMCMs under a wide range of wind
conditions (Niiler et al. 1992; Niiler et al. 1987). The
slip of the drogue through the water is less than 1 cm s™*
for wind speeds less than 19 m s™!. Water temperatures
are reported by thermistors at three locations: at the
surface float, just above the drogue at 12-m depth, and
just below the drogue at 18 m. In the STORMS de-
ployment, 10-minute averaged temperatures were
transmitted once per minute by the electronics in the
surface floats. Since the drogues were attached to the
surface floats by the thermistor cable, the drogues are
considered to have been in fully operating, functional
condition, while reliable temperature data were ob-
tained from the thermistors at 12-m depth.

Thirty-eight of the drifters were released during 1 to
14 October 1987. Eleven more drifters were released
on 26 October in two small clusters. Deployment lo-
cations and the daily averaged trajectories for drifters
with operating subsurface cables are displayed in Fig.
1. The lengths of the time series are indicated in Fig.
2, where a vertical symbol is plotted at the time of each
data reception for each drifter. The drifters were pro-
grammed 10 transmit on a nominal 60-second operating
cycle for the first 90 days and then switch to operate
at that cycle for only one day out of three. The tran-
sition to the second reporting mode is visible in Fig.
2. Statistics of the data returns are provided in the lower
and upper panels of Fig. 3, which give histograms of
the number of fixes per day and the time separation
between fixes, respectively. These histograms confirm
that our data adequately resolve inertial motions ( 16.4-
h period at 47°N). The most common separation time
between reports is 1.5 h (based on 15-minute bins).
Fully 48% of successive position returns were separated
by that amount of time. Another 7% were separated
by within 15 minutes of 3.2 h, which comprises the
second largest bin. Practically all of the separations were
less than 10 h except for the small peaks around 48 h,
which are a result of the two-day-off cycle in the second
reporting mode. These statistics are for position data.
Temperature data were also retrieved and usually at
higher rates per day. This is because the tracking system
is not able to produce high gquality position fixes every
time it receives transmissions, including temperature
data, from a drifter.

We will concentrate in this paper on data from the
period October through December 1987 and on drifters
that were in the area enclosed within the box in Fig.
1. We present results from daily averaged position and
temperature data obtained with the following steps: 1)
linearly interpolate the unevenly time-sampled data for
each drifter to 0.1-day intervals, 2) low-pass filter using
a cosine filter with a half-power point of 96 h, and 3)
subsample the low-pass-filtered data once per day. The
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FI1G. 1. Trajectories from 47 surface drifters. Squares denote deployment Iocations, and box denotes region
used to compute velocity statistics. The trajectories have been low-pass filtered. The British Columbia coastline

and the 200-m and 3000-m isobaths are also shown.

use of simple linear interpolation is justified by the fact
that the typical sampling interval was close to the fixed
interval chosen for the interpolations (Fig. 3) and by
the fact that we used much longer time averages in the
actual analyses. More sophisticated schemes are re-
quired only when higher-frequency motions, such as
inertial currents, are being investigated. In fact, linear
interpolation between observed position pairs yields
the mean drifter velocity exactly, assuming zero posi-
tion error. Actual position uncertainties through Ser-
vice Argos are on the order of 500 m, which give ve-
locity errors less than 1 cm s ™! for linearly interpolated
positions separated in time by one day.

Even without the detailed analyses of the next sec-
tions, some general characteristics of the flow field in
this region can be inferred from the low-pass data in
Fig. 1. The generally eastward currents were augmented
by a number of looping or eddylike structures. The
largest loops in the trajectories were all anticyclonic
(clockwise) and had scales on the order of 100-200
km in diameter. Near 139°W there was a bifurcation
of the flow to the north and south. Drifters that traveled
north at the bifurcation were entrained into the Alaskan
coastal current and accelerated rapidly around the cy-

clonic circulation of the Alaskan gyre. Drifters that
traveled south at the bifurcation entered the eastern
boundary current system of the subtropical gyre. A few
drifters followed intermediate paths that delineated a
stagnation point between the two gyre systems at,
roughly, 49°N.

This bifurcation phenomenon has been seen in ear-
lier drifter observations in the North Pacific. Kirwan
etal. (1978) and McNally ( 1981 ) describe trajectories
from 23 drifters in the northeast Pacific between Sep-
tember 1976 and August 1977. McNally et al. (1983)
combined a subset of those drifters with other drifter
data in the subtropical and northwestern Pacific to give
an overview of the entire North Pacific circulation as
observed from 1976 through 1980. The general location
of the separation between gyres is also seen in more
traditional hydrographic observations (Wyrtki 1975)
or ship drift data (Tabata 1975). The present study
covered a much smaller area than did the early drifter
observations, but our coverage was far more dense.
We also stress that drifters used in these earlier studies
had severely inadequate or, sometimes, nonexistent
drogues. We, therefore, refrain from making detailed
comparisons with observations from those instriments
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STORMS: ARGOS Return Times
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FiG. 2. Times of transmissions received by Service ARGOS from surface drifters. A vertical bar has been plotted
each time a transmission was received. Circles denote times at which subsurface drogue elements were lost.

due to the large errors they contain caused by down-
wind slippage. Niiler et al. (1992) quantify surface
drifter slips as a function of drag area ratio. The earlier-
generation drifters used in the North Pacific had drag
area ratios of, at most, 5 for which 7.0 cm s™! slip errors
can be expected under typical wind speeds of 10 m s™'.
For comparison, the drifters used in this study had
drag area ratios in excess of 70 for which 0.5 cm s™!
slip errors can be expected under the same 10 m s™!
winds. Obviously, care must be taken when interpreting
the earlier-generation drifter observations for which slip
errors were nearly twice the mean speeds observed in
the study area.

The historical drifter data shows a large-scale north-
ward meander of the eastern portion of the subtropical
gyre extending from about 150°W to 130°W. The
northward meander observed in our dataset is, at first
glance, similar to the historical observations, but the
scales of the features are very different. Our observa-
tions were dominated by the mesoscale feature at about
138°W. We did not observe the very large-scale mean-
der of the subtropical gyre but rather an example of
how the bifurcation process is controlled by mesoscale
features within that meander region. The sharpness of
this midocean frontal process is the most surprising

feature discovered in our dataset. It is not a component
of any theory or dataset we are aware of.

This dataset also illustrates how Lagrangian trajec-
tories of particles whose initial locations were similar
can vary widely. For example, Fig. 4 presents the tra-
jectories from three drifters deployed within 200 km
and one week of one another. The locations of each
drifter on day 283 (10 October) are denoted by square
symbols in the figure. After 164 days, one of the drifters
(7981) remained within 250 km of its initial location,
while another (7930) ended up near Alaska (over 1200
km from its initial location). The third drifter (7944 )
traveled east and then south within the subtropical gyre
circulation. It was some 900 km from its initial location
after the 164-day common period shown in the figure.
Our observations complicate the idea that, at a given
latitude, the bifurcation process is a simple function of
longitude. Kirwan et al. (1978) highlighted three tra-
jectories in the earlier wind-contaminated datasets that
began along 43°N and showed that earlier-generation
drifters farther west were more likely to enter the sub-
polar gyre, while those farther east were more likely to
enter the subtropical gyre. Our more densely sampled
dataset shows that the process is less predictable, de-
pending on interactions with mesoscale features and,
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FIG. 3. Histogram of time separation between position returns
based on a 15-minute bin size (upper panel) and a histogram of the
number of returns per day (lower panel). The 1.5-h bin accounts for
48% of the data; 97% of the separations were less than 8 h. The small
peaks around the 48-h bin in the upper panel and the peak at zero
in the lower panel are due to the two-day-off cycle in the second
reporting mode.

undoubtedly, with ephemeral wind-driven currents.
This illustrates how inadequate single trajectories are
in describing midocean flow characteristics. Large
numbers of modern water-following particles, such as
have been deployed in this study, are required.

3. Single particle statistics

The large spatial and temporal extent of the drifter
array allows us to examine the regional flow charac-
teristics from a statistical perspective. In this section,
we present the mean velocities, velocity variabilities,
and Lagrangian velocity correlation scales for the fall
period. The area included in the analyses is shown by
the box drawn in Fig. 1, a region that is approximately
450 km X 750 km. The values obtained here will be
increasingly useful in comparing similar calculations
in other parts of the eastern Pacific as more calibrated
drifter data become available. The methods used to
compute statistics have been put forth by a number of
authors, including Colin de Verdiere (1983), Middle-
ton and Garrett (1986), Poulain and Niiler (1989),
and Brink et al. (1991). We follow most closely the
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latter two of these studies and hereafter refer to them
as PN89 and B91.

a. Mean current and EKE

The mean surface currents determined from the
drifter array are plotted in the upper panel of Fig. 5 as
a function of the available number of daily velocity
estimates. As time proceeded from early October to
late December, more and more velocity estimates were
accumulated. After the initial transients of 20-30 days,
the mean current estimates became quite stable with
final average values of 4.4 + 0.5and 0.7 + 0.6 cm s !
for the zonal and meridional components, respectively.
(See Table 1. Error bounds are the 95% standard error
of the mean. The number of independent estimates is
based on a decorrelation time of 5 days, which is sub-
stantiated below.) The daily, ensemble-averaged ve-
locity components from the drifter array are also shown
in the upper panel of Fig. 5 to give some idea of the
vanability. These time series represent a spatial average
that moved progressively eastward with time, inside
the domain shown on Fig. 1. Except for the first few

Latitude

45 | L L L L L L L L e L L L
~145 ~140 -135
Longitude

FIG. 4. Trajectories of three drifters deployed near each other.
Squares denote locations on yearday 283 (10 October), and trajec-
tories continue for 164 days. The British Columbia coastline and the
200-m and 3000-m isobaths are also shown. Note the very great
difference in displacement between drifter 7930 (heavy), which trav-
eled northward into the Alaskan Stream; drifter 7981 (dashed), which
remained relatively near to its deployment site; and drifter 7944
(light), which entered the southward-flowing California Current sys-
tem.
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FIG. 5. Mean east-west and north-south surface currents (#, ¥)
and variances (%, v'?) and the mean (KE) and eddy (EKE) kinetic
energies as a function of the number of daily velocity estimates avail-
able from the drifter array. Time period spans October~December
1987. The u (thin solid) and v (thin dashed) velocity components
ensemble-averaged over the drifter array are also shown in the upper
panel for each day. Note that the cuamulative averages tend to stabilize
after about 1500 observations ( 15 November).

days, the number of drifters in the average is typically
25 to 35 (cf. Figs. 11 and 14). Note that the heavy
lines in the figure are the cumulative averages. They
are not running averages of the daily ensembile-aver-
aged traces. The cumulative averages are an attempt
at measuring the most statistically reliable mean values
for this region during the fall time period. _
Larger variability was found in the north-south di-
rection as is evidenced by the variance values in the
lower panel of Fig. 5. This result can be seen in the
data itself and stems from the fact that many of the
trajectories that separated at the flow bifurcation near
139°W actually rejoined each other a few degrees to
the east. In effect, the “mean”’ flow separated within

our domain due primarily to the mesoscale eddy at

49°N, 138°W. The action of defining one, single mean
partitioned those two flows into the perturbation or
eddy part of the statistics. Nevertheless, the average
energy levels became stable after 45 days and were 10
cm? s™2 and 40 cm? s~ for the mean and eddy currents,
respectively.
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These energy levels can be compared with those ob-
tained for other regions in the eastern Pacific using
similar instruments. Paulain and Niiler found values
of 27 cm? s7? and 101 cm? s 2 for mean and eddy ki-
netic energy (EKE), respectively, in the California
Current off the coast of southern California and Mex-
ico. Their measurements extended between, roughly,
25° and 33°N. Brink et al. found a range of values off
the central and southern California coast. Their more
northern measurements were highly anisotropic due
to the biased placement of drifters into swift, narrow
filaments in the coastal transition zone. The southern
region of their measurements, at about 33°N, provided
a more statistically unbiased sampling of the California
Current for which they obtained values of 100 cm? s 2
and 228 cm? s™2 for mean kinetic energy and EKE,
respectively. In all three places the eddy energy is be-
tween two and four times greater than the mean.

b. Lagrangian autocorrelation function

The decorrelation time scales of the drifter-derived
velocities can be inferred from the sample Lagrangian
autocovariance function

T
Ry(r,T)= %L ui(uj(t + 7)dt, (1)
where u’ = u — u is the perturbation velocity and 7 is
the length of the time series (PN89). The ensemble-
average autocorrelation functions, R;(7)/u}*, from
the 37 drifters for which 7" > 60 days are shown in Fig.
6 for time lags up to 25'days. The zonal autocorrelation
function asymptotes to zero at 7-day lag times, yielding
a consistent integral time scale. The meridional cor-
relation function, however, has a zero crossing at 10
days. This component is influenced by motions that
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FIG. 6. Average Lagrangian autocorrelation function from drifters
for east-west velocity (R,,) and north—south velocity (R, ), and the
integral of the cross correlations J = f (R — Ry)dr.
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have oscillations at longer periods. It is obvious that
this result is due to the initial northward spreading,
and later confluence, of the drifters as discussed above.
The ensemble-average integral time and length scales
are given in Table 1. Ranges given in the table are the
95% error of the mean, assuming each drifter provides
an independent estimate of R;;(7). They do not take
into account the effects of longer period motions on
the autocorrelation functions. The ensemble-averaged
integral time scales in Table 1 are similar to the e-
folding times inferred from Fig. 6 (3 to 4 days). We
use a value of 5 days as an estimate of the independence
time scale for the northeast Pacific, which is needed to
calculate errors of means presented in this paper.

Our Lagrangian integral time scales in the northeast
Pacific are very close to those obtained by PN89 off
Mexico. They found values of 4.2 and 4.7 days for
zonal and meridional time scales, respectively. Brink
et al. found similar but less isotropic time scales of 5.8
days and 2.7 days in their southernmost region, which
suggests a possibly unique influence of eastern bound-
ary current eddies at that site.

¢. Polarization of the fluctuations

Poulain and Niiler show how the polarization, or
sense of rotation, is related to the quantity

J(r)= J: (Ri2(7") — Ry (7)) d7. (2)

Cyclonic rotation is dominant for J > 0, while anti-

TABLE 1. Mean and standard errors (where appropriate) of ensem-
ble-averaged quantities based on drifter trajectories. Velocity errors
were computed using a 5-day independence time scale. Error estimates
for integral time and length scales and diffusivities are based on La-
grangian autocorrelation functions, assuming each trajectory provided
an independent estimate.

Estimates based on velocities from all 47 drifters

Mean Variance Diffusivity
(cm s7Y) (cm®s™?) (m?s™)
uy vy W (% (Kwy  (Ka)
Mean 44 0.7 34 47 1100 1600

Standard error 0.5 0.6 — — - —

Estimates based on Lagrangian autocorrelation functions from 37
longest trajectories

PADUAN AND NIILER

Time
scales Length scales Diffusivity
(days) (km) (m?s7)
Tu Ty Lu Lv Kuu Ky
Mean 2.8 38 13.9 22,0 835 1524
Standard error 0.7 04 4.1 3.1 299 332
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cyclonic rotation is most common if J < 0. The latter
case clearly obtains from the drifter dataset presented
here (Fig. 6). This is consistent with the polarization
of the large loops or eddies visible in trajectories. These
features dominate the zonal velocity fluctuations in this
region for time scales of days to months. To a lesser
degree, this is also true of the meridional fluctuations,
although the larger-scale bifurcation of the flow has a
strong impact on that component. The eddies that
dominate this area are interesting in their own right
and are discussed in section 4.

d. Single particle diffusivities

To determine the dispersiveness of the drifter tra-
jectories, we use the formalism developed by Davis
(1983) and PN89 and adopt their notation. The single
particle diffusivity is defined as the time rate of change
of dispersion about the mean trajectory of a particle
according to

1d t
Ko =3 2 @y = [ Rinyar, @)
where d' = x — x¢ — (u)(¢ ~ to) is the residual dis-
placement about the mean trajectory and () denotes
an ensemble average over many particles. The second
equality in (3) is due to Taylor (1921).

The displacements of drifters from their initial po-
sitions are shown in Fig. 7 for zonal and meridional
components as a function of time after deployment.
The number of independent trajectories has been in-
creased from 47 to 769 by assuming that trajectories
following a single drifter are uncorrelated after S days.
This method of creating “pseudotrajectories” was also
adopted by PN89. The displacement “clouds” in the
left-hand panel of Fig. 7 point out the gross differences
between zonal and meridional displacements in this
area. The mean east-west velocity discussed above is
exhibited in a positive trend, or mean flow, of the zonal
cloud. A similar trend is absent from the meridional
component. The rms displacements over all trajectories
for a given time after deployment are shown as enve-
lopes around the mean displacements on the right-hand
panel of Fig. 7. The time rates of change of those en-
velopes are equal to the diffusivities according to (3).

The diffusivity calculation as a function of time after
deployment is shown in Fig. 8 for zonal and meridional
components. The derivatives are noisy due to the un-
certainty of diffusivity estimates made from this dataset.
The zonal component shows that, after an initial
spreading regime lasting about 5 days, the diffusivity
asymptotes to some relatively constant level (with some
noise about that mean ). The meridional diffusivity ap-
pears to have a similar behavior for 20 days, after which
particles move closer together. We believe that the latter
phenomenon is due to our inability to define the spatial
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FiG. 7. Dispersion away from initial location (left panels) for 769 pseudotrajectories created
from 47 original trajectories by assuming particle paths are uncorrelated after 5 days. The mean
displacement and the rms displacement envelopes (dotted lines) are also shown (right panels).

variability of north-south flow. With this dataset we
‘cannot ascertain whether 'the north-south dispersion
is due to large-scale spatially or temporally varying flow
or simply due to the effect of a single eddy. We have
chosen the maximum of K, as the most representative
value of diffusivity in this area because it appears at a
time scale larger than the decorrelation time scale. Our
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F1G. 8. Average diffusivity in the east-west (solid) and north-
south (dashed) directions as a function of time, computed as the
time rate of change of the rms displacement envelopes in Fig. 7.

estimates are 1100 and 1600 m? s~} for K,, and K,,,
respectively.

Uncertainty in the diffusivity estimates can be taken
from two sources: 1) the noise or variability about the
asymptotic values in the displacement method and 2)
the difference between the predictions of the displace-
ment method and the Lagrangian autocovariance
method applied to individual drifters (Table 1). The
uncertainties suggested by these methods are +£500
m? s~!. Acknowledging that uncertainty, the diffusivity
in the STORMS region is still markedly less than that
of the California Current regions studied by PN89,
whose average values were 3400 and 4300 m?s™! for
K, and K,,, respectively, and by B91, whose average
values were 5600 and 1800 m? s~ for the same quan-
tities. However, the diffusivity values we obtain fit very
well in PN89’s Fig. 9 and in B91’s Fig. 7, which are
both plots K;; versus velocity variance, (u;u} ). Since
our observations fall at the low-energy end of the ranges
in the other two studies, they do not help to settle the
question of whether Kj; i1s proportional to velocity vari-
ance, as is suggested by the measurements in PN89, or
the square root of velocity variance, as is suggested by
the measurements in B91 as well as earlier measure-
ments in the North Atlantic (Krauss and Boning 1987).
The first eddy diffusivity model implies that eddies of
larger kinetic energy also have larger spatial scales,
whereas the second model implies that eddies of larger
kinetic energy have shorter time scales.
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F1G. 9. Trajectories within four major looping or eddylike features identified in the drifter data.
Symbols are plotted once per day.

4, Circulation in mesoscale features

The drifter trajectories in Fig. 1 trace out a series of
loops in the anticyclonic direction. We isolate four of
the most obvious large-scale features in Fig. 9. Of the
20 drifters that went around these loops, only one in
loop IV compileted a closed circuit. This behavior is a
common feature of the anticyclonic eddies that we have
seen before in the eastern Pacific and is in contrast
with the behavior observed in cyclonic eddies in the
eastern Pacific, which have retained individual drifters
in excess of 60 days (PN89). The features associated
with loops I and III were sampled by OCEAN
STORMS hydrographic surveys ( Tabata et al. 1988).
They are warm eddies. Feature III was also sampled
by a drifter drogued at 100-m depth (Thomson et al.
1990). The deep-drogued drifter was caught in the fea-
ture for 90 days. From the combination of the 15-m
and 100-m trajectories (Fig. 10), we see that the eddy
is actually larger than what would be inferred from
either of the two descriptions alone. It is also interesting
to note that the 100-m drogue makes closed circles of
smaller diameter than those inferred from the loops of
the 15-m drogues. This data implies that the eddy cir-
culation pattern is convergent (retains drifters) at its
core and divergent (expels drifters) at its perimeter or

that it is divergent at 15-m depth and convergent at
100-m depth. From the 100-m drifter, Thomson et al.
(1990) assign rotational velocities of 19 cm s~! and a
radius of 57 km to the feature associated with loop III.
The 15-m drifters circulate through the eddy with av-
erage speeds of 20 cm s~ and a radius of 86 km.
The velocities and sizes inferred from 15-m trajec-
tories are shown in Table 2 for all four features. The
estimates obtained are from the data within the north-
ernmost half of the loops. The table also contains in-
formation about the times of each trajectory. As men-
tioned above, loop Il persisted for 90 days based on
the trajectory of a single 100-m drogue. Using the tra-
jectories of successive 15-m drogues, loop IV is also
seen to have persisted for at least 90 days without ap-
preciable movement or decay. Loops I and II were also
sampled by several drifters drogued at 15 m, but the
trajectories were more contemporaneous. From this
data (and that of Thomson et al. 1990) it is apparent
that the northeast Pacific is not an eddy desert. Like
in parts of the western oceans, eddies have larger ve-
locities by a factor of 3 to 5 than do the mean flows.

5. Upper-ocean heat convergence

The horizontal movement of heat in the upper ocean
can be uniquely examined with our drifter data because
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F1G. 10. Trajectories from surface drifters drogued at 15 m (upper
panel) and 100 m (lower panel) within looping feature III. Deep-
drogued data are from Thomson et al. (1990).

velocity and temperature were observed following hor-
izontal trajectories. Our results are relevant to the heat
flux through the 15-m level during the fall period. As
stated in the Introduction, our results will need to be
combined with observations (or models) of heat con-
tent changes in other parts of the upper water column.
This combination will determine how heat transported
across the 15-m level is redistributed above the per-
manent thermocline during the annual cycle.

The heat balance at 15-m depth is addressed by
computing the rate of change of temperature following
a drifter, as well as local changes of temperature and
local advection; that is,

ar|  _or o, or
dt ot dx dy -’

It should be apparent from (4) that our ensemble av-
erages of dT'/ dt over many drifters include both mean
and eddy contributions in a single dataset. We also
note that the rate of change of temperature following
a drifter, which is in a mixed layer, can be used to
estimate flux convergence; that is, :

(4)

drifter
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Po =7 “PolW
dt lyiper 02 0z
oT oT
+ poc(usﬁp '5; + Uslip a—y) + Rm] s (5)

where ¢ is the sum of the turbulent and radiative ver-
tical transport of heat with the radiative component
positive downward. The factor poc, the heat capacity
per unit volume, has been included to convert tem-
perature changes to energy units. The terms within
square brackets represent mechanisms that are negli-
gible when compared with the lhs of (5). They are,
from left to right, the vertical advection of heat at the
drogue depth, the horizontal advection induced by
slippage of the drifter relative to the water at the drogue
depth, and the horizontal divergence of turbulent heat
flux.

To justify the neglect of these small terms, we make
the following scale analyses. The long-term vertical ve-
locity is scaled by taking w = 10~% cm s™!, which is
on the order of 1 m day™' and is consistent with iso-
therm displacement estimates of Davis et al. (1981a)
and with Ekman pumping estimates of Paduan and de
Szoeke (1986). Values ten times larger than this have
been estimated in strong current features (e.g., Paduan
and Niiler 1990; Swenson et al. 1992), but they are
not appropriate to the midocean long-time flux esti-
mates that our dataset addresses. During the fall period,
the mixed-layer temperatures show maximum vertical
temperature differences of 0.1°C in the upper 20 m
(Tabata et al. 1988). These values give an error esti-
mate for vertical advection of 0.2 W m™3. The velocity
contribution due to mean wind-produced slip is <1
cm s~' (Niiler et al. 1992). If this were applied per-
pendicular to V7, the maximum advective error,
poCugy + VT, is 0.3 W m 3. Winds were most often
more nearly parallel to V7', making the actual error
due to slip even less. Finally, R,, represents the hori-
zontal flux divergence due to motions on time scales
less than 4 days. If variance due to shorter period mo-
tions were leaked into our computations of d7°/dt, R,,
would represent this effect. However, typical Lagran-
gian temperature spectra in this dataset have steep ()
slopes out to the frequencies we resolve (5 cpd) with
no peaks at high frequencies; the cosine filter used does
not leak significant variance into our computations.

The temperature data from drifters can thus be uti-
lized in three ways. First, the rate of change of tem-
perature on the drifter can be constructed from an en-
semble average [the lhs of (4)]. Second, instantaneous
maps of temperature can be computed and the rate of
change at a particular location determined [the first
term on the rhs of (4)]. Third, we can use the map of
temperature to form the horizontal vector VT and, us-
ing local values of the horizontal velocity vector u,
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TABLE 2. Physical attributes of major loops identified in drifter trajectories. Drifter number refers to the symbols in Fig. 9. Starting
(ending) times refer to the yearday when drifters entered (exited) the northern half of a looping trajectory.

Loop Drifter Start day End day Radius (km) Average speed (cm s™')

1 1 290 338 101 9.2
2 300 330 75 10.7
3 301 330 74 11.1
4 275 310 67 8.7

Average: 80 + 13 99+ 1.0
I 1 302 332 49 10.5
2 339 348 49 215
3 327 346 64 12.5
4 293 314 76 14.4
S 338 355 65 14.5
6 315 331 69 17.2
7 321 338 66 16.6
8 340 353 44 13.4

Average: 60+ 8 152+22
11 1 312 327 95 229
2 316 334 81 20.3
3 353 375 78 13.5
4 309 323 93 24.0

Average: 86 7 20.2 £ 4.1
v 1 374 388 45 12.4
2 395 408 38 11.4
3 419 430 41 14.3
4 331 345 60 15.8
5 350 392 81 79

Average: 53+ 14 12424

form ensemble averages of u+ VT In this section we
obtain, for the first time ever from direct observations,
an estimate of horizontal convergence of heat at one
level due to midocean circulation. We also demonstrate
that, over the three-month period, such a calculation
is self-consistent [i.e., the calculation on the lhs of (4)
is equal to the sum of the calculations on the rhs
of (4)].

a. Rates of change following drifters

The average rate of change of thermal energy per
unit volume following the drifters is presented in Fig.
11 for the fall period as the ensemble-average value
each day from the drifters. The values are predomi-
nantly negative. The large negative values in early Oc-
tober (days 274 to 280) could be the result of a storm
that occurred at that time, but they are also based on
less than 20 drifters. After the number of available
drifters “ramps up,” the ensemble averages exhibit a
cycle with strongest values during November in the
middle of the season surrounded by weaker values
during October and December. The cumulative mean
after day 365 is —2.1 + 0.3 W m™> (Table 3) based on
an independence time scale of 5 days for the rate of
change of temperature following an individual drifter.
(The average integral time scale of d7'/dt is 1.7 days.)
For reference we note that if such a mean heat flux

convergence, observed at 15 m, occurred over a 50-m
column heat must have been extracted from the mixed
layer, either to the atmosphere or to the region below
the mixed layer, at an average rate of 105 W m~2. The
largest sustained values observed later in the season
were —6.0 W m™>, which imply heat fluxes of 300
W m~2 out of a 50-m column.

b. Mapping SST

To obtain local changes at a fixed point and the local
horizontal temperature gradients, mapping of sea tem-
perature onto a spatial and temporal grid is required.
The horizontal mapping of SST from drifters in the
STORMS region was accomplished using rather stan-
dard mapping techniques ( Carter and Robinson 1986;
Bretherton et al. 1976). We used all of the drifter po-
sition and temperature data to determine the space-
time Eulerian covariance function appropriate to the
area sampled by the drifters. For these mapping op-
erations, we also used temperature and position data
from six thermistor chain drifters (W. Large, personal
communication ). This data enhanced our observations
by 9% in the first 90 days.

To increase the signal-to-noise ratio of the mapping
process, we first extracted the best-fit slopes and trend
over the whole space-time domain; that is, a pertur-
bation temperature
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F1G. 11. Ensemble average of the rate of change of temperature
following drifters (d7/dt, solid) and the average rage of change of
temperature at grid locations (d7/3¢, dashed; upper panel) together
with the number of operating drifters (lower panel) as a function of
time.

T(x, 1) = T(x, 1) + ¢ + c2(x — x0)

+ 3y — yo) + ca(t — 1) (6)

was defined. Minimization of T using standard least-
squares techniques (Manke 1984) yielded the param-
eters ¢; to ¢4 (Table 3). This perturbation field was
objectively mapped according to

TABLE 3. Mean and standard errors of ensemble-averaged com-
puted quantities and best-plane-fit temperature parameters based on
drifter trajectories.

Heat flux components (W m™)

{dT/dry {8T/ot) (u-VT)
Mean -2.1 -29 0.38.
Standard error 0.3 0.3 0.2
Temperature fitting parameters
G (Ckm™) G (Ckm™) C, (C day™)
—0.0040 0.0041 0.066
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where D,, = (T( X, t,)j"( X, &;) ) is the data-data co-
variance matrix and C, = (T(x, t)T(x,, t,)) is the
estimate—data covariance matrix derived from D,,.

Removing the slopes and trend from the temperature
before computing covariances serves to remove the
significant temporal phase propagation (and to limit
horizontal correlation lengths) of the data-data co-
variance matrix. Asymmetry in spatial lag space is not,
however, completely removed with the best-fit slopes.
Figure 12 shows a contour plot of D, for perturbation
temperature at zero time lag. The contour intervals.
represent an e-fold decrease between levels. Dashed
lines denote regions of negative correlation. Maximum
correlations are found along an axis oriented, roughly,
southwest to northeast with correlation lengths in that
direction of 250 km. Correlation lengths in the minor
axis direction (southeast to northwest) are 80 km. For
speed and stability of the matrix inversion in (7), the
covariance matrices were subrogated by analytical
functions based on the results in Fig. 12. In this case,
the exponential function

F(dx, 8y, )

ox' 0y’ o’
+
80 km * 250 km 10 days) ®)

= gp exp(

Y-Separation (km)

B e e e e BT

~300
-300

=
~100

-200

X-Separation (km) -

F1G. 12. Temperature-temperature autocorrelations at zero time
lag as a function of separation in the east-west and north-south
directions computed from drifter temperatures. Contour intervals
represent an e-fold decrease between levels. Dashed lines denote re-
gions of negative correlation.
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