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An AUV Survey in the Littoral Zone: Small-Scale
Subsurface Variability Accompanying Synoptic
Observations of Surface Currents

Manhar R. Dhanak, P. Edgar An, and Ken Holappa

Abstract—A survey of small-scale subsurface variability within hundreds of square kilometers at a specified resolution. For ex-
the synoptic observational field of an ocean surface current gmple, existing ocean surface current radars (OSCRS) provide
radar (OSCR) using an autonomous underwater vehicle (AUV) is surface current measurements over 708 Rpproximately with

described. The survey involved observation of a developing upper . I
mixed layer in a littoral zone off southeast Florida, on the edge of a resolution of 1 km when operating in HF mode and over 40

a strong Florida current during the summer of 1999. Complimen- km? with a resolution of 250 m in Very High Frequency (VHF)
tary in situ observations from a bottom-mounted acoustic Doppler mode [1].

current profiler (ADCP), conductivity-temperature (CT) chain Central to this question about radar-derived surface currents
arrays, atmospheric measurements from a surface buoy, and CTD g {heir relationship to a subsurface structure. Recent studies

and ADCP observations from a surface ship provided the back- h h d t with d subsurf t
ground to the survey. The AUV, the Ocean Explorer, equipped ave shown good agreement with moored subsuriace curren

with a CTD, downward and upward looking ADCPs, and a Mmeters. For example, Shay al. [2] found rms differences of
small-scale turbulence package, was used to conduct a continuous?7 cms™ between surface currents and those at 4 m beneath the
12-h survey of small-to-fine-scale variability within a few grid cells  gyrface. More recenﬂy' moored and Shipboard current measure-
of the surface current radar field. The vehicle repeatedly sampled  yants from a downward-looking acoustic Doppler current pro-
the same grid in a set pattern at a fixed mid-water depth. Maps of filer (ADCP) at 50 led diff f11-15%mh
developing spatial distribution of current, salinity, temperature, iler ( )a mrevealed rms dirierences o

and rate of dissipation have been developed using the AUV-based between VHF-radar surface and 4 m from the 29-day measure-
observations. The observed features in the current field compare ments acquired during the July 1999 experiment [3]. One of the
well with the OSCR and the bottom-mounted ADCP measure- interesting aspects of this data set is the marked variability in

ments. The observations revealed a strong presence of a near-tidalyh e gyrface velocity where the ambient vorticity was quite large
period (10-h) oscillation in the current field accompanying a [4]

northward propagating shear wave along the edge of the Florida .
current and other features, including the presence of patches with ~ The coastal variability, however, occurs over a broad spec-
relatively high dissipation rates during the survey. The data set trum of temporal and spatial scales and generally involves
acquired provides simultaneous maps of subsurface structure, subsurface processes. Thus, supplementary observations in the
including rate of dissipation of kinetic energy and synoptic field water column and the near-surface layers of the atmosphere

observations of high-resolution surface current. The application ded to det . f le. the ch teristi f
of the AUV in this oceanographic survey represents a step in the are heeded 10 Cetermine, 1or exampie, ihe charactersucs o

direction of developing a multivehicle ocean sampling system. a physical process associated with a Syr‘OPtiC_ observation.
A range of instruments capable of resolving microstructure

to mesoscale variations in one or more of these variables
may typically be needed [5] and deployed from a variety of
measurement platforms.

[. INTRODUCTION Here we describe use of an autonomous underwater vehicle

YNOPTIC observation of sea-surface temperature or sédJV) for sampling smallO(10 m) to microstructure scale
olor from remote satellites and of surface current usirfg(0-01 m) variability in the water column in conjunction with
high-frequency (HF) Doppler radars are of significant impofl€ concurrent synoptic measurement of surface currents in
tance to our understanding of ocean dynamics and to océdhextended 12-h observation of the upper mixed layer in the
modeling in a coastal environment. Typically, these remote sdiitoral zone on the edge of a strong Florida Current during

sors provide measurements over regions extending over ten§@pmer 1999 [3]. The subsurfairesitu measurements include
bulk temperature, salinity, velocity profiles, and small-scale tur-
bulence. Spatial maps of these quantities, includiingjtu rate
of dissipation are presented together with simultaneous maps
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m. Using its on-board rechargeable NiCad batteries, which can
provide up to approximately 2 kWh of total energy, the OEX
can maintain a cruising speed of 1.5sm" (a speed range of
1-2.5 ms™!) for approximately 10 h continuously between the
recharge cycles. Longer missions of the type described here are
possible using more batteries.
; L e For navigation and control, the aft section of the OEX houses:
5 e 1) a downward-looking 1.2-MHz ADCP (Navigator from RD
L. el & Instruments), which measures altitude and vehicle velocity with
e "- = = . respect to either the water column or ground as well as pro-
W, viding current profiles beneath the vehicle; 2) a Watson Block
self-motion package which provides attitude and heading in-
formation, including Euler angles, tri-axial body rates, and ac-
celeration; 3) a differential GPS receiver unit; 4) RF ethernet;
5) a Falmouth Scientific Instrument’s micro CTD, which pro-
vides conductivity, temperature, and depth measurement; and 6)
Fig. 1. The OEX AUV. The turbulence package and the upward-looking potorola 68 060 CPU with a VX Works operating system and
ADCP are visible in the picture. . . . .
1-Gbyte disk storage capacity for logging significant amount of
navigation and environmental data. The presence of the motors
potential of an element of such a network. The total netwodnd the batteries in the tail section can contaminate compass
would potentially provide a much larger spatial coverag@easurement. Therefore, an auxiliary TCM2 Precision Naviga-
and/or at a faster rate and represent a powerful subsurféios flux-gate compass mounted in the payload section, instead
capability that would compliment synoptic remotely sensesfthe Watson Block, is utilized to provide heading information.
observations in support of real-time oceanography. A numbEie accuracy of vehicle positioning and navigation underwater
of other independent efforts toward the application of AUVs agepends primarily on the TCM2 flux-gate compass and the on-
reliable mobile platforms for oceanographic instruments ha@ard ADCP that provide heading and speed measurements, re-
been undertaken in the U.S. and Europe [7]-[16]. spectively. For small AUVs, the interior magnetic signatures are
In the work of Anet al.[10] and Dhanak and Holappa [9], de-usually significant and such errors must be characterized and
velopment efforts in application of Florida Atlantic University’scompensated for. Typical procedures involve spinning the com-
Ocean Explorer (OEX) AUV as a platform for oceanographigass together with the vehicle and building a deviation table for
measurements were described. The 12-h shallow-water AW compass given the existence of a compass rose or another in-
survey described here is an extension of these earlier effodependent heading reference that is more accurate. Prior to the
The shallow-water region surveyed lies between two long-shasgperiment described here, a compass rose was used to build
coral reefs and is subject to very complex flows involving inthe deviation table, from which a maximum of approximately
teraction between horizontal shear layers along the edge of 8teverall heading error was inferred. That is, over a 1-km-long
Florida current, the winds and the coastal morphology. Detailésly transect, an overall positioning error of approximately less
discussion of the 29-day time series of the OSCR measuremehtsn 50 m is expected. More accurate navigation systems are
during summer 1999 and ship-based measurements of curregiigrently under consideration.
temperature, and salinity are described in [3] and [4]. The focusDuring the mission described here, the AUV carried upward-
of the present paper is on AUV-based measurements, includigl downward-looking 1.2-MHz ADCPs, a Falmouth Scientific
its comparison with OSCR and other fixed and moored instrinstruments (FSI) micro-CTD2 on the bottom, and a custom tur-
ments. The OEX and its instrument payload are describedijolence package on its nose (Fig. 1). The ADCPs operated in
Section Il. The experiment, the site of the survey, backgrouadcurrent profiling mode, measuring the velocity in the water
conditions, and the observations are described in Section lll.column at 16 bins above it with a vertical resolution of 0.5 m
and at 16 bins beneath it with a vertical resolution of 1.5 m. The
II. INSTRUMENTS current measurements were interleaved with bottom tracking
measurements, both at a sampling rate of 2 Hz. The turbulence
A. The Ocean Ecplorer (OEX) AUV and Onboard Sensors  p,cxage is an updated version of the one described by Dhanak
The OEX series AUV is described in detail by Sméhal. and Holappa [9]. During the experiment described here, it in-
[17]. It is a Gertler series body of 2.13—-2.4-m variable lengttluded two shear probes for measurement of cross components
(Fig. 1) and 0.53-m maximum diameter. Its unique feature isadmicrostructure velocity and a fast-response FP-07 thermistor.
modular bayonet-mount interface between its payload and tailTo allow for GPS fixes, the OEX was programmed to sur-
section, allowing easy switching of payloads. The 1.1-m tdi#ce periodically during its mission. The AUV location was
section houses navigation, control, and propulsion componeatso continuously tracked acoustically via a USBL transponder
whereas a nominal 1-m payload section, which may be extendezm the research vessel, FAU's R/V Stephan. The latter was
to 2.4 m, is dedicated to house mission-specific instruments. Téleo used to launch and recover the AUV and to provide sup-
OEX, which weighs approximately 180 kg in air, is designed tplementary ship-based CTD and ADCP measurements. During
be nearly neutrally buoyant. Its maximum depth rating is 3GBe missions, 113 different variables were recorded on the AUV
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(b) taneously at up to 700 grid points either at 1-km (HF mode) or

Fig. 2. (a) Site location off the east coast of Florida. The rectangle marRS0-m (VHF mode) nominal resolution and current vector maps

the OSCR observational field and the shaded area within marks the Alfjeveloped at intervals of 20 min. In the experiment described

survey region. (b) Close-up map of the survey region. The dashed recta -

approximately denotes the OSCR coverage region and some of the grid po %e’ the_OSCR was made to opera?e in its VHF mode [3], [18].

are shown as “x.” The AUV path over the grid points is depicted in the figureThe maximum range in VHF mode is 11 km where the master
and slave stations were located at the U.S. Navy Test Facility

phased array deployed in John U. Lloyd State Park) and Holly-

on-board computer, including instantaneous vehicle position "Vod Beach. This equates to a baseline distance of 6 km, which

latitude and longitude, vehicle depth and altitude, current prg- . . :
. : ' N L ' I5 optimal for VHF radar mapping of the surface velocity. Over
files at the vehicle location, and situ conductivity and temper- P bping y

: the course of this experiment, a 29 days of continuous time se-
ature. The turbulence package separately stored the mlcrostrrt[{?cs— was acquired where data return approached 97%.
ture data, acquired at 450 Hz.

FAU's R/V Stephan was used to carry out periodic casts of a
Seabird CTD and to measure local current profiles in the water
column using a ship-mounted 600-kHz ADCP. The ship contin-

The dual-frequency OSCR of the University of Miami, deuously moved around the AUV survey box, over a path of two
scribed in detail by Haust al.[1], can use HF (25.4 MHz) and OSCR cells removed from the AUV operations [4], stopping pe-
VHF (49.9 MHz) radio frequencies to map surface current paiodically for CTD casts around the box.
terns over a large area in coastal waters. The shore-based radar
system consists of two units (master and slave) deployed sev- IIl. MIXED LAYER SURVEY
eral kilometers apart. Each unit acquires independent measure-_ .
ments of current speed along radial beams emanating from’its Site and Flow Description
phased-array antennae system. The data are then combined vidhe AUV survey was conducted over a 92656 m box re-
UHF or telephone communication to produce accurate vection, near 26 3'N and 80 5'W [Fig. 2(a) and (b)], between the
currents (speed and direction), store them to disk, and dispegcond and third of the shallow long shore reefs found on the
them in near real time. The measurements can be made sinaalst coast of south Florida where the water depth varies from

B. OSCR and Ship-Based Sensor Measurements
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14 to 21 m. The OSCR coverage, in VHF mode, spanned an

approximately 6x 12 km region around the AUV survey box.
The Florida current flows east of this region, bearing signiff-9: 8- (&) East-west (cross-sheif) and (b) north-south (along-sheff)

. . . components of the OSCR time series at six grid points within the AUV survey
cant influence on the littoral waters [19]. In particular, the p@ypox and at grid point 7 (dashed line) during the survey. The vertical lines from
riodic cross-shelf meanders of the Florida current strongly im‘t'go right indicate the times corresponding to the nine synoptic views shown
fluence the strength of the local currents. Further, eddies sHafig- 7-
off the Florida current sometimes slowly propagate along the ) ) )
edge of the current [18]. In addition, the coastal region is in- 2) A 600-kHz ADCP and a Seabird microcat CT chain array
fluenced by periodic discharge of fresher water from local in- ~ Moored from a buoy, den(?ted_ SW, inFig. 2(b) and located
lets. During the experiment, the local thermocline was located ~ &t 26’ 1.96N and 80 5.5IW in 20-m water depth. The

at around 10—15-m water depth. The characteristics of the mixed ADCP recorded currents in 0.5-m bins and the CT chain
layer above the thermocline were studied over a 12-h period. array recorded temperature and conductivity at 5, 10, and
15-m water depths, both at 15-min intervals.

3) A 600-kHz ADCP, a Seabird microcat CT chain array
moored from a buoy, denoted NE, in Fig. 2(b) and located
at 26° 4.17N and 80 4.61W in 50-m water depth. The

The surveyed region off Ft. Lauderdale lies within the South  ADCP recorded currents in 0.5-m bins and the CT chain
Florida Ocean Measurement Center’s in-water coastal observa-  array recorded temperature and conductivity at 5, 10, and

(@) (b)

B. Local Fixed and Moored Instruments and Background
Conditions

tory. During the period of the survey, the following instruments, 15-m water depths, both at 15-min intervals.
deployed by the University of South Florida and Nova South- 4) A weather station, recoding wind velocity and air pres-
eastern University [20], were operational: sure, at 15-min intervals, 2 m above the water surface at
1) A bottom-mounted 300 kHz ADCP, denoted B in the NE buoy. Supplementary atmospheric measurements
Fig. 2(b) and below and located at 2@..23N and are made at the NOAA buoys LKWF1 and FWYF1, lo-

80° 5.65W in 11-m water depth, recording currents in cated north and south of the region [Fig. 1(a)].
0.5-m bins at 15-min intervals. A wave gage was also The time series of temperature, salinity and density from
operational at this site during the survey. the NE buoy for July 26-28, 1999 are shown in Fig. 3 for
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Fig. 7 Nine representative synoptic views of the surface current field over the 12-h period as measured by the OSCR. The velocity vectors are foolor code
magnitude. The black box marks the region surveyed by a surface ship and the red box marks the region surveyed by the AUV.

three different depths. The variability of the depth of théhe significant dip in salinity seen around 22 h in the 15-m
thermocline is evident from the figures. It varies from 1l@ecord. The stratification may be characterized by the 2.5-h
m to beyond 15 m, the mean temperature gradient over ti@e-averaged square buoyancy frequenéymig. 3(d)], which
period of the AUV survey being approximately0.1 °C-m~! has mean values of 0.0017, 0.0012, and 0.0024a depths

in the 5-10 m-depth range, andd.2 °C-m~! in the 10-15 5, 10, and 15 m, respectively. Maximum values occurred at
m-depth range. The time series shown are consistent wattound 1650 GMT. The variation in Nat the SW buoy is
corresponding series recorded at the SW buoy, including very similar to that at the NE buoy.
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Fig. 7. (Continued.Nine representative synoptic views of the surface current field over the 12-h period as measured by the OSCR. The velocity vectors are color
coded for magnitude. The black box marks the region surveyed by a surface ship and the red box marks the region surveyed by the AUV.

The associated time series of the current at 2.5-m deptomponents exhibit a peak at 0.093 75 cph. In both the ADCP
recorded at ADCP B, the corresponding surface current aatd the OSCR time series, the contributionsatand v due
the OSCR grid point closest to B [see Fig. 2(b)], referred to the S2 tidal constituent do not exceed 0.05Th and 0.01
below as grid point 7, the prevailing winds at the NE buoyn-s—*, respectively. Petert al.found that the 10-h oscillatory
and the air pressure are shown in Fig. 4. Both the subsurfaignal propagated northwards, along the shore, at a phase speed
[Fig. 4(a)] and surface [Fig. 4(b)] time series clearly showf approximately 0.85 ms!, and reported that the signals were
substantial oscillations in both the east—west (cross-shelf)associated with vorticity or shear waves skin to those observed
and north—south (along-shelf) components of velocity. An in nearshore flows (see [21], for example). Away from the
analysis of the full (46-day) times series of the fixed ADCP dathore, Peterst al. also observed a presence of a 27-h inertial
reveal that the main contribution to the velocity, at least duringpnstituent in the surface currents. They showed that both the
July 26-28, came from constituents in the frequency ran® and 27-h signals were dominantly barotropic.
(0.09, 0.11) cph, corresponding to a nominal 10-h oscillation. The wind and air pressure records at the NE buoy are in gen-
The spectra of the series (Fig. 5) farand v have peaks at eral consistent with the corresponding records (not shown) at
0.10547 and 0.093 75 cph (corresponding to periods of 9.48i¥b CMAN stations, located around 60 km north and south
and 10.6667 hs), respectively. From an analysis of the faf the region [Fig. 2(a)] and indicate fairly calm atmospheric
(29-day) OSCR time series, Petetsal. [4] found that, in the conditions. Apart from smaller scale variations, we expect this
case of the surface current, the spectra of bothutend v  record to be representative of the local winds over the survey
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was carried out during 1524-1646 GMT, giving a nominal mid-range time of 1605 GMT.

box. The winds [Fig. 4(c)] were from the southeast and the spet@99 are described in detail by Shetyal. [3] and by Petergt

picked up from 1.5 ns~! at the start of the AUV survey to al. [4]. Between them, these papers include a comparison of
a maximum of 5.2 ns~* at around 1515 GMT, with a meanthe OSCR observations with the ship-based and NE moored
speed of 4.2 ns~* over the duration of the 12-h survey. DuringADCP observations and an analysis of the OSCR field and the
the survey, the air pressure variation [Fig. 4(d)] did not excestlip-based observations. In this section, we briefly describe
2 mbar and 4-5-s-period waves of height not exceeding 0.2the OSCR observations on July 27, particularly over the

were recorded at site B. AUV survey box, relating these to the subsurface AUV-based
observations.
C. Measurement Survey of July 27, 1999 The OSCR time series at the six grid points, which were

The 12-hr survey involving AUV-based observations, ddecated over the AUV coverage area, and at grid point 7 [see
scribed here, commenced at 1344 GMT on July 27 and wiag). 2(b)], for the period of the AUV survey are shown in
completed at 0143 GMT on July 28, under monitored backig. 6(a) and (b). As is apparent, the 10-h oscillation in hoth
ground conditions as described above. A general descriptiandy was dominant at each of these grid points. Representative
of all the surveys during July 1999, including a description afynoptic maps of the surface current field over the 12-h survey
the current profile and CTD observations from a surface shigme shown in Fig. 7 . The black box in each map nominally
which moved around the survey box, is given by Skeawl. marks the region covered by the surface ship and the red box
[18]. On July 27, unlike on the other July 1999 surveys, th26 x 556 m) marks the region covered by the AUV [see
AUV included sensors for measuring small-scale subsurfaggy. 2(b)]. The times of the selected maps approximately
turbulence. correspond to different phases of the current cycle apparent

1) OSCR ObservationsThe 29-day OSCR observationsn Fig. 6. The times are sequentially indicated in the latter by
over the coverage region identified in Fig. 2(b) during Julglotted lines. As described above and as is apparent from the



DHANAK et al: SMALL-SCALE SUBSURFACE VARIABILITY ACCOMPANYING SYNOPTIC OBSERVATIONS OF SURFACE CURRENTS 759

¥
1 e,
] - L
. IR
5| T o iU .
k| x - . =
| i 3%, % % i
4 o§ ¥ ¥ % 20,5
_E 1 .\_"\: ' % - % -
10 T .3 =
x "{. 5 by 20
511 L : % *
: ' 19.5
! R .
14 . b i W | 418
. W %
18. . N o 188
e .
18 k 18
L
20 e 1.5
17
185
16
. 5.2
% 15 6.4
%] E-'i ,,.1|-.'.'|l"":'-:'.‘\lI
i

Fig. 9. Current profile of the low-pass filtered (at 15 min) current-field at the six OSCR grid points as determined from the AUV survey duringdreegecemt
of the survey. The surface current vectors recorded by OSCR (thicker arrows) are overlaid. The colors indicate the local water depth.

time series in Fig. 6, the surface currents in this shallow-watgreater proximity of the FC to the coast in the present case; the
column were significantly dominated by the 10-h oscillation. resulting strong, oscillatory accelerating flow may act to sup-
In each map, it helps to discern between the faster movipgess such vortices.
waters of the Florida current (FC) in the east, with speeds of up2) AUV-Based Observationdn order to survey the area,
to 1.5 ms™!, and the coastal waters, akin to a jet in ambiemharked by the red box in Fig. 8, in reasonable time, the AUV
fluid. A dynamic buffer region, characterized by the presendeaveled repeatedly along a path shown in Fig. 8(a) at a prepro-
of horizontal shear layers, marks the edge of the FC. The vectwammed depth of 9 m, surfacing periodically to obtain Global
maps in Fig. 7 suggest that the flow was complicated, not orfBositioning System (GPS) fixes. The portion of the survey
in this buffer region, but also in the entire littoral zone. Thehown took around 1.7 h to complete, at an average speed
wave-like distortions of the buffer region are apparent from tref 1.25 ms—*. The pattern was repeated seven times in the
maps in Fig. 7. From an animation of a long series of these m&i#%h survey. The bathymetry shown in Fig. 8(a) was obtained
and from quantitative analysis, Petatsal. [4] found that the through measurement of vehicle depth using the pressure
distortion of the shear layer propagated northwards at spesdssor in the onboard CTD package and the measurement
of 0.85 ms™*. Such shear waves are associated with a dynanaitthe vehicle altitude using the downward-looking 1.2-MHz
instability of the horizontal shear layers and appear to be simil@DCP. The latter measures this as well as the vehicle speed
to those observed in nearshore flows [21]. over ground and current profiles in the water column beneath
The intrusion of the buffer region from the southeast into thtee vehicle. The information from the four beams of the ADCP
region marked by the black box can be seenin maps 1 and 2. Therocessed internally in the unit to provide the velocity and
map sequence shows how during the period of the survey, #ittude data. The accuracy of these instruments is discussed in
surface current in the box clocked around, its direction shiftiri@0]. In the chosen mode of ADCP operation, the bathymetry
from northwest (1 and 2), to south and southeast (3 and 4),r&solution is limited by the accuracy in measurement of the
east (5), to north (6), to northwest (7), to west (8), and to soutiehicle’s altitude, depth, and position over the traversed path
west (9). and density of the vehicle track line in a given coverage area.
No coherent vortices, of the type reported by Skbgl.[18] Throughout the two missions, the bottom track in the shallow
in a previous synoptic observation of the region, were apparevdter was maintained. At a given point along the vehicle path,
in the surface current data during the 12-h observation. The vire inferred water depth is estimated to be accurate within 1 m
tices reported by Shast al.were clearly distinguished by circu-while the geographical location of the point is estimated to be
latory (anticlockwise) patterns in the surface currents. The lawskthin 50 m, taking into accounting the navigational errors. As
of such features in the present observation may be due to gt@wn in Fig. 8(a), the 4 —5-m-high ridge of the coral reef east
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295 © . . : . . Fig. 12. Normalized shear spectra for: ga)/ 0« and (b)dw /o« for the time
series in Fig. 10 (a) and (b), compared with the Nasmyth spectrum (dotted line).
& WWM Twenty-seven spectra, using 5-s samples over the 2-min sample time series, are
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Fig. 10. (a), (b) Two-minute sample microstructure cross-stream shear.
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Fig. 13. (a) Dissipation rates, ands,, as simultaneously determined over
5-s segments from the cross-stream fine-scale shear measurements by the two
1o 100 10° 10 10° shear probes. (b) The mean dissipation tate (<. + ¢.)/2 as a function of

Kk [opm] k fepm] time.

e=65x 107 Wikg

Fig. 11. Spectra of: (&)v/dx (thin line) anddw/dx (thick line) for the time . . . .
series shownin Fig. 10 (a) and (b), compared with the Nasmyth spectrum (dot-trelae associated mean density was 1022'&1(6 with a varia-

line) and of (b) the temperature time series in Fig. 10(c). The dotted line in (8PN in the range of about 0.5 ky 3.
indicates—5/3 slope. The two 1.2 -MHz ADCP were programmed to record the
velocity profile of the flow above the vehicle at a bin spacing
of the surveyed region is clearly apparent and is consistent with0.5 m and beneath the vehicle at a bin spacing of 1 m. The
a 1962 U.S. Coast and Geodetic Survey chart. current field at 9-m depth during the second segment, devel-
The recorded water temperature and salinity data from thped from these measurements, is overlaid in Fig. 8(d). The cur-
on-board CTD package for each segment of the survey was usents at the 9-m vehicle depth were obtained through interpola-
to generate, through interpolation, regional maps of the disttien from the currents measured by the upward and downward
bution of temperature, salinity, and water density at 9-m depttoking ADCPs. The inferred local vertical shear at 9 m and
for the seven repeated segments of the survey. The maps forttieerate of dissipation of turbulent kinetic energy determined
second segment are shown in Fig. 8(b)—(d). It may be noted tfram thein situturbulence measurements were used to develop
these are not synoptic maps; rather, they characterize the spaps shown in Fig. 8(e) and (f), respectively. The flow in the
tial distribution of thein situmeasurements during the missionnorthwest part of the box is relatively more sheared. Over two
Temporal variations on the scale of mission duration or smalldistinct patches in the northern part of the surveyed region, the
cannot be resolved accurately in such a map. However, tempadtiasipation rates are relatively high, being@f0-¢ W kg—!)
variability on a larger scale can be captured from a sequentigilhigher. The corresponding low values of the local mean ve-
series of such maps generated from the survey repeated doeity shear suggest that the small-scale turbulence is not shear
a significant period. The maps show that, during the period, refated, but may be related to internal wave activity associated
9-m depth, waters in the eastern part of the region are geneith the horizontal variations in density [Fig. 8(d)]. The vehicle
ally warmer and less dense than in the western part of the bpath is overlaid on the map in Fig. 8(f) to illustrate the relation
The mean temperature in the box was 29@, and the differ- between the points where the measurements were made and the
ence between the minimum and maximum measured tempeérdgerpolated map.
ture over the second segment was about’_3South ofthere-  Low-pass filtered (at 15 min) velocity profiles in the water
gion, the water at the 9-m depth was relatively more saline, thelumn, determined from the AUV ADCP time series for the
mean value of salinity being 36.04 psu and the difference b®econd segment of the survey at the six OSCR grid points shown
tween the minimum and maximum values being about 0.2 psaFig. 7(a), are shown as three-dimensional (3-D) vector plots in
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Fig. 14. Maps of the current field at 2.5-m depth as determined from the AUV ADCP measurements and at the surface by OSCR (thicker arrows). The time
(GMT) shown in each of the maps (a—g) denote the mid-point of the period of each segment of the survey and approximately correspond to times shown in Fig.

Fig. 9. The figure also shows the corresponding OSCR measutescribed in [9]. The wavenumber spectra for the sample time
ments at the grid points at 1600 GMT. From Fig. 4, a presenseries are shown in Fig. 11(a) and (b). Both the shear spectra
of southeasterly winds of around 4sn' is evident during the collapse onto the Nasmyth curve, showing the high quality of
period. As described above, the thermocline during the survifye measurements and suggesting local isotropy. The tempera-
was below 10 m. The vector plots therefore suggest an almbgte spectra show a5/3 dependence over a significant range,
slab-like flow in the mixed layer above the AUV, comparegroviding a useful check to the shear probe measurements.
with a rapid clockwise rotation of the velocity vectors belowlhe measurements can potentially be combined to give an
the magnitude of the velocity decaying with depth, similar testimate of the distribution of heat flux. The complete data was
Ekman spirals induced by wind stress. processed in 5-s segments to determine the distribution of rate
Sample time series of the microstructure cross-stream sheafrglissipation. Normalized shear spectra over individual time
1 segments, corresponding to the sample time series in Fig. 10(a)
Ov/0x = — Ov/ot and (b), are shown in Fig. 12(a) and (b). The spectra shown were
Vs normalized using the Kolmogorov scales for velodityv)'/*
and 1 and length(v3/£)1/4, whereu is kinematic viscosity ane the
Ow/0x = — Ow/ It rate of dissipation of the turbulent kinetic energy (TKE). The
U, . . .
latter was determined from integration of the spectra over the
wherev andw are cross-stream components of the turbulemtavenumber range in the usual way. There is good agreement
water velocity andl/, is the vehicle speed and microstruchetween the shear spectra from the two independent probes,
ture temperature are shown in Fig. 10(a)—(c). The data wedyeth of which are in turn in good agreement with the Nasmyth
recorded at 450 Hz. The turbulence data were processedspsctrum as shown. The regression betwegrand e, the
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TABLE |
COMPARISON OFAUV-B ASED MEASUREMENT OFCURRENT WITH OSCRAND
B ay WITH THE BOTTOM-MOUNTED ADCP. y IS THE COMPLEX CORRELATION
COEFFICIENT AND ¢ THE PHASE ANGLE FOR THE RESPECTIVETIME
SERIES ASkns AND Afgys ARE THE RMS DIFFERENCES INSPEED AND

a4 1'|| | DIRECTION, RESPECTIVELY
i3 Subsurface Current Comparison Current Comparison
Measurement Between Between
- Depth (m) AUV and OSCR AUV and the Bottom ADCP
-
£ 0 Y | ¢ |ASrms| ABrms | ¥ ¢ | ASrms | ABrms
* O lms' | O ms” ©)
07 b 2.5 0.92]-31]|0.102 | 34 |096]233] 0.083 18
> 3.0 0.92]-30] 0.102 | 34 |0.95]1.94] 0.083 21
35 091 ]-30] 0101 | 34 095|241 0.087 23
04- — ALRY Low-parssed [1Emin] : 4.0 0.90 | -29 | 0.101 | 35 |0.94]2.39 ] 0.097 25
GSGR (i surey bax 4.5 0.90|-29 | 0.102 | 35 [093]3.77] 0.100 27
CECR it girid point T 5.0 0891280106 ] 35 ]093]233]0.101 26
0.8 — ADCF B 55 0.80|-28 ] 0.108 | 35 ]09213.32] 0,099 | 28
6.0 0.89 | -28 | 0.108 | 35 |001293]0.102 30
' 1 i a0 2 2 2 6.5 0.89|27]0.105 | 35 |0911.29] 0.103 28
T Ao ! : : T Ton A Toms T 5 oot [Tisl o1 |33
: I 75 0.89 | -27] 0.1 . . )
18- gl i g ' 8.0 090 27] 0.098 | 34 [0.90]0.56] 0.116 | _ 36
QSCR o grd port 7 1 3.5 0.90 | -27| 0094 | 34 090003 ] 0.119 64
i 9.0 0.90 | 27| 0.094 | 33
10.0 09026 0.101 | 34
11.0 0.891-28 | 0.101 | 37
12.0 0.86 |30 0.113 | 41
13.0 0.83 | -28 | 0.130 | 44
£ 14.0 078 | 24| 0158 | 67
E 15.0 0.62 | 88 | 0.201 | 105
=

each segment of the survey is shown in Fig. 14. The associated
vectors of surface current at the six OSCR grid points in the
box are overlaid in each map. In spite of the artifacts mentioned
above, there is good qualitative agreement between the OSCR
and the AUV measurements in the region, except in maps b—d

e n 18 % = 20 2 (see below). The maps illustrate how higher resolution current
Tima [3MT Hesir] fields, accompanying a synoptic OSCR observation, may be
inferred.

Fig. 15. Time series of: (a) and (b)v at 2.5-m depth from the AUV and | N€ time series of the AUV and ADCP B observations of
ADCP B records and surface currents from OSCR at the six grid points in tte two components of currents at 2.5-m depth are compared
survey k_)ox and at grid point 7. The blue line is the AUV data, low-pass filterggith those of the OSCR measurements of the surface current in
at15min. Fig. 15. The 2.5-m depth is chosen for comparison since it is the
closest level to the surface for which subsurface measurements
estimates of the dissipation rates evaluated using, respectivalg uncorrupted by surface reflections. The figure depicts times
the vertical and horizontal cross-stream spectrum for the vaeries for: 1) OSCR observations (black line) at grid points in
ious survey segments, is plotted in Fig. 13(a). The regressithie AUV survey box and at grid point 7 [e—, see Fig. 2(b)];
suggests a good correlation; we take= (e, + ¢,)/2. The 2) AUV-based observations, raw (green curves) and low-pass
variation of ¢ with time over the first four segments of thefiltered at 15 min (blue curve); and 3) ADCP B observations
survey is shown in Fig. 13(b). The spatial variation of th&ed curve). The spread in the AUV raw data about the dominant
dissipation during the second segment of the survey is shofilequency motion reflects the local, smaller scale and higher
in Fig. 8(f) and is described above. frequency spatial and temporal variability. All three indepen-
3) Current Comparisons:Comparison of spatial distri- dent observation systems capture the strong 10-h current cycle
bution of subsurface currents as determined by ithesitu over the 12-h period. Except between 1600 and 1900 GMT, the
measurements from the AUV and the synoptic OSCR mapgreement between the OSCR and the AUV and the ADCP B
require caution. First, the AUV maps, such as in Fig. 8, are nobservations, at the dominant current frequency, is good. As we
synoptic, representing a survey over a period of around 1.7rfate from Fig. 3(d), during 1600-1900 GMT, the stratification
Second, each of the synoptic OSCR maps in Fig. 7, in faat,the local water column was relatively strong. Further, devel-
represents a field developed over 20 min or two legs of tloping south-southeasterly winds were present over the region
survey pattern shown in Fig. 8(a). Finally, differences betwedhig. 4(c)]. Such effects can introduce discrepancies between
surface and subsurface currents may arise due to such factorthasurface and subsurface current field. The developing winds
baroclinic flows in strongly stratified regions and wave orbitatontribute to the surface currents at first, but over time, if they
motion [3]. The map of the current field at 2.5-m depth fopersist, to currents in the entire mixed layer. The possible con-
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Fig. 16. Comparison between AUV-based (thick line, low passed at 15 minutes) and fixed ADCP (thin line) measurements of: (i) ereset §iifalong-shelf,
v, velocity components at indicated water depths.

tribution of the developing winds to the currents is estimated in A statistical comparison between the various time series is
the Appendix using available atmospheric data, and it is sygrovided in Table I, which gives values of the complex vector
gested that the effect may partially account for the discrepancgrrelation coefficienty and phase> [21] and rms differences
The discrepancy may partly be attributed to baroclinicity assmspeed and direction for comparison between OSCR and AUV
ciated with the presence of a fresher layer above denser laygbservations and between ADCP B and AUV observations. To
(see [3)). provide a fairer comparison between the OSCR and AUV obser-
The low-passed (at 15 min) AUV time series foandv com-  vations, the latter was averaged ove2.5-min segments cen-
ponents of current at various depths are compared with the cigred on the OSCR sample time and compared with the obser-
responding ADCP B series in Fig. 16. The AUV time series foration at grid point closest to the AUV over the time segment.
the 8.5- m depth were determined by interpolation. The agrdesw-passed (at 15 min) AUV series were used for comparison
ment is generally good except after 2330 GMT, particular atith the ADCP B. The table suggests that the agreement with the
deeper bins. This is believed to be associated with barocliA®CP B was generally better than with OSCR, with valueSiof
effects in view of the particularly dynamic density variations iin the range 0.9—-0.96 for the former, compared with 0.89-0.92
the region at the time [Fig. 3(b)]. for the latter, for depths less than 9 m. The corresponding ranges
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AUV measurements. Each time series has been low-pass filtered at 15 min.Fig. 19. Current profiles (low-passed at 15 min), overlaid with OSCR surface
current records (thick arrows), corresponding to insets in Fig. 14.

for ¢ are 0.08-3.77 and—27°——31°, the negative values in-
dicating clockwise rotation of the subsurface field relative tbme-averaged mean value with that at the NE buoy (the closer
surface currents. The rms differences in speed and directiorofithe two buoys). Such an adjustment represents a cross cali-
2.5-m depth are 0.083 81! and 18 for the AUV-ADCP B bration of field instruments and has been consistently applied
comparison and 0.102-81' and 34 for the AUV-OSCR com- to the results presented in the paper. The variation in the re-
parison. The agreement generally gets poorer with depth, as gxting AUV time series for salinity closely matches that at the
pected. NE buoy. While the temperature and density records at the two
4) CTD Comparisons:The variation ofin situtemperature, buoys match fairly well, the SW location was relatively more
salinity, and density recorded by the AUV at 9 m depth amsaline during the survey, suggesting that density variations were
shown as time series in Fig. 17 and are compared with cormincipally governed by temperature variations in the region.
sponding series recorded at the NE and SW buoys [Fig. 2(b)].The variations in temperatu®T and in salinityAs about the
There is good agreement between the AUV temperature titime-averaged mean values are plotted in Fig. 18. The variations
series record and the corresponding series recorded at the &ppear to be well correlated with the current field at the 9-m
buoys. The conductivity recorded by the AUV needed to be adepth, which is overlaid on the figure. The figure suggests that
justed by a constant value of 0.8574 mmho (1.43%) to match thegatively cooler, more saline waters were generally advected
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Fig. 20. Maps of the developing temperature (a—g), salinity (h—n), density, and current distributions (o—u) in the survey box at 9-m depth asl dgténmin
AUV observations.

into the survey region from the north during the first half of they barotropic flow, while featuring rapid turning beneath a slab
current cycle, and were followed by the advection into the AUYayer at times of low speeds at approximately 1600, and 2000
survey region of relatively warmer, less saline waters from tl@MT, say (b, d), presumably when baroclinic flows dominated.
south. The evolution of the temperature, salinity, and density maps is
5) Evolution of the Mapped FieldsThe survey maps shown shown in Fig. 20. The current fields at the 9-m depth are overlaid
in Fig. 8 were developed for the other segments of the survieyFig. 20(0)—(u). As described above, temperature variations
to depict the evolution of the mapped fields. These are shoWig. 20(a)—(g)] were generally well correlated with the current,
in Figs. 19-21. Fig. 19 shows the 3-D vector maps of the cuesulting in advection into the region of cooler, more saline wa-
rent field beneath the OSCR grid points during the seven segrs followed by fresher, warmer waters as the direction of the
ments of the survey. The vertical variation of the vector magsirrent shifted. In addition, the waters were generally cooler in-
depict the dynamics of the water column: a boundary layer esthore. However, during segment 4 of the survey, the current was
tending over the entire water column when the current was macuthwards in the east of the region and northwards inshore and
imum, at approximately 2300 GMT, say (f), and was dominatadsulted in warmer waters inshore and cooler waters offshore.
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Fig. 21. Maps of the developing mean horizontal shear (a—g), vertical vorticity (h—n), and rate of dissipation (o-r) in the survey box at 9-m depthhease
AUV observations.

Temperatures in the survey box were relatively higher durirsputhwest of the survey region. In segments 2 and 3, pairs
segments 5 and 6, corresponding to summer evening times vathpatches of relatively high dissipation rates were apparent.
warmer waters advected into the AUV survey box by the norths described above, the source of small-scale turbulence in
bound current. The waters from the south generally appeatbdse regions appears to be baroclinic flows associated with
to be warmer, fresher and therefore lighter. The plots deplobrizontal variations in water density. The change of direction
the near-tidal period variations in the water column during thef the local current field, apparently involving “collision”
summer day in the surveyed region along the east coast of Sonitthorthward and southward traveling water masses, during
Florida. segment 4 lead to regions of relatively high in-plane vorticity.
The development of the distribution of the mean verticalhe dissipation rates were correspondingly higher in these
shear, in-plane mean vorticity and dissipation rates at thegions. Unfortunately, the turbulence package malfunctioned
9-m depth are shown in Fig. 21. During the first segmerafter continuously collecting data for a 6-h period. The problem
long patches with relatively high dissipation rates appaappeared to have been associated with overheating inside the
ently accompanied the low local background currents in tipackage. Since the mission, steps were taken to improve the
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heat sink in the package and a subsequent 20-h mission, tc
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IV. SUMMARY
0.151

]

AUVs as oceanographic measurement platforms, working .
conjunction with traditional methods of data acquisition, can t |
utilized to resolve the flow field over a range of scales. In
rational approach to oceanography, synoptic maps from sat 005}
lite or HF radar provide larger scale observation of the surfa
fields. AUV-based surveys of the type described here and me
surements from other moored or bottom-mounted instrumet
complement the synoptic measurements with observations

smaller scales to develop a better understanding of the proces e e ‘
15 16 17 18 19 20 15 16 17 18 19 20

0.1r

u[ms

underlying a particular s_yr_loptic observation. Developmental € Time [GMT Hrs] Time [GMT Hrs]
forts have matured sufficiently to make such an approach fea-
sible. Fig. 22. An estimate of the contribution of the developing wind to the surface

In the experiment described here, involving an AUV-baseéyf"™"t
survey within the synoptic field of an OSCR, a significant data
set over a range of scales, from mesoscale to microstructut8e subsurface velocity components in the northern hemisphere
were obtained simultaneously. Details of the dynamic featurd& then given by
of the interaction between the Florida current and the coastal .
zone during a summer day in the mixed layer, off the east coast ~ “Z = 0 sin(x + f# — 72/ Dp) exp(rz/Dp);
of Florida, were revealed. The subsurface currents measured by vg =Vocos(x + 3 — nz/Dg) exp(nz/Dg) (A2)
the two ADCPs on the AUV and at site B [Fig. 2(b)] were in
general in good qualitative agreement with the surface curretitgerex is the direction of the wind andis measured vertically
measured by the OSCR, except during a 3-h period when baggwards from the free surface.
clinic and developing wind-driven motion is believed to have During 1600-1900 GMT, the winds were developing and
led to higher speeds in the subsurface field. Turbulence disélerefore the subsurface contribution may not have been
pation rates oD(10~7—10-% W/kg) were measured. The rela-developed. During this period, the mean wind speed was 4.7
tively high levels of small-scale turbulence observed in patch@ss ™+, measured at 2 m above the surface, which corresponds
appear to be baroclinically generated. Maps developed from #8eb-44 ms™ at a nominal height of 10 m. The wind direction
survey show how the temperature, salinity, density, currents aligs —24°. Using these values, and choosifig= 45° and
dissipation rates in the mixed layer evolved during the obsena-= 0.02, we estimate the wind contribution to the surface
tion period. current to be

The work represents a step in the direction of developing an
autonomous sampling network, whereby rapid or wide area sur-

veys of the water column can be accomplished to provide highefe fiow were fully developed, we would have at 2.5-m depth
order temporal or spatial resolution of synoptic fields.

up(0)=0.10 m-s™* and vg(0) =0.04m- st

up(—2.5)=0.08m-s ! and vg(-2.5)=0.004m.s!

APPENDIX

and the difference would be within the limits of experimental
CONTRIBUTION OF WINDS TO CURRENTS

error. However, since the Ekman layer may be developing, we
From observation of field data, Ekman reported that (see [L6RN expect larger differences between the wind-driven surface
for example) following a sustained period of prevailing windsand subsurface field. We write, = ur + u£(0) andv, =
vgr + ve(0), whereu, andv, are observed components of sur-
) face currents andr andvg are associated contributions from
sources other than wind. The contribution due to the wind ef-

whereW is the wind speedy, is the speed of the induced Sur_fect to the observed discrepancy can be illustrated as in Fig. 22.

face currentDy is the depth of the Ekman layer, ands char- Different values ofa and 3 can be considered. On _the other
acterized by the latitude of the site. Based on a constant e(%?nd' the_flow (jevelopment would need to be_ cons_ldered ‘?‘ISO'
viscosity hypothesis, he found that the direction of the induce € consideration suggests. that the developing wind partially
surface current was agt= 45° (clockwise in the northern hemi- accounts for the observed discrepancy.

sphere) to the direction of the wind. From observation, at lati-
tude 26N, « has a value in the range 0.02—0.05 and typically
3 < 45°. The constant in (Al) is obtained using a drag coeffi- The authors are grateful to M. Chernys, J. Jalbert, and R.
cient of Cp = 1.2 x 10~2 and water density of 1023 kgm®. Franks of Florida Atlantic University for their part in the ex-

Vo=aW;  Dp=2262aW (Al
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