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ABSTRACT

Measurements were taken from a mooring in order to address questions concerning variability of bio-optical and physical
properties in the upper ocean. The measurements are relevant to questions involving: 1) the identification of bio-optical
processes and their time scales; 2) relationships between bio-optical variability and physical forcing; and 3) the development
and testing of coupled bio-optical and physical models. The concurrent measurements provide time series of beam attenuation
coefficient, chlorophyll fluorescence, photosynthetically available radiation, and dissolved oxygen along with horizontal
currents and temperature. Data were obtained during three consecutive mooring periods in the upper 160m from 7 to 8 depths
in the Sargasso Sea (34N 70W). Sampling was done at 4 minute intervals during a nine month period in 1987. Here, data
obtained from the first deployment (March 1 through May 10) are described. Some of the primary observations include: 1)
the abrupt onset of springtime stratification and episodic changes in the beam attenuation coefficient and chlorophyll
fluorescence; 2) advective water mass variations associated with a cold core ring and warm Gulf Stream outbreak waters in the
vicinity of the mooring; and 3) diurnal variations in the near surface beam attenuation coefficient and chlorophyll fluorescence
which are associated with daily cycles of biological primary productivity. The present in situ, high frequency, long-term
observations provide an impetus for similar future observations relevant to studies of optical property variability, primary
productivity, and particulate fluxes.

lNIROOUcnON

One of the objectives of the present study was to obtain high frequency, long-term measurements to enable the determination
of cyclic (e.g., diel, tidal, seasonal, etc.) and intermittent (e.g., synoptic weather events, water mass variations, phytoplankton
blooms, etc.) changes in the physical, optical, and biological environment It was anticipated that such measurements would
be useful for the identification of key environmental processes, the establishment of statistical relationships among
fundamental physical and bio-optical parameters, and ultimately the determination and modeling of the subsurface radiation
field, primary productivity, and the flux ofparticulates.l,2 The measurements reported here are unique in that they included
several bio-optical and physical parameters which were sampled concurrently at a high sampling rate for several months at
multiple depths in the open ocean. In addition, complementary bio-optical measurements were also obtained.3

The purpose here is 1) to briefly describe the multi-variable moored system (MVMS), 2) to present measurements taken with
the system during a springtime deployment period, and 3) to provide a preliminary interpretation of the data. The complete
data set (full nine months) and more specific topics will be addressed in the near future.

METHODS

The Biowatt mooring was located in open ocean waters (depth -5400m) in the Sargasso Sea (34N 70W) as indicated in Fig.
1. Sampling was done at 4 minute intervals during a 9 month period (March through November, 1987). Instruments
including the MVMS were located in the upper 160m (Fig. 2). Data are presented for the first of three separate deployments
(March 1 through May 10).
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The MVMS is designed to collect co-located physical and bio-optical data virtually simultaneously in moored mode. The
basic philosophy followed for the development of the system is to utilize state-of-the-art sensors and a data acquisition system
which has been well tested and successfully deployed in the field. Only key physical and bio-optical variables which can be
sensed at relatively high frequency (nearly continuously) are measured. Presently, these variables include: beam attenuation
coefficient for a wavelength of 66Onm, in situ chlorophyll fluorescence, photosynthetically available radiation (PAR),
dissolved oxygen, horizontal currents, temperature, and conductivity. Schematic drawings of the MVMS and the Biowatt
mooring are shown in Fig. 2. The sensor suite used for the system includes: a vector measuring current meter (VMCM) for
horizontal velocity dctcrminations.f a thermistor for temperature measurements, a conductivity sensor (at 20 and 160m only),
a beam transmissornctcr.P an in situ chlorophyll Iluororneter.P a PAR sensor'? and a pulsed electrode dissolved oxygen
sensor.8

In addition to the eight MVMS units, two bio-optical moored systems (BOMS),3 and two bioluminescence moored systems
(BLMS)9 were deployed at depths indicated in Fig. 2. The BOMS collected downwelling spectral irradiance, upwelling
spectral radiance, and temperature data. The BLMS were used for stimulated and natural bioluminescence observations. In
addition, surface meteorological measurements were made from the surface buoy including: atmospheric pressure, wind speed
and direction, air and near surface sea temperatures, relative humidity, and shortwave solar radiation.

OBSERVATIONS

The mooring site (Fig. 1) was selected because of geographic accessibility, the availability of historical and recent physical
and bio-optical data in the general vicinity of the site, and the desire to observe intermittent and seasonal changes. The region
of the Biowatt mooring is characterized by 1) the seasonal heating cycle, 2) episodic occurrences of cold core rings and warm
water outbreaks associated with the Gulf Stream, 3) wind forcing associated with atmospheric frontal passages, 4) internal
gravity waves and tides, and 5) small scale mixing processes associated with current shears. We have subdivided the sequence
of events for the first deployment into six periods which were judged to be relatively distinct on the basis of either
temperature structure, current regime, or bio-optical properties. Representative sea surface temperature maps (Fig. 1) for the
general geographical region have been selected for each of the periods in order to facilitate the interpretation of the data in the
context of horizontal features such as cold core rings and warm outbreaks.

Time series of temperature obtained from the MVMS units at'tO, 20,40,60,80, 100, and 160m are shown in Fig. 3. There
are no MVMS data from 120m because of a data tape failure during the first deployment Some of the primary phenomena
are readily discernible from the time series of temperature (Fig. 3), mixed layer depth and 1% light level (Fig. 4), currents
(Fig. 5), and bio-optical properties (Fig. 5). These phenomena include: 1) dicl variations in the bio-optical variables, 2)
synoptic scale changes in mixed layer depth and bio-optical properties forced by winds (Fig. 3) and cloud conditions, 3)
mesoscale advective events manifest in temperature structure and bio-optical properties, and 4) the onset of springtime
stratification, shoaling of the mixed layer, and accompanying changes in bio-optical properties. The evolutions of the vertical
structures of temperature, beam attenuation coefficient. and chlorophyll fluorescence are illustrated using daily mean profiles
(Fig. 6). The principal features of the six periods are summarized below.

Period 1: Julian Days 60-79, March 1-20, 1987

The first period is characterized by a high degree of variability in temperature with excursions in the near surface layer greater
than 1 °C occurring on a nominal time scale of approximately 2 to 4 days. During the warm intervals, there is considerable
stratification (of order 1°C/150m); however the upper layer is nearly isothermal (-18.7°C) during the cold intervals. The
mixed layer depth is defined here as the depth at which the temperature difference from the surface value equals 0.1 °C. The
mixed layer depth oscillates rapidly (from -30 to greater than 160m) during the first part of this period and then descends to
depths greater than 160m where it remains until Period 4. It is plausible that the variability observed at the mooring site was
caused by the advection of two different water masses: warm outbreak waters originating from the Gulf Stream and cold 18°
water characteristic of the upper layers of the Sargasso Sea in winter. The sea surface temperature map for JD 68 shows an
outbreak to the northwest of the mooring site (Fig. 1). The near surface currents were generally toward the south during this
period with daily mean near surface speeds of -5Ocm s-1 and a maximum value of -125cm s-l. The daily mean current data at
a depth of 20m are shown in Fig. 5.

The time series of the bio-optical variables are shown in Fig. 5 for the MVMS at 20m. The most obvious features are the
diurnal variations in PAR, beam attenuation, and chlorophyll fluorescence. The diurnal signals arc significant and appear to
be related to photosynthetic processes. Spectra of temperature, beam attenuation, chlorophyll fluorescence, and dissolved
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oxygen are shown in Fig. 7. Peaks at the diurnal frequency are apparent throughout the euphotic layer for beam attenuation
and chlorophyll fluorescence as well as dissolved oxygen. The diel variability is examined in detail by Hamilton et al.lO

The photosynthetically available radiation (PAR) (e.g .• at 20m. Fig. 5) is modulated primarily by daily solar insolation at the
diurnal time scale. by clouds at the synoptic time scale. and by the concentration of particles including pigmented biomass at
depth. The cloud cover is quite variable during Period 1. however the PAR values are on average greater than those occurring
prior to Period 5 when a significant generally increasing trend. associated with the seasonal insolation cycle. prevails. During
Period 1. the depth of the 1% light level increases from -90 to -130m. indicating increasing water clarity.

During the first 10 days of Period 1. there is a subsurface maximum in the beam attenuation coefficient near 20m as
illustrated in Fig. 6. However. beam attenuation decreases with time at all depths. The relatively clear water is apparently
associated with the 180 water mass. Chlorophyll fluorescence. which is an indicator of phytoplankton biomass. is somewhat
variable at all depths. but, unlike beam transmission •.there is no significant decreasing trend. There is a modest subsurface
maximum near 50m during this period. but values at depth are relatively small throughout the euphotic layer (Fig. 6). The
dramatic increase in the 1% light depth. as well as the mixed layer depth. appears to coincide with the observations of the 180

water mass which is nearly uniform in depth with respect to both temperature (cool) and beam attenuation (relatively clear).

Period 2: Julian Days 79-86. March 20-27.1987

There appears to be little variability associated with advection of differing water masses during this period opposed to the first
period (see Figs. 1 and 3). The water column temperature is nearly uniform (-18'soC) in depth from JD 79 through JD 86
because of the dominance of cool Sargasso Sea 180 waters. The mixed layer depth exceeds 160m during this period. The near
surface currents (Fig. 5) are generally less than those of the first period and are predominantly toward the southeast with daily
mean speeds of -45cm s-1 near the surface.

Photosynthetically available radiation (Fig. 5) generally has some of its lowest values for this period. This is caused by
cloudy conditions. The depth of the 1% light level (Fig. 4) continues to increase to depths greater than 160m until almost JD
86 when it shoals dramatically. This is nearly coincident with the rapid shoaling of the mixed layer and the onset of seasonal
stratification.

The beam attenuation and chlorophyll fluorescence remain roughly uniform in depth at relatively low values until near the end
of this period. These observations are consistent with the deep 1% light level values.

Period 3: Julian Days 86-102. March 27-ApriI12. 1987

The evolution of seasonal stratification is clearly manifest at the site during this period (especially rapid during JD 86-90)
although water mass variability appears to be superimposed on the fundamental temperature structure (Fig. 3) as the mixed
layer depth shoals and deepens sporadically (up to -100m in a day; Fig. 4). In addition to the long term stratification trend.
temporal variations in temperature are observed for all depths. These variations are presumably associated with mesoscale
advective processes. The cold core ring which was to the north-northwest moved toward the southeast (Fig. 1; JD 84 and 96).
The advection of warm outbreak Gulf Stream waters (possibly associated with the circulation of the cold core ring) toward the
mooring site may account for the observed variations. It is important to note that some of the lowest daily mean current
values (clcm s-1 in the upper4Om) occurred toward the end of Period 2 and the beginning of Period 3 (Fig. 5).

The photosynthetically available radiation (Fig. 5) is quite low in the beginning of Period 3. but gradually increases. It
should be noted that the lowest values of PAR and shortwave radiation for the entire observational period occur on JD 88.
The 1% light level shoals from a depth greater than 160m to -7Om within a day. coinciding with the rapid shoaling of the
mixed layer and the rapid increases in both the beam attenuation coefficient and chlorophyll fluorescence. Again. significant
diel variations in beam attenuation and chlorophyll fluorescence are observed throughout the euphotic layer.

The most dramatic bio-optical event of the experiment is apparent in the beam attenuation and fluorescence time series data
for this period. The beam attenuation coefficient and fluorescence increase from values of c=O.42 to O.60m-l and chl-a=O.2 to
Llug 1-1 between JD 84 and 87 at a depth of 20m (Fig. 5). The feature is evident throughout the euphotic layer, however
the magnitudes of the changes are greatest within the upper 40m. The onset of this major bio-optical event coincides with
the initiation of seasonal stratification (Fig. 3). The daily vertical profiles of temperature, beam attenuation coefficient, and
chlorophyll fluorescence reflect the onset of stratification and the formation of subsurface maxima in beam attenuation (at 20-
30m) and chlorophyll fluorescence (at 40-50m) as shown in Fig. 6. The currents are very low (clcm s-l) just prior to the
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bloom episode suggesting that this bio-optical feature may have been formed locally. After beam attenuation and fluorescence
peak, there is a rapid decrease in these variables. At 20m, beam attenuation continues to increase episodically following the
initial bloom cessation, however chlorophyll fluorescence increases more gradually, but also episodically. At depths greater
than 40m, there is little long-term change. The major event appears to be reflected virtually simultaneously in all bio-optical
variables measured with the MVMS.

The coincidence of the seasonal stratification with the increase in beam attenuation and chlorophyll fluorescence is clearly
suggestive of a spring bloom phenomenon. I 1-16 It is possible that the dramatic event occurring between JD 86 and JD 89
can be explained at least in part by this process. It is important to note that the event is quite short lived. Following the
major bloom event, the beam attenuation and fluorescence decrease rapidly, but then they increase episodically later during
Period 3. The decline may result from a depletion of ambient nutrients to support the continued growth of the phytoplankton
population and/or insufficient light as the lowest observed daytime PAR values occur near the time of peak values of beam
attenuation and chlorophyll fluorescence. The later recovery of phytoplankton biomass, which apparently occurs at least in
part through episodic short lived blooms, may possibly be explained by the transport of additional nutrients into the euphotic
zone through episodic wind mixing, the continuation of the relatively shallow mixed layer and intense stratification, and the
recurrence of sufficient light levels. It is not known what role zooplankton grazing may have played as no relevant
zooplankton data were collected. Successional and chromatic adaptation effects were observed previously at the experimental
site during the spring (ApriI2-ApriI28) of 1985.14,15 During those observations, a dominant diatom bloom was succeeded
by a diverse assemblage of prymesiophytes, cyanobacteria, dinoflagellates, green algae, and diatoms which were distributed as
broadly overlapping layers. This assemblage was characterized by growth rates ranging from 0.5 to 1.4days-l. It is likely
that the sinking rates and the chromatic adaptive characteristics of the pre-bloom, bloom, and post-bloom assemblages are
quite different 14,1-5

An alternative explanation for the major bloom event is that highly productive waters are advected past the mooring site. In
principle, these highly productive waters could be derived from a mesoscale feature (e.g., ring or warm outbreak waters) or
from another location and then advect through the mooring site. However, the currents just prior to the event are quite small
(c lcm s-I). In addition, the NOAA sea surface temperature analyses (Fig. 1) do not indicate that the mooring was under the
influence of a major mesoscale advective feature.

The unambiguous interpretation of the bloom events and their cessations is difficult to determine with the present level of
analysis. Nonetheless, the available data seem to be consistent with a classical one-dimensional spring bloom hypothesis.
However, it should be noted that several episodic, transient bloom events, rather than a single event, were observed. Data
obtained from the BOMS3 support these observations. It cannot be overemphasized that our observations of episodic short
time scale processes «2days) would have been virtually impossible to observe with conventional sampling instruments and
strategies,

Period 4: Julian Days 102-106, April 12-16, 1987

During this period, the evolution of seasonal stratification is interrupted, presumably because of the combined effects of a
wind event and a major mesoscale feature (advection of warm outbreak waters). The cold core ring moved southward and
advection of warm outbreak waters, probably associated with the circulation of the cold core ring, seemed to advect through
the mooring site (see JD 103 in Fig. I). The mooring data suggest that the increased near surface temperature is caused by
the advection of warm outbreak water rather than surface heating which is rather low during this period. The deepening of the
mixed layer (Fig. 4) during this period appears to be caused by a large wind event (Fig. 3).

Values of PAR (Fig. 5) arc strongly modulated by the incident solar radiation which is low during the middle portion of this
period. The 1% light level remains near 7Om. There arc relatively large temporal variations in beam attenuation, chlorophyll
fluorescence, and dissolved oxygen toward the end of Period 3 and during Period 4. These may be related to the mesoscale
water mass variations associated with the edge effects of the cold core ring. The subsurface maxima in beam attenuation and
chlorophyll fluorescence continue to be at 20-30m and 40-50m, respectively.

Period 5: Julian Days 106-119, April 16-29, 1987

The seasonal stratification becomes more intense again during this period. However, major mesoscale structures are evident
in the temperature time series (Fig. 3). Temperature contours (time versus depth, not shown here) suggest that cold core ring
waters pass the site midway through this period. This passage is not expressed in the upper 10m, the approximate depth of
the mixed layer. Warm outbreak waters, probably associated with the circulation of the cold core ring, apparently advect

SPIE Vol 1302 Ocean Optics X (1990) / 205

L



through the mooring site as indicated in the extreme temperature variability (greater than 1°C over a day; Fig. 3) in the upper
portion of the mixed layer.

PAR gradually increases during the period and reaches values exceeding prior values (Fig. 5). The 1% light level shoals
slightly during the early portion of this period, remaining near 70m. The shoaling appears to be related to episodic increases
in the beam attenuation coefficient and chlorophyll fluorescence which occur toward the end of Period 4 and the beginning of
Period 5. The depths of the subsurface maxima remain nearly unchanged although the magnitudes and extent of the maxima
regions begin to increase.

Period 6: Julian Days 119-130, April 29 - May 10, 1987

Some mesoscale structure is evident in the temperature time series during this period (Fig. 3). The mixed layer depth remains
relatively constant in time although there is a brief deepening of the mixed layer (JD 120-122), which is associated with a
wind event early in the period (Figs. 3 and 4).

The cold core ring moved south-southwestward between JD 114 and JD 121 placing the mooring near the eastern edge of the
cold core ring and at the edge of warm outbreak waters (see JD 121 of Fig. 1). Again, some of the variations in the
temperature and bio-optical data are probably associated with these features.

During this period, the currents continue to rotate clockwise (Fig. 5). The currents, which are extremely large during much of
this period, progress in direction: beginning toward the northwest and ending toward the west. The current structure is
apparently highly influenced by the cold core ring and the warm outbreak waters.

The photosynthetically available radiation continues to increase during the period and reaches the greatest values observed
during the deployment (Fig. 5). The depth of the 1% light level increases slightly between the end of Period 5 and the end of
Period 6 (Fig. 4).

Considering the 20m time series, the magnitudes and variability in beam attenuation coefficient and chlorophyll fluorescence
are reduced considerably during this period. It should be noted that values of beam attenuation and fluorescence at 20m are
comparable to values obtained at the very beginning of the experiment, over two months earlier, at all depths despite the large
changes which occur during the entire observational period. At greater depths, the beam attenuation and chlorophyll maxima
regions appear to continue to broaden (Fig. 6).

CONCLUSIONS

The results presented here provide new and unique information concerning the springtime evolution of the bio-optical and
physical properties of the upper ocean in a mid-latitude setting. The high temporal resolution observations obtained using the
MVMS and the BOMS3 enable much higher levels of analysis and model testing than were possible for our predecessors.
More detailed descriptions of the MVMS and BOMS data sets will be presented in forthcoming companion papers. 17,18

The cycle of seasonal insolation and its accompanying wind forcing dominate the physical structure of the upper layers as
indicated in the evolution of the mixed layer and the seasonal thermocline. The extremely short time scale for the shoaling of
the mixed layer and the 1% light level is striking. It appears that these characteristics are related through a short-lived bloom
event. One important question concerns the timing of the mixed layer shoaling and the initial major bloom. It is also
important to note that the classical concept of the spring blooml ! seems valid, but apparently for episodic short lived (few
days) blooms which presumably contribute to the overall biomass increase observed during the spring season. Successional
effects are of considerable interest and importance as well. Extensive analyses and modeling are needed for us to understand
what critical physical and optical conditions led to these major biological events.

The spectral nature of internal gravity waves has been the subject of numerous observations and models. However, virtually
all of this work has been limited to physical data, particularly currents and temperature. The present data set allows us to
consider variability in bio-optical properties, particularly beam attenuation and chlorophyll fluorescence, associated with
internal gravity waves (Fig. 7). Changes in beam attenuation are caused primarily by changes in particle concentrations
whereas changes in chlorophyll fluorescence are caused by changes in pigment concentrations. A spectral power law can be
determined from the slope of the log of the variance/unit frequency of the parameter of interest with respect to the log of the
frequency. The power law relation developed by Garrett and Munk19 for currents and temperature indicates that the spectral
energy density is inversely proportional to the square of the frequency in a frequency domain delimited by frequencies
somewhat greater the inertial frequency (here 0.0465cph) and less than the buoyancy frequency (here -2-7cph). The power law
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formalism is useful in that it characterizes the rate of transfer of internal wave energy between scales, generally from large
scale (low frequencies) to smaller scales (high frequencies). Our spectra for currents, temperature, and beam transmission are
in good agreement with this power law. However, a power of --1.6 is obtained for chlorophyll fluorescence and dissolved
oxygen. It may be argued that beam attenuation is generally acting as a passive scalar tracer, as is temperature, for the time
scales relevant to internal gravity waves. On the other hand, it seems likely that chlorophyll fluorescence and dissolved
oxygen are not acting as passive scalars. This would not be surprising in that chlorophyll fluorescence measurements are
subject to complications associated with time scale variability related to processes such as photoadaptation and
photoinhibition. In addition, it is likely that a succession of differing phytoplankton assemblages (with different optical
characteristics, time scales, phases, etc.) occurs 14 ,15, particularly over the time period of our observations which
encompasses the late winter and late spring. The spectra will be considered in more detail in a separate paper.

It is apparent that the physical and bio-optical processes are often highly coupled, but not necessarily linearly or simply. Part
of the complexity in the interpretation of our bio-optical data originates with the partitioning of local versus advective effects.
Determinations of time scales of relevant processes are essential. It is absolutely crucial to obtain physical data concurrently
with the bio-optical data in order to interpret (e.g., partition local versus advective changes, establish physical time scales,
etc.) and model the pertinent processes. Although the analysis of the time series data appears formidable, there are new and
innovative methodologies which can be applied. In addition, many of the observations described here (e.g., PAR, chlorophyll
fluorescence, beam attenuation coefficient, and dissolved oxygen) and taken from the BOMS3 can be used with models to
generate time series of primary productivity. This application will be described in future papers.

Observations of bio-optical and physical phenomena from moorings, ships, and satellites all have sampling advantages and
disadvantages. Moored observations will be important for process oriented studies in conjunction with ships which can be
used to do measurements as yet beyond the capability of moored instrumentation technology. In addition, moored
observations will be invaluable when taken concurrently with satellite observations of ocean color, sea surface temperature,
wind stress, and topography. Ultimately, the long-term monitoring and model prediction of changes in bio-optical properties
will benefit from the acquisition of data obtained from each of these complementary sampling methods.
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mooring configuration including the depths of the MVMS, BOMS, and BLMS systems.
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Figure 3. Time series of wind stress a~? tempera.ture f?r 7 depths in the upper 160m. The first deployment time series is
subdivided into 6 periods in order to facilitate the discussion of the data set.

210 / SPIE Vol 1302 Ocean Optics X (1990)



90 100
April I
JULIAN DAY 1987

Figure 4. Time series of the mixed layer depth and the depth of the 1% light (PAR). The mixed layer depth is defined here
as the depth at which the temperature is O.le cooler than the surface temperature. At times, the mixed layer depth and the 1%
light level exceeded 160m, the greatest depth of our observations.
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Figure 5. "Time series of daily averaged vector currents (in em s-l) and 2 hour filtered PAR (in units of xl021 quanta m-2

s-l), beam attenuation coefficient (in m-1), and chlorophyll fluorescence (in J.1gchl-a l-l}taken from the 20m MVMS.
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Figure 6. Progressive daily vertical profiles of temperature, beam attenuation coefficient, and chlorophyll fluorescence.
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Figure 7. Spectra of temperature, beam attenuation coefficient, chlorophyll fluorescence, and dissolved oxygen at 20 and
100m depths are shown. Diurnal, semi-diurnal, and inertial frequencies are indicated as D, SD, and I, respectively. 95%
confidence limits are also represented.

,I I,11\
I

20m ---
lOOm-

TEMPERATURE

o I so
10

I
I

'\"',
I.,.
"\ -2

'"
\
I
'I ••

",
I

{",
v: ..

~/\"J
I,
\,..~.."

""J\/I

\\,'\
I"

i,

0.1

10-5r-------tt--If-----;===:3I-------=-j

0.01 0.1
cph

100~~~~---~~~~--~~~---~~

FLUORESCENCE

o I SO
20m
IOOm-10

0.01

0.01

,
\,

, I

\ I
\ ,

BEAM ATTENUATION
COEFFICIENT

20m ---
lOOm-

o I

10-7~---"..,._----,,,_l_---::-'___
95% Level

20m
IOOm-

DISSOLVED OXYGEN

so

1000

0.1

0.01~------~~~-r,-__
95~ Level

SPIE Vol. 1302 Ocean Optics X (1990) / 213


