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Abstract

The Bermuda Testbed Mooring (BTM) has been deployed since June 1994 and provides
the oceanogrgphic community with a degp-water plaform for testing new
indrumentation, in situ comparisons for saelite ocean color imagers, and scientific
dudies. The mooring is located a approximately 31°44'N, 64°10W or about 80 km
southeast of Bermuda. There have been 16 deployments during the period from June
1994 to February 2002. The duration of each deployment is about 3 to 4 months.
Meteorological and surface spectral radiometric measurements were made from a buoy
tower. Measurements at depth included: currents, temperature, conductivity, and optica
properties including spectrd irradiance and radiance, PCO,, and trace eement
concentrations. The high tempora resolution, long-term data collected from the mooring
capture a broad dynamic range of oceanic variability and provide important information
concerning episodic and periodic processes ranging in scde from minutes to years.
Evdudtion of undersampling and diasang effects characterisic of infrequent sampling is
aso enabled with these data sets. The primary purposes of this report are to describe
ingrumentation, cdibrations, and data collected during Deployment #16 (December 6
2001 — February 24, 2002). More detaled descriptions of the BTM program,
ingrumentation, and examples of previous resuts are presented in this report’s reference
section and the UCSB Ocean Physics Laboraory (OPL) web dte
(http://Mmww.opl.ucsh.edu).



Introduction

The Bermuda Testbed Mooring (BTM), a deep-sea mooring which is available for long-
teem teding of interdisciplinary oceanogrephic sensors and systems, has been in
operation since June 1994 (Dickey, 1995; Dickey et a., 1997, 1998a, 2001a). The BTM
progran was dimulated in pat by the need for autonomous, interdisciplinary
measurements in remote oceanic regions. This need is underscored by the initiation of
severd recent and planned nationd and international oceanographic programs (eg., Joint
Globad Ocean Hux Study, JGOFS; Globa Ocean Ecosystems Dynamics, GLOBEC;
Globa Ocean Observing System, GOQS) over the past decade. These programs concern
the environmental and ecologicd causes and effects of globa changes. The success of
these programs depends on the development and application of relevant technologies that
are crucid for improved observational databases (Dickey, 1993; Dickey, 2001a). The
technologica development has been sponsored through funding from: the Nationd
Science Foundation (NSF), the Office of Naval Research (ONR), the Nationd
Aeronauticd and Space Adminigration (NASA), the Nationd Oceanic Partnership
Program (NOPP), the Universty of Cdifornia, Santa Barbara (UCSB), the Monteray Bay
Aquarium for Ressarch (MBARI), other collaboratory inditutions, two private
foundations, and the Nationad Oceanic and Atmospheric Adminigration (NOAA). A
summary of BTM deployment #16 usersis provided in Table 1.

New sensors, and indrumentation and telemetry sysems have gredtly expanded
observable scales and the number of variables pertinent to programs such as those
mentioned above (e.g., Dickey, 1991, 2001a, b; Dickey et da., 1993, 1998a, 2001).
Obsarvetiondigs, as wdl as numericd modders who wish to form collaborations with
technologigts, test and evauate these sensors and systems using the BTM.

Another primary objective is to provide nearly continuous optica time series data for
cdibration, vdidation, and dgorithm deveopment for ocean color sadlites including
SeaWiFS, as part of the NASA SIMBIOS project (Esaias et d., 1995). For example,
satdlite-derived color data are confined to the uppermost ocean layer and the number of
viewing days are severdly limited by cloud obscuration (eg., Smith e d., 1991). Bio-
opticad measurements made from moorings can provide criticd complementary and
virtudly continuous information at a variety of depths (Dickey, 2001b; Dickey and
Fakowski, 2001). One important use of our data is to develop new methodologies and
cgpabilities for obtaining and syntheszing data derived from in situ and severd satdlite
ocean color sensors (Esaias et d., 1995). Nearly continuous moored observations are
especidly atractive as they optimize the number of "machrup” data (e.g., pectra water-
leaving radiance) with satellite measurements (eg., Mudler and Augtin, 1992). Large
dynamic ranges are observed because of variations in solar devation, cloud type, wave
and surface conditions, and amount and types of pigmented biomass. The UCSB BTM
data have been provided to the NSF U.S. JGOFS and NASA SeaBASS data management
systems.

The third mgor objective of the BTM program concens time series oceanic
measurements for scientific sudies (eg., Degp-Sea Research 11, Volume 43, Nos. 2-3,



1996, eds. D. Karl and A. Michaels and Deep Sea Research Il, Volume 48, Nos. 89,
2001, eds. D. Segd, D. Karl and A. Michads). The BTM mooring Ste nearly coincides
with the U.S. JGOFS sponsored Bermuda Atlantic Time-Series Study (BATYS) dite, the
Bermuda BioOptics Program (BBOP) site (Segd et d., 1996), and the Ocean Flux
Program (OFP) ste (e.g., Conte et a., 2001) (Figure 1). Some of the mutual objectives of
the BTM and BATS programs are: 1) to observe and interpret the annual and interannual
vaiability of the biology and chemistry of the upper ocean; 2) to understand the
interrdaionships among the biologicd, chemicd, and physca characterisics of the
water column; and 3) to provide data on globa trends of selected oceanic properties over
decadd time scales.

Some of the specific gods of the BTM program are:

1. To concurrently collect interdisciplinary data sets that may be used to improve
interpretation of measurements made with new in situ sensors and systems.

2. To provide nearly continuous measurements enabling study and modding of seasond
and interannua as wel as high frequency, episodic, and mesoscde varidbility in
physica and bio-optical properties and primary productivity.

3. To determine the most appropriate suite of sensors (efficacy and cost) for use on
moorings, drifters, floals, and autonomous underwater vehicles (AUVS) for future
interdisciplinary globa ocean observing systems applications in harsh (eg., Southern
Ocean, Arctic Ocean, etc.) as well as temperate oceanic regions. This objective is
gmilar to tha of the Oceanographic-Systems for Chemicd, Opticd, and Physica
Experiments (O-SCOPE) project, funded by the National Ocean Partnership Program
(NOPP) (see Dickey et d., 2000).

4. To provide data which may be used for andyzing and modeling biogeochemica
cycding (eg. phytoplankton biomass, productivity, and carbon fluxes) and intense
forcing events including hurricanes (see Table 1).

5. To provide necessary links between data from remotey sensed observations (eg.,
ocean color, sea surface temperature, and currents) and those collected from the BTM.
Effects of long-term sensor drift, solar eevation, etc. are being examined as well.
Several OPL reports on this aspect are available (see references).

Description of the BTM Program and Its Site Selection
1. The Bermuda Testbed Mooring

The BTM has been introduced to the oceanographic community through articles in Sea
Technology, EOS, the Bulletin of the American Meteorologicd Society, Deep-Sea
Research, the Journa of Geophysica Research, the Journd of Atmospheric and Oceanic
Technology, Monthly Weather Review, and other publications (see references),
announcements and presentations a mgor oceanographic society meetings, through mass
emals and our web gte (http://mww.opl.ucsh.edu). The BTM program was initiated
through collaboration between the UCSB OPL (Dickey) and WHOI (Dan Frye). The
collaborative effort has continued throughout the program. WHOI is responsible for the
preparation and deployment of the mooring platform and related engineering studies
including some data telemetry experiments. The UCSB OPL nanages the BTM program,



sampling draegies, basdine sdentific  instrumentation, new opticd and tdemetry
technologies, and user organization and facilitation. Mooring redeployments teke place
agoproximately every 4 months. The firs deployment in June 1994 included 9 instrument
systems with no spectrd (optical) capabilities. At present, there are more than twice as
many sysems and severd indruments are much more sophidicated than the initid
equipment. The mooring design used for the BTM program is based on a mooring used
previoudy as pat of the Atlantic Long-Term Oceanographic Mooring (ALTOMOOR)
engineering program near Bermuda (Bocconcelli et d., 1991; Fryeet d., 1996).

The surface expresson of the mooring (Figure 2) is a 25-m diameter buoy fabricated of
surlyn foam. Surface recording systems, controllers, and batteries are housed ingde the
buoy. The buoy tower supports an Argos transmitter to provide postion of the buoy and
data transmisson, an RF antenna for short-range data transmisson, meteorologica
ingruments, and a radiometer package. The meteorologica package includes sensors for
measuring winds, ar temperaiure, shortwave radiation, relaive humidity, and barometric
pressure. These variables are sampled every minute, recording 5 min averaged data. The
pesk wind gug (highest vadue every 1 min) is aso recorded during this 5 min sampling
period. This measurement is important particularly under high wind, high sea conditions,
such as those experienced during the passage of Hurricane Felix in August 1995 (Dickey
et d., 1998c; Zedler, 1999). The anemometer and radiometer are located 4.4 m above the
ocean surface.  Commonly used estimates of wind speed a 10 m above the surface, U,

are computed using aformula presented by Large et a. (1995).

Subsurface ingruments and their sampling rates and sequences are shown in Table 2.
Depths of the various subsurface sensors and systems are shown in Figure 2 and Table 3
for Deployment #16. Severd different types of sensors are used to measure physica
paraneters from the BTM. Temperature is measured with sdf-recording temperature
gystems (eg, SBE39, MICROCAT and Tidbit). Conductivity is measured with
MICROCAT. In addition, an uplooking Acoustic Doppler Current Profiler (ADCP, RDI
150 KHZz) measures currents every 15 minutes at multiple vertica bin depths (3 m bins).

The BTM is dso equipped with severa types of optical sensors. Huorometer (Sea Tech;
Batz & d. 1988) for measuring stimulated chlorophyll fluorescence and PAR sensor
(Biospherica QSP-200; Booth, 1976).

A new moored in situ trace dement serid sampler (MITESS) developed by Ed Boyle of
MIT and collaborators (Bell et d., 2001) has dso been deployed. The purpose of the
MITESS is to examine the tempora \ariability of trace metds in the upper ocean. Detals
concerning the design and development of the MITESS are presented dsewhere (eg.,
Dickey et a., 1998a; Bell et d., 2001).

A time-series sampler incubation devices (TS-SID; Taylor and Doherty, 1990) has been
deployed to periodicdly and remotely meesure the incorporation of '*C and °H as
messures of primary production and bacteria production.



2. Stesdlection for the BTM

The BTM dte is located at 31° 42'N, 64° 11'W (Figure 1) and within a half day’s steam
of Bemuda, so minimd time is spent in trangt. This Ste was chosen for the BTM
program for the following reasons:

1) It is within a representative oligotrophic gyre and in degp waters (~4570 m),
yet iseadly accessible;

2) There are rich higorica data sets available near this dte (eg., Hydrogtation S,
BATS, OFP and BBOP). These data are useful for setting up and cdibrating
new ingtruments and facilitating intercomparisons and interpretations;

3) High resolution remote sending data are collected for the Bermuda area (e.g.,
Nelson, 1998), thus providing complementary measurements for our study
and viceversa, and

4) There is a reasonably high probability of passages of intense storms and
hurricanes (Dickey et al., 1998b; Zedler, 1999).

Among the programs located near the BTM dite, the BATS and its associated programs
are paticularly vduable for the BTM program (see review by Michads and Knap, 1996
and other papers in Deep-Sea Research volume 43, Nos. 2 and 3, 1996; and Deep Sea
Research I, Volume 48, Nos. 89, 2001). The primary BATS gite is located at 31° 50'N,
64°10W (Figure 1). The BATS dte has been sampled as part of the BATS program since
October 1988. Research cruises are made monthly (bi-monthly cruises in springtime) to
the BATS dte. Core measurements include 1) profiles of temperature, sdinity, beam
attenuation coefficient or ¢660, simulated chlorophyll fluorescence, PAR, dissolved
oxygen, nutrients particulate organic cabon and nitrogen, primary productivity,
phytoplankton pigments, dissolved organic carbon, nitrogen, and phosphorus, 2) net tow
and video sampling of zooplankton; 3) bacteria assays, and 4) sediment trap determined
gnking carbon flux. Bio-opticd profile data are dso being obtained during these cruises
as part of the Bermuda Bio-optics Project (BBOP, Segel and Michaels, 1996ab; Siegel
et d., 1995, 1996). The profile data provide excdlent verticd resolution (~1 m from the
surface to ~200 m), but reatively poor tempord resolution, whereas the mooring data
provide excdlent tempora resolution (order of minutes to an hour), but reatively poor
veticd resolution (~10 m or greater). The profiling sysem includes severd bio-optica
sensors that are compatible with the BTM sensors to be described later. Clearly, both
sampling modes are necessary for detailed opticd sudies. Intercomparisons of BTM,
BBOP, and SeaWiFS water-leaving radiance data are presented in Dickey (2001b).

The Bermuda Biologicad Station for Research (BBSR) program is dso equipped with an
HRPT sadlite recelver sysem (TeraScan: SeaSpace, Inc.) for acquiring and processing
AVHRR and SeaWiFS image data. Typicdly, four satdlite images are captured per day.
Usang these images, basn scde and locad mesoscde features can be resolved, thus
providing spatid context for time series obsarvations. The retrievas are vaidated with
monthly or bi-weekly shipboard CTD/optics casts a the BATS ste and underway data
collected during RV Weatherbird Il cruises in the region. An interesting example of
AVHRR imagery obtained during Hurricane Fdix's passage in August 1995 near the
mooring dite is presented in Nelson (1996a8). TOPEX/Poseidon and ERS-2 dtimetry are



a0 being examined (persond communication, Erik Fields and David Segd (UCSB) and
Dennis McGillicuddy (WHOI)). These complementary remote sendng messurements are
vauable for the BTM work and vice versa

ProgressOver thePast 7 Years

Over the past seven years, we have established the BTM as a viable internationd testbed
fadlity dong with an active user group (Table 1), and developed and tested severd hio-
optical systems (Dickey et d., 1998a; Dickey 2001b). These systems measure inherent
and apparent optica properties on time scaes of minutes. Additionaly, we used our data
to groundtruth SeaWiFS sadlite data Comparisons are excellent (eg., see Dickey,
2001b). We have dso made inter-comparisons of ocean currents among a VMCM, an
ADCP, and a new acoudtic current meter (FSI 3D-ACM; Gilboy et a. 2000).
Meteorologicd, physica, and opticd data collected from the mooring are used to
evauate severd new systems and to interpret the BTM users collective data sets (Dickey
et d., 19983, 2001a). The mooring was aso used to obtain data during hurricanes—it is
well known that the data of hurricanes are extremey difficult to collect (eg., Neson,
1996, 1998; Dickey et d., 1998b; Zedler, 1999). We have adso successfully transtioned
the BIOPS desgn to other scientific programs such as the ONR-sponsored Coasta
Mixing and Optics (CMO) and HyCODE for capturing sediment resuspension events
associated with hurricanes (Dickey et al., 1998d; Chang and Dickey, 1999, 2001; Chang
et d., 2001). New telemetry systems were also developed (Frye et d., 1996; Dickey et 4.,
1998a, 2001). The telemetry work is important in the long-teem scheme of utilizing
moored, drifter, floa, and AUV ingrumentation for remote Stes as pat of globd
ocear/climate observing networks (e.g., Dickey, 2000a).

BTM investigators have deployed severa other emerging measurement systems such as
high-resolution  opticd systems (UCSB OPL) and nitrate andyzers, among which
OsmoAndyzer was deveoped by Hans Jannasch of MBARI. Ed Boyle of MIT
developed moored in situ trace dement serid sampler sysems MITESS | (Bell et 4.,
2001) and other groups have developed pCO, measurement sysems (Merlivat and Braullt,
1995; Tabacco et d., 1999; Bates et a., 2001). In addition, a serid *C anayzer for
primary productivity, a newly developed acoustic current meter ACM and near red-time
inductive telemetry systems were developed by Craig Taylor of WHOI, Al Fougere of
Fdmouth Scientific Insruments, and Dan Frye of WHOI and the UCSB OPL,
respectively.

In addition to technology development and testing, the data collected from the BTM
progran are used for scientific Sudies Publications resulting from BTM activities are
indicated in the references. A summary of the various deployments, a guide to data
reports and papers, recent data highlights, and information for potentid BTM users may
be found on our worldwide web site (http://Amww.opl .ucsb.eduw/btm.html).



Description of Deployment #16

The duration of planed Deployment #16 was from December 6, 2001 througth May 21,
2002. The mgor purpose of this long deployment was to continue development and
testing of anti-biofouling methods for a variety of opticad indruments. Our god is to
reduce the effects of biofouling to the point where 6-month deployments are routine
(power and data storage are no longer mgor obstacles). Data quality for physcd
vaiables is not affected by the long-term operation, while measurements of optica
vaiables show some deerioration in qudity. This qudity deterioration suggests that
biofouling techniques need further improvement. In fact, one focus of the O-SCOPE
program concerns development of new anti-biofouling systems and methods (Dickey et
a., 1998a, 2000). Unfortunately, the chain which atached the buoy was broken at 13m
depth caused by strong storm on February 24, al ingruments deegper then 13m went to
the bottom of ocean, some of them were desiroyed (see Table 3). Actudly, Deployment
16 took place between December 6 — February 24, 2002.

This deployment covers late fdl to winter. Time series of measurements from the surface
METS are shown in Figure 4 and Figure 5. These data are of good quality. Wind speed
and barometric pressure indicate the passages of synoptic scde pressure system every
few days. Winds were quite variable with speeds occasondly reaching values as high as
20 m/sec; and the relative humidity varied by magnitudes of as large as 40%. Shortwave
insolation decreased until JD 370 after which it began to increase again. Surface ar
temperature decreases gradualy over the period, however major variability (roughly 5°C
peak-to-peek) is related to frontal passages.

The seasona progression of the upper ocean from late fal to winter is well characterized
by the verticd temperature dtructure evolution (Figure 6). Stratification was dgnificant in
late fal (JD 340 to JD 360), but convection and wind mixing caused cooling & the sea
surface. Sea surface temperature dropped from 22.5°C to 20.3°C from JD 340 to JD 379,
while temperature at 200 m depth increased from 18.2°C to 20.1°C during the same time
period. During the winter from JD 383 to JD 420, the upper 200m of water were well
mixed (Figure 6 and Figure 7).

Time series of sdinity from the MicroCat at 34, 71, 100, 150, and 200m appear to be of
good qudity (Figures 8).

Two fluorometer/PAR sensors destroyed to the bottom of ocean.

Figures 9-11 show currents from the ADCP for a subset of measurement depths. The
currents show large variability on both near-inertid and synoptic time scdes. Near-
inertid oscillations were dominant from JD 340 to JD 385 while variations on synoptic
time scaes were much stronger after JD 385 than before. In the upper 126m, very strong
near-inertiadl motion occurred from JD 365 to JD 378. The Currents show strong vertica
coherence after JD 385, when the seasona thermocline disappeared due to the winter
convection.



Summary

This report provides a preliminary description of the data collected during Deployment
#16 of the Bermuda Testbed Mooring (December 6, 2001 — February 24, 2002). The data
show typical seasond changes. Water temperatures in the upper ocean decreased
dggnificantly from late fadl to winter. Cooling and mixed layer deepening trends are
evident after JD 383. Horizonta currents show strong vertical coherence after JD 385,
when the seasond thermocline disgppeared. In the upper 126m, very srong near-inertid
motion occurred from JD 365 to JD 378.

The data from this deployment will be made available to the oceanogrgphic community
in the near future. The data are being submitted to the U.S. JGOFS daabase. A
summary of the various deployments, a guide to data reports (with cdibration
information) and papers, recent data highlights, and information for potentid BTM users
may be found on the following worldwide web site (http://mww.opl.ucsh.edu).
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Tablel: List of BTM Usersfor Deployment # 16

I nstrument M easur ement P.1. Ingtitution
METS Wind speed and direction, air temp, Dickey UCSB OPL
barometric pressure, humidity

ADCP Current profile measurements Dickey UCSB OPL, Penn
State

Mooring design Mooring design Frye WHOI

TSSDI Incorporation of **C and *H Taylor WHOI

MITESS | Trace metalsi.e. Pb, Fe, Al Boyle MIT

MITESS I Phase |1 trace metal sampler Boyle MIT




Table 1 (continued)

MODELING / OBSERVATIONS

General Areaof Interest P. 1. I nstitution
Biogeochemical modeling Doney NCAR
Biogeochemical modeling Bissett NRL
Biogeochemical modeling Gnanadesikan Princeton
Biogeochemical modeling Porthun A .-Wegener
(Germany)
Biogeochemical modeling McNames Stanford
Biogeochemica modeling McGillicuddy WHOI
Biogeochemical modeling Mahadevan Univ. Paris-VI
Biogeochemical modeling Archer Univ. Chicago
Chemical sampling with new systems Feely PMEL
Chemical sampling with new systems Wanninkhof AOML
Chemical sampling with new systems Dickson Scripps
Chemical sampling with new systems Chavez et al. MBARI
Chemical sampling with new systems Byrne U. So. Florida
Chemical sampling with new systems Bates BBSR
Optical sensors Moore WET Labs
Bio-optics (Laboratory vs. in situ response of fluorometers to Nelson BBSR
varying chlorophyll levels)/Satellites)
Observations and modeling of photochemistry, biogeochemical Zafiriou/Taylor WHOI
cycling, and physics
Carbon fluxes Conte WHOI
Carbon fluxes Schulz-Bull IfM-M (Kid, Ger)
Hurricane modeling Ginis URI
Hurricane modeling Price/Zedler/ WHOI/UCSB

Dickey




Table 2: Instrument Sampling Regimen Chart

Instrument Package |Instrument Sampling Regimen Type of Data stored
SURFACE
METS Campbell Scientific Relative Humidity and Temperature Probe |averages over 5 minutes average
RM Young Wind Speed Sensor averages over 5 minutes average
RM Young Wind Gust max value during 5 minutes raw
Campbell Scientific Vaisala Barometric Pressure averages over 5 minutes average
Li-COR Silicon Pyranometer (SW, 400-1100nm) averages over 5 minutes average
Compass KVH Compass 1 sample per minute raw
Telemetry ARGOS Transmitter 90 sec and 200 sec raw
SUBSURFACE
MicroCat Sea-Bird Electronics, Inc. Conductivity (Temperature) sensor 1 sample/2 minutes raw
Biospherical Instruments, Inc., PAR sensor 1 sample/3.75 minutes raw
Sea Tech Inc. Fluorometer 1 sample/3.75 minutes raw
SBE39 Sea-Bird Electronics, Inc. Pressure sensor 1 sample/3.75 minutes raw
Sea-Bird Electronics, Inc. Temperature sensor 1 sample/3.75 minutes raw
TidBit Onset 10 minutes raw
ADCP Acoustic Doppler Current Profiler sampling rate= 15 min, bin depth = 3m average




Table 3. Sensor Functionality Summary

Deployment 16 start date: December 6, 2001 end date: February 24, 2002 (JD 340-420 ref. 2001)

Surface METS

Serial Number

Last day of operation

Reason for failure or comments

Temperature and Relative Humidity 2020003 420

Licor Pyranometer (400-1100nm) 31163 420

Barometric Pressure 4910019 420

Wind WM23259 420

34m

PAR 4464 |No data Destroyed on bottom
Fluorometer 73|No data Destroyed on bottom
Conductivity (MicroCat) 1436 420

71m

PAR 4466 |No data Destroyed on bottom
Fluorometer 74|No data Destroyed on bottom
Conductivity (MicroCat) 1437 420

Current Sensors

203m ADCP 2513 420

Temperature Sensors

2m Tidbit 446461 420

3m SBE39 100 420

8m SBE39 177 420

34m Tidbit 446461 420

34m Microcat 1436 420

40m Tidbit 446464 420

40m SBE39 181 420

43m Tidbit 446465 420

45m SBE39 251|NO DATA Destroyed on bottom
55m SBE39 178|/NO DATA Lost on bottom

71m Tidbit 446463 420

71m MicroCat 1437 420

100m Tidbit 446467 420

100m MicroCat 1438 420

150m Tidbit 446468 420

150m MicroCat 1600 420

203m Tidbit 446466 420

200m MicroCat 1879 420

250m SBE39 250(NO DATA Destroyed on bottom
500m MicroCat 1884 |NO DATA reason for failure unknown
750m SBE39 305/NO DATA reason for failure unknown




Figure 1: Bermuda Testbed Mooring Site Map
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